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“This is a strange land, an environment dangerous for those unprepared for it.”

—Iron Man (1974, Vol 1 68, Marvel Comics Group)
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1. Summary

Transcription factors enable organisms to modulate the expression of numerous genes in response to
different environmental stimuli. They are embedded in complex and sophisticated regulatory networks
to ensure balanced responses and survival in fluctuating environments. The aim of this doctoral thesis
was to enlarge the knowledge on corynebacterial iron and heme regulatory networks, their
interactions and their plasticity in response to stress.

The trace element iron is vital for almost every cellular organism acting in various essential biological
processes, like electron transport, tricarboxylic acid cycle or peroxide reduction. An important form of
bound iron is the porphyrin structure heme. Besides its role as alternative iron resource in iron-scarce
environments, heme serves as the prosthetic group of several critical proteins like cytochromes,
hydroxylases or catalases. Despite being essential for survival, a certain toxicity is associated with iron
and heme at elevated levels inter alia caused by the generation of oxidative stress via Fenton reaction.
With the intention to maintain robust iron and heme homeostasis, the Gram-positive soil bacterium
Corynebacterium glutamicum relies on a transcriptional network comprised of the master regulator of
iron DtxR and the paralogous heme-responsive two-component systems HrrSA and ChrSA. While HrrSA
represents a global regulatory system of heme homeostasis, ChrSA is specific for heme detoxification
by regulating the expression of the heme exporter HrtBA.

In the framework of this doctoral thesis, in vivo genome-wide profiling of DtxR binding sites confirmed
many targets known from in vitro data, but further expanded the repertoire of DtxR targets by genes
involved in DNA recombination, methionine synthesis and oxidative stress as well as several prophage
genes. Remarkably, binding was illustrated to be dependent from the iron source present and a similar
observation was made when deciphering conditional and time-resolved binding patterns of HrrA. Here,
identification of more than 200 target genes of inter alia heme biosynthesis, respiratory chain,
oxidative stress or cell envelope remodeling unraveled HrrA as global regulator of heme homeostasis.
Strikingly, a significant anti-proportional correlation of binding peak intensity and the differential gene
expression was determined for both DtxR and HrrA data sets, i.e. weaker binding correlated with a
higher differential gene expression in strains lacking the respective regulator. Furthermore, this
comparative, genome-wide approach led to the identification of several shared targets of DtxR and
HrrA underlining the interconnection of these two global regulatory networks.

Focusing on heme, this study further aimed at the examination of strategies applied by C. glutamicum
to cope with heme toxicity. An adaptive laboratory evolution experiment towards heme tolerance
resulted in an evolved strain carrying a beneficial frameshift mutation in the catalytical domain of the
histidine kinase ChrsS, yielding a pseudokinase variant. This strain had an exceptionally elevated heme
tolerance provided by highly increased expression of hrtBA encoding a conserved heme exporter,
which was shown to be crucial for heme detoxification. Expression of hrtBA is mediated by the
response regulator ChrA, but different from the native context, the phosphorylation of ChrA in the
evolved strain is completely dependent on the paralogous non-cognate histidine kinase HrrS. This
activation is presumably enforced by the pseudokinase variant of ChrS. Thus, adaptation to
elevated heme levels occurred via altered communication between the paralogous two-component
systems HrrSA and ChrSA. Apart from that, another regulatory layer on the histidine kinase level by
heterodimerization of native ChrS and HrrS could be revealed within this study. Moreover, additional
minor heme detoxification strategies were postulated, like sequestration via heme binding proteins or
alternate transport to counteract toxicity.

In conclusion, this thesis provides comprehensive insights into the control of iron and heme
homeostasis by the global transcriptional regulators DtxR and HrrA. The presented results emphasize
the importance of in vivo genome-wide binding analyses to decipher interactions and interference
between global regulatory networks. Furthermore, adaptive laboratory evolution experiments
revealed the high evolutionary plasticity of TCSs cascades composed of paralogous systems, as
exemplified by HrrSA and ChrSA, facilitating the rapid adaptation to environmental stresses.
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2. Scientific context and key results of this thesis

2.1 Iron —a crucial micronutrient for cellular life

Every organism depends on metals required for growth and survival. It can be estimated that half of
all enzymes, which have been characterized, rely on one or more metal ions for their function
(Chandrangsu et al., 2017; Waldron et al., 2009). The most important metals for bacterial metabolism
are inter alia zinc, copper and iron (Hughes and Poole, 1989). Throughout this thesis, the focus will be
on iron and especially on the iron-bound compound heme as well as on the homeostatic regulation

thereof, vital for cellular life.

Iron is one of the four most abundant elements on earth (Weber et al., 2006) and it is even claimed to
be involved in the origin of life (Camprubi et al., 2017; Thiel et al., 2019). This trace element has been
determined as a physiological requirement of almost every living organism as it plays important roles
in numerous biological processes, like electron transport, tricarboxylic acid cycle (TCA), peroxide
reduction or DNA biosynthesis and repair (Andrews et al., 2003; Cornelis et al., 2011). Within prosthetic
groups, iron is the most common redox active metal found in proteins (Andreini et al., 2008). While
being vital, iron is a scarce and growth-limiting resource, as it is not readily available at aerobic
conditions. There it remains primarily in the insoluble ferric form (Fe3*) (solubility: 108 M at pH 7) as
a result of the corrosive reaction of the soluble form Fe?* with O, (Andrews et al., 2003). Although the
soluble ferrous state of iron (Fe?) is essential for life, it can induce serious damage to cells. The main
cause is the pro-oxidant characteristic of Fe* reacting with H,0, to yield reactive oxygen species (ROS),

as depicted by Fenton/Haber-Weiss reaction (Fenton, 1894):
Fe? + H,0; = Fe* + "OH + OH"

The resulting hydroxyl radicals can induce severe damage on DNA, proteins and lipids (Pierre and
Fontecave, 1999; Sousa et al., 2020). To protect from this damage, iron must be tightly controlled to
maintain the free intracellular iron at low levels. Nevertheless, iron levels must still be sufficient to
meet the required needs. Therefore, besides the avoidance of toxic levels, strategies to counteract
iron limitation are required in iron-scarce environments. In this context, many bacteria rely on the use
of siderophores, which are metal-chelating agents that capture iron from the habitat, as summarized

in several reviews (Ahmed and Holmstrom, 2014; Saha et al., 2016).

2.2 A versatile alternative resource of iron: Heme
In certain iron-depleted environments, the versatile molecule heme can act as an alternative iron
resource. This is especially the case for pathogens sequestering heme from their hosts, like bacteria

infecting vertebrates where the major fraction of iron comes in the form of heme bound to hemoglobin
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(~70%) (Contreras et al., 2014; Nobles and Maresso, 2011; Wallace, 2016). Nevertheless, also non-
pathogenic bacteria rely on heme-bound iron (Andrews et al., 2003; Frunzke et al., 2011; Noya et al.,

1997), e.g. in soil from decaying organic material.

Heme is a complex with an iron coordinated via four nitrogen atoms as part of a protoporphyrin ring
(protoporphyrin IX) (Ponka, 1999) (Figure 1). Similar to iron, this versatile molecule is essential for both
prokaryotes and eukaryotes, because - apart from serving as alternative iron resource - it is also
inevitably required as prosthetic group of manifold enzymes of critical cellular processes including
cytochromes, hydroxylases, catalases and peroxidases (Layer et al., 2010). Thereby, heme serves a vital

role in processes like electron transfer, respiration and oxygen metabolism (Ajioka et al., 2006).

SH.

CH,
CH,
/

Figure 1: Structure of heme b. Ferrous iron (FeZ*)
is bound by four nitrogen atoms in a porphyrin
ring structure. Heme b (protoheme IX) is the most
abundant form of heme.

Apart from acquiring from the environment, heme can also be synthesized by many cells (Barupala et
al., 2016; Choby and Skaar, 2016; Layer, 2021). The early precursor §-aminolevulinic acid (ALA) is
essential and universal for heme biosynthesis in eukaryotes and prokaryotes alike, although it is
synthesized from different pathways. Many eukaryotes and alphaproteobacteria utilize the C4-
pathway to generate ALA from glycine and succinyl-CoA (Shemin and Kumin, 1952; Shemin and
Rittenberg, 1945), while most prokaryotes and plants employ the C5-pathway, which uses glutamyl-
tRNA®M as precursor molecule (Beale et al., 1975). Over a long period, it was assumed that the heme
biosynthesis pathway following ALA is highly conserved in all organisms. This remained true for the
protoporphyrin-dependent pathway found among eukaryotic organisms. However, for bacteria and
archaea different routes for heme biosynthesis were established (Dailey et al., 2017). While for many
Gram-negative bacteria the same route as for eukaryotic systems is employed, many Gram-positives
rely on the coproporphyrin-dependent pathway and sulfate-reducing bacteria as well as archaea make
use of the most ancient siroheme-dependent pathway. These pathways differ in their enzymatic setup
yielding different intermediates, as summarized in detail throughout several recent literature (Dailey

et al., 2017; Layer, 2021; Layer et al., 2010).

Analogically to iron, there is also a certain toxicity of heme at elevated levels ascribed to the generation

of ROS, which is attributed to the redox-active iron (Kumar and Bandyopadhyay, 2005). Due to its
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highly hydrophobic character, free heme accumulates at biological membranes where it promotes
oxidation and consequent cell lysis (Aft and Mueller, 1984). Previous studies suggested that there
might be a non-iron related toxicity of the porphyrin structure itself (Stojiljkovic et al., 1999), which is

not yet unraveled.

2.3 Coping with the environment: Control of iron and heme homeostasis
In principle, any substance is potentially able to turn to a lethal threat and harm living organisms if
present at elevated concentrations, even if it is an essential nutrient. This was already claimed by the

famous Renaissance physician Paracelsus (1493-1541):

“What is there that is not poison? All things are poison and nothing is without poison. Solely the dose

determines that a thing is not a poison.”

As a consequence, organisms have evolved a vast amount of strategies to cope with valuable, but toxic
resources allowing to survive under diverse and rapidly changing conditions and finally inhabit almost
every environment on earth (Boor, 2006). As metals cannot be synthesized or degraded, organisms
have evolved sophisticated strategies maintaining homeostasis. In this context, DNA-binding
transcription factors sensing environmental changes and subsequently modulating the expression of

relevant target genes represent a key solution.

2.3.1 Iron-responsive gene regulation

The mechanisms of any organism employed to deal with proper iron homeostasis are dependent on
the ecological niche and the environmental conditions it is exposed to. However, in general, there are
common strategies employed by bacteria to maintain iron homeostasis: (i) iron transport for
scavenging iron from the surroundings by e.g. siderophores, (ii) iron storage for later resort, (iii)
counteraction of resulting redox stress, and (iv) controlled iron consumption by downregulation of
genes coding for iron-requiring proteins (Andrews et al., 2003). Consequently, these manifold genes
involved in the different strategies of iron homeostasis require iron-responsive regulatory systems to
orchestrate proper functionality. Iron-dependent control of gene expression is of superior importance
to meet the necessity for iron without intoxication. For eukaryotic systems, this is primarily regulated
by posttranscriptional mechanisms, as summarized earlier (Dlouhy and Outten, 2013; Rouault and
Klausner, 1997). In bacteria, there are two widely distributed transcriptional regulators that play a

major role in the control of iron homeostasis: Fur and DtxR.

The ferric-uptake regulator (Fur) is a global DNA-binding transcriptional regulator found in several
Gram-negative bacteria (e.g. Escherichia coli (Bagg and Neilands, 1987), Neisseria meningitidis (Delany

et al., 2004), Helicobacter pylori (Bereswill et al., 2000)) and additionally some low GC-content Gram-
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positives (e.g. Bacillus subtilis (Bsat et al., 1998)) (Saito and Williams, 1991). In the presence of iron,
the Fur protein exists as homodimer with a Zn?* structural binding site, as well as a regulatory active
Fe?* site coupling its activity to the presence of intracellular iron (Pecqueur et al., 2006). Fur utilizes
Fe?* as co-repressor to regulate transcription of directly and indirectly iron-related genes (Bagg and
Neilands, 1987). Thoroughly studied in Escherichia coli, more than 80 target genes were shown to be
directly controlled by this regulator via binding to a Fur box in the presence of iron, especially including
the repression of genes important for iron-acquisition or the biosynthesis of siderophores (McHugh et
al., 2003; Seo et al., 2014). More than 10 targets were demonstrated to be directly activated by Fur;
including ftnB encoding a ferritin-like protein or the TCA cycle related aconitases encoded by acnA or
acnB (Gruer and Guest, 1994; Seo et al., 2014). Concerning the latter ones, it is worth to note that
aconitases, upon conformational changes, additionally play an important dual role as iron regulatory
proteins (IRPs) in eukaryotes (Narahari et al., 2000; Volz, 2008), while there are also hints for
prokaryotes (Tang and Guest, 1999; Tang et al., 2005). Apart from that, the Fur regulator was shown
to interact with the expression of small RNAs to further indirectly influence the gene expression of
several other targets. In the case of E. coli, Fur acts as repressor for the expression of the small RNA
RhyB. In iron-limited milieus, rhyB is derepressed from Fur in order to degrade several mRNAs which
were positively regulated by Fur, e.g. aconitase (acnA), succinate dehydrogenase (sdhCDAB) or ferritin
(ftn) (Massé and Arguin, 2005; Massé and Gottesman, 2002; Massé et al., 2007). A dual regulation of
the same targets by Fur and RhyB, like in the case for acnA, enables rapid adaptation to fluctuating
environments (O'Brien et al., 2013; Seo et al., 2014). Further homologs of RhyB were found in other
bacteria like Pseudomonas aeruginosa (Wilderman et al., 2004). Recently, it was claimed that the
reversible binding of Fur to [2Fe-2S]-cluster is conserved among bacteria to sense intracellular iron

concentrations as shown for E. coli and Hemophilus influenza (Fontenot et al., 2020).

Beyond Fur, Gram-positive bacteria with medium to high GC-content rather rely on the global iron
regulator DtxR. Firstly discovered in Corynebacterium diphtheriae, the diphtheria toxin regulator DtxR
was initially revealed to repress the tox gene (Boyd et al., 1990; Pappenheimer and Johnson, 1936).
The diphtheria toxin is encoded in the genome of several corynephages and is derepressed by the
genome-encoded DtxR under iron-limiting conditions (Pappenheimer, 1977; Schmitt and Holmes,
1991; Welkos and Holmes, 1981). On a pathogenic view, this yields toxin production as soon as
infecting the host, as the bloody milieu in vertebrates is iron-scarce. In fact, several pathogenic bacteria
sense their host environment via iron availability to induce their toxin production (Litwin and
Calderwood, 1993). DtxR-like homologs were found in numerous Gram-positive bacteria like IdeR of
Mycobacterium tuberculosis (Manabe et al., 1999) or MntR of Staphylococcus aureus (Ando et al.,
2003) and are often described as master regulator of iron homeostasis. However, DtxR is not only

relevant in pathogenic, but also in non-pathogenic species, like the soil bacterium Corynebacterium
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glutamicum (Brune et al., 2006; Wennerhold and Bott, 2006). Although Fur and DtxR do not share
significant similarity on the protein level (Fur of E. coli with DtxR of C. diphtheriae: 28% (global
alignment, Needleman-Wunsch)), they are functional homologs. Comparable to Fur, DtxR-like
regulators form dimers in complex with Fe?*in order to orchestrate an iron-dependent gene expression
by binding to the respective target DNA (White et al., 1998). Different from Fur, DtxR requires two Fe?*
ions per monomer. Thorough research in corynebacteria demonstrated that this regulator controls
more than 50 targets and most of them are also involved in the repression of iron acquisition genes
encompassing iron uptake and siderophore biosynthesis as well as iron utilization (Brune et al., 2006;
Kunkle and Schmitt, 2005; Wennerhold and Bott, 2006; Yellaboina et al., 2004). Further, DtxR directly
activates genes encoding iron storage proteins like ferritin (ftn) or the starvation-induced DNA
protection protein (dps) as well as the assembly of [Fe-S] cluster by controlling the suf operon
(Wennerhold and Bott, 2006). Strikingly, DtxR was shown to regulate the expression of further
transcriptional regulators. One example is the iron-starvation regulator RipA (repressor of iron proteins
A). RipA represses non-essential iron-dependent gene expression, e.g. of genes coding for an aconitase
or succinate dehydrogenase, to save resources at iron-limited conditions (Wennerhold et al., 2005).
Nevertheless, DtxR does not only repress iron-related, but also heme-related genes like the heme
importer hmuTUV or the heme oxygenase hmuO (Bibb et al., 2007; Brune et al., 2006; Kunkle and
Schmitt, 2003; Wennerhold and Bott, 2006). This further matches the observation that DtxR of
C. glutamicum regulates the expression of the heme-responsive transcriptional response regulator
HrrA belonging to the corynebacterial two-component system HrrSA (Wennerhold and Bott, 2006),
which will be further described throughout section 2.3.2.1. Interestingly, this regulation of hrrA was

not identified for DtxR in C. diphtheriae (Bibb et al., 2007).

2.3.2 Heme-responsive control of gene expression

Throughout the domains of life, the multifaceted molecule heme has led to the evolution of diverse
regulatory systems. There are two types of heme sensor systems: Heme can either be sensed directly,
or it can act as sensor of gases such as O,, CO or NO (Girvan and Munro, 2013). However, within this
study, we will focus on the former type. These heme sensor systems act as transcriptional regulators
and are involved in diverse issues, like the circadian rhythm (e.g. mammalian NPAS2 (Dioum et al.,
2002)), demethylases (e.g. yeast Gis1 (Lal et al., 2018)) or also glucose metabolism (e.g. mammalian
Rev-erba (Yin et al., 2007)). In addition, several systems are engaged in the control of heme
homeostasis via various mechanisms (Kriiger et al., 2022), some of which will be described in further

detail in the following sections.

The evolution of complex and sophisticated regulatory systems sensing heme is not only influenced by

the environment, but further by the overall chemical versatility of this molecule, especially due to the
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highly hydrophobic and poorly soluble character in the physiological cellular context. Apart from heme
bound irreversibly as prosthetic group to proteins, there is potentially free heme, which was newly
synthesized or released from hemoproteins. Strikingly, excess free heme only exists transiently as it
rather tends to bind fast and non-specifically to lipids, proteins or further macromolecules within the
cell imposing a respective cytotoxicity (Chiabrando et al., 2014). Heme, which is accessible and
transiently binds to proteins, is referred to as exchangeable heme. The term ‘regulatory heme’ was
adopted in many research fields for the pool of respective free and exchangeable heme portions, which
is accessible for heme sensor systems regulating e.g. heme homeostasis (Gallio et al., 2021; Granick et
al., 1975; Shimizu et al., 2019). Regulatory heme binds transiently to heme-sensing regulatory proteins
for situation-dependent responses with micromolar affinities, allowing a rapid reaction to
environmental fluctuations. Although the transient binding mode of heme by regulatory proteins
largely remains to be further elucidated, some heme-regulatory motifs (HRMs) have been identified.
The most prominent HRMs among those known are CP(cysteine-proline)-motifs, with a cysteine
residue acting as direct ligand of the heme-iron, and the proline supporting the coordination by
incorporating bends in mainly alpha helices and avoid formation of hydrogen bonds (Kihl et al., 2011;
Lathrop and Timko, 1993; Li et al., 2011). However, there are further non-CP-motifs for heme binding,
which are quite diverse. Early studies already demonstrated that especially histidine residues are
frequently involved in heme binding (Dawson et al., 1982). Nevertheless, structural information and
biochemical data are still missing for both CP- and non-CP-motifs, illustrating a yet remaining blind
spot for our understanding of transient heme-protein interactions (Kriiger et al., 2022). Although
specific sequence features were identified that positively influence heme binding like a hydrophobic
binding pocket or a positive net charge (WiRbrock et al., 2019), experimental data is inevitably
necessary for further verification. This is due to the fact that actual heme binding affinities are strongly
influenced by the individual configuration of further surrounding amino acids, providing a strong
individual diversity among HRMs and corresponding binding affinities (Krtger et al., 2022; Kuhl et al.,
2013; Schubert et al., 2015; WiBbrock et al., 2019).

Upon heme sensing in diverse modalities, heme-responsive sensor systems provide the regulation of
adequate heme homeostasis at different levels shaped by the respective environmental niche. Across
the domains of life, there is a high variability of strategies for heme homeostasis, while the most
prominent ones are (i) the control of heme biosynthesis genes, (ii) heme sequestration by heme
binding proteins or by conversion into a nontoxic form, (iii) regulation of heme import, (iv) heme
degradation, or (v) direct export of heme or its toxic degradation products (Anzaldi and Skaar, 2010;
Choby and Skaar, 2016). Within the review ‘The diversity of heme sensor systems — heme-responsive
transcriptional regulation mediated by transient heme protein interactions’, a comparative overview

covering eukaryotic and prokaryotic heme sensor systems regulating heme homeostasis-related genes
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is provided (Kriiger et al., 2022). Comparison across the domains of life underlined the different
strategies, mechanisms and functions of heme sensing systems, but also revealed a common logic of
the underlying networks, e.g. comparing Gram-negative and —positives. While in Gram-negative
bacteria extracytoplasmic function (ECF) o-factors based systems are the predominant form of heme
sensing, Gram-positives mostly employ two-component systems. In general, these two signal-
transduction mechanisms are widely distributed in bacteria and often even merge (Marcos-Torres et
al., 2022; Staron et al., 2009). However, this distinct separation of heme-responsive mechanisms
according to the Gram-status might have evolved based on the respective habitat facing different

challenges and/or cell wall composition.

As example, the heme assimilation (Has) system is responsible for heme acquisition and utilization in
Pseudomonas (Dent and Wilks, 2020) and Serratia (Biville et al., 2004) (Figure 2A). In general, o-factors
are subunits of the RNA-polymerase important for the initiation of transcription, while ECF o-factors
are specialized o-factors that are associated with signal sensing pathways. At the cell surface, they are
sequestered by their anti-o-factors and released upon stimulus reception (Helmann, 2002; Staron et
al., 2009). Within the Has system of Pseudomonas aeruginosa, Hasl represents the ECF o-factor and
HasS the anti-o-factor. For activation of this system, the hemophore HasA, which is a high-affinity
heme-binding protein that scavenges heme from the environment, binds to the membrane receptor
HasR, which imports heme to the periplasm in a TonB-dependent manner. Consequently, the
N-terminal plug domain of HasR interacts with HasS leading to its inactivation and release of Hasl. Hasl
recruits the core RNA polymerase to regulate the transcriptional activation of the hasRA operon for
further heme acquisition (Dent et al., 2019; Dent and Wilks, 2020; Ochsner et al., 2000). A similar
mechanism is also found for the ECF o-factor Rhul and the untypical activating anti-o-factor RhuR
controlling heme acquisition in Burkholderiales (Murphy et al., 2002). Conservation of ECF o-factor-
based heme homeostasis regulation in Gram-negative bacteria is further confirmed by the data
platform ‘ECF Hub’, where all known heme-responsive ECF o-factors belong to Gram-negatives (Casas-

Pastor et al., 2021).

Regarding Gram-positive bacteria, heme-responsive two-component signaling is thoroughly described
for Bacillales (Figure 2B) and Corynebacteriaceae (Frunzke et al., 2011; Schmitt, 1999; Stauff and Skaar,
2009b). In Bacillales like Staphylococcus aureus or Bacillus anthracis, the two-component system (TCS)
HssRS is required for the regulation of detoxification from heme by heme export. This encompasses
HssS as sensor histidine kinase and HssR as response regulator activating the expression of hrtBA
encoding a heme exporter (Stauff and Skaar, 2009a, b). As heme-responsive two-component systems
(TCSs) will be a focus of this work, but with emphasizes to the biotechnologically relevant

Corynebacterium glutamicum, the basics of TCSs will be introduced throughout the following section.
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Figure 2: Prokaryotic heme sensor systems controlled by transient heme binding. Schematic overview of prokaryotic heme
sensor systems using the examples of Gram-negative Pseudomonadales and Gram-positive Bacillales. (A) In Pseudomonas
aeruginosa, the Has system responds to the presence of heme for the regulation of its acquisition. The system consists of the
outer membrane receptor HasR (grey) with a N-terminal plug domain (light grey), the membrane bound anti-o-factor HasS
(dark grey) shown with TonB-ExbBD (white) and the extracytoplasmic function (ECF) o-factor Hasl (yellow). HasR senses heme
with the help of the hemophore HasA, transduces a signal to HasS, which releases Hasl initiating transcription. Imported
heme further activates PhuTUV for uptake into the cytoplasm, where heme is transported by the heme binding protein PhuS
to the heme oxygenase HemO (not shown). (B) In Bacillales, the two-component system HssSR (blue) activates the expression
its target in a heme-dependent manner. Upon sensing of heme, autophosphorylation (yellow circles) of the histidine kinase
HssS allows phosphotransfer to the response regulator HssR for its activation. HssR then functions as a transcriptional
regulator for the activation of the expression of hrtBA encoding a heme exporter. Adapted from Kriger et al. (2022).

2.3.2.1 Two-component systems: The pre-dominant form of heme-sensing in Gram-positive bacteria

Identified for manifold functions among various microorganisms, TCSs in general perceive and
transduce environmental stimuli in order to generate an appropriate cellular response. This allows the
regulation of diverse functions like e.g. cell metabolism, development, pathogenicity or chemotaxis in
response to a diverse set of chemical or physical stimuli (Mascher et al., 2006; Stock et al., 2000). TCSs
are widely distributed among bacteria and archaea, while seldomly found in eukaryotic systems and
absent in the animal kingdom (Ortet et al., 2014). Canonical TCSs consist of a membrane bound
histidine kinase (HK) and a cytoplasmic response regulator (RR), exemplary and schematically

represented in Figure 3.
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Figure 3: Canonical two-component signaling. This simplified schematic overview demonstrates a classical setup for a two-
component system with a histidine kinase (shades of orange) and its cognate response regulator (shades of blue). The
histidine kinase is depicted as a typical transmembrane homodimer version. Upon stimulus (grey) reception via the sensor
domain of the transmembrane domain (TM), the conserved histidine residue located in the dimerization and histidine-
phosphotransfer (DHp) domain is autophosphorylated mediated by the catalytic and ATPase (CA) domain. Thereafter, the
phosphoryl group (yellow) is transferred to the conserved aspartate (Asp) present in the receiver (REC) domain of the
response regulator. Phosphorylation typically triggers homodimerization and subsequent activation of the output (OP)
domain, which initiates a physiological output, e.g. acting as transcriptional regulator by altering gene expression. Further
outputs can be protein interactions, enzymatic activities or RNA binding (Galperin, 2006).

A prototypical HK acts as transmitter and may be composed of multiple domains comprising an
N-terminal transmembrane domain and a C-terminal transmitter domain. The sensing domains in the
N-terminal transmembrane (TM) domain are highly variable in sequence, which reflects the variability
of the wide range of environmental cues that can be detected among TCSs (Krell et al., 2010). Examples
of stimuli detected range from temperature changes (Albanesi et al., 2009), over gases (Kamps et al.,
2004) to small molecules like heme (Keppel et al., 2018) (section 2.3.2.2). Sensing domains in HKs can
be soluble, intramembrane or extracytoplasmic, with the latter being most abundant (Mascher et al.,
2006). Many HKs feature additional C-terminal extensions between the TM domain and transmitter
domain that act as support for signal transmission or aid at the integration of further signals (Galperin
et al., 2001; Maglich et al., 2009; Parkinson, 2010). These elements are referred to as HAMP, PAS and
GAF domains (Zschiedrich et al., 2016). The subsequent C-terminal transmitter domain becomes active
caused by intramolecular changes in response to the stimulus reception of the sensor domain
(Mascher et al., 2006; Wolanin et al., 2002). This transmitter domain is further divided in two sub-

domains: (i) the dimerization and histidine phosphotransfer (DHp) domain followed by (ii) the
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catalytical and ATPase (CA) domain (Dutta et al., 1999) (Figure 3). In general, the CA-domain executes
binding of ATP in a pocket and transfers the y-phosphoryl group to the conserved histidine residue in
the DHp domain. For that, four common sequence motifs can be identified inside the CA-domain, i.e.
N, G1, F, and G2 boxes (Parkinson and Kofoid, 1992; Wolanin et al., 2002). In detail, the F-box is
required for binding to ATP, while the G-boxes build an ATP lid and the N-box builds a pocket, where
the phosphate is finally shuttled to the histidine. The histidine residue, which is thereby
autophosphorylated upon stimulus reception, is present in the H box motif within the DHp-domain
(Dutta et al., 1999). Additionally, the DHp-domain harbors an X box motif, which is required for
dimerization. Strikingly, many HKs are bifunctional acting not only as kinase, but also as phosphatase
for the RR (Laub and Goulian, 2007; Perego and Hoch, 1996). This is typically accomplished by
conserved glutamine, asparagine or threonine residues in a conserved phosphatase motif, which are
required for the formation of hydrogen bonds with a nucleophilic water molecule and the orientation
for hydrolysis of the phosphoryl group (Huynh and Stewart, 2011). Such a switch of activities allows a

rapid reaction to fluctuating environments.

To date, the majority (>60%) of identified HKs are membrane-associated and act as homodimers
(Jacob-Dubuisson et al., 2018). However, along with research, further complex regulations by HKs are
revealed. This includes for example heterodimeric HKs, like the HK RetS of Pseudomonas aeruginosa

directly controlling the HK GacS by heterooligomerization (Francis et al., 2018; Goodman et al., 2009).

The input detected by HKs can subsequently be transmitted to the RR via phosphotransfer. A flexible
linker sequence in between the DHp- and CA-domain of HKs presumably supports keeping the RR in
place during the phosphotransfer reaction (Casino et al., 2009). Canonical RRs consists of two domains
with (i) an N-terminal receiver domain (REC) connected to (ii) a C-terminal output domain (OP) (Figure
3). The REC domain contains a conserved aspartate residue that receives the phosphoryl group from
the conserved histidine residue of the HK. In vitro studies demonstrated that RRs not only passively
receive the phosphoryl group but actively take part in the catalysis (Lukat et al., 1992). Two acidic
residues are present for Mg? ion binding, which is important for a coordinated phosphorylation, and
a conserved lysine residue was described to be required for structural rearrangements upon

phosphorylation, which activates the RR (Gao et al., 2007; Lukat et al., 1991; West and Stock, 2001).

For many RR, phosphorylation leads to homodimer or —multimer formation rendering the RR active
(Boudes et al., 2014; Kou et al., 2018; Menon and Wang, 2011). However, some RR also undergo
heterodimerization, like CheY in E. coli that complexes with the flagellar motor switch protein FliM (Lee
et al., 2001). Dimerization results in the activation of the output domain. Similar to the sensory domain
of HKs, there is a significant diversity of OP domains across different RRs adapted to different ways of

regulations for respective signals. Based on the kind of response, RRs can be divided in five classes:
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(i) DNA binding, (ii) RNA binding, (iii) enzymatically active, (iv) protein-binding or (v) single-domain
(Zschiedrich et al., 2016). However, the majority of RRs act as DNA-binding transcription factors,
binding to respective DNA-binding motifs and regulating target gene expression (Gao et al., 2007;

Zschiedrich et al., 2016).

Throughout the numerous TCSs in microorganisms, several variations from the herein schematically
depicted version of signal transduction can be found. This includes for example hybrid kinase variants,
where transmitter and receiver modules are combined, i.e. the phosphoryl group is firstly transferred
to an internal receiver domain. Such hybrid kinases are dominant in fungi (Defosse et al., 2015), but
were also identified for some prokaryotic systems, like ShkA of Caulobacter crescentus for timing G1/S
cell cycle transition (Dubey et al.,, 2020). Further, there are also examples of multiple HKs
phosphorylating a single RR, or a single HK phosphorylating several RRs (Francis and Porter, 2019). For
example, the five HKs KinA-E are involved in the phosphorylation of the RR SpoOA mediating the
sporulation of B. subtilis (Jiang et al., 2000), thereby integrating different signals into one signaling
cascade. By contrast, the HK CheA of E. coli phosphorylates both RRs CheY and CheB involved in
chemotaxis (Li et al., 1995), yielding a multiple signal output. Another recently emerging field are
pseudokinases, which are catalytically inactive variants of HKs acting as important signaling modulators
by various mechanisms (Kung and Jura, 2019; Kwon et al., 2019; Mace and Murphy, 2021; Raju and
Shaw, 2015), like e.g. the pseudokinase DivL in Caulobacter crescentus (Tsokos et al., 2011). Some of
these pseudokinases inherit important roles involved in cellular signaling, like allosteric activation of
other kinases, aiding in the assembly of complexes or as competitive inhibitors (Mace and Murphy,

2021), and will be discussed in detail within section 2.5.2.

2.3.2.2 Paralogous two-component systems ChrSA and HrrSA in Corynebacterium glutamicum

A special set-up of paralogous TCSs can be found across the family of Corynebacteriaceae, where
actually two TCSs are responding to the same stimulus - heme. The interactions and regulons of the
two TCSs ChrSA and HrrSA have been studied particularly in the pathogen C. diphtheriae (Bibb and
Schmitt, 2010; Burgos and Schmitt, 2016; Schmitt, 1999) and in the closely related,
biotechnologically-relevant soil bacterium C. glutamicum (Frunzke et al., 2011; Heyer et al., 2012),
which is the focus of this study. Still, there are few exceptions of Corynebacteriaceae, which only
possess one of those TCSs, with C. efficiens only harboring HrrSA and C. jeikeium only ChrSA (Bott and
Brocker, 2012).

Heme availability is sensed by the HKs ChrS and HrrS via direct intramembrane interactions (Ito et al.,
2009; Keppel et al., 2018) and the signal is transmitted to the respective RRs ChrA and HrrA. These two
paralogous TCSs are responsible for maintenance of heme homeostasis by integrating various aspects.

In C. glutamicum, ChrSA is mainly responsible for the detoxification from heme, while HrrSA globally
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regulates heme homeostasis (Figure 4). Upon stimulus reception, ChrSA activates the hrtBA operon
encoding the heme export system (Heyer et al., 2012). While only suggested and indirectly shown for
a long period, recent studies were able to demonstrate that heme is actively exported by the HrtBA
exporter in C. diphtheriae (Nakamura et al., 2022), therefore abandoning toxic levels by direct outward
transfer. This transfer is described to be accomplished by two HrtA ATPase- and two HrtB permease-

subunits, where dimerization of HrtA squeezes the heme-binding site to foster the release of the heme

molecule.
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Figure 4: Heme-responsive two-component systems ChrSA and HrrSA in Corynebacterium gl icum The simplified

representation shows the interaction of the two paralogous TCSs ChrSA (orange) and HrrSA (blue) and each a representative
genetic target. ChrSA regulates detoxification from heme by activation of hrtBA expression (Heyer et al., 2012). HrrSA was
shown, in context of this thesis, to act as regulator for heme homeostasis, controlling heme oxygenase hmuO as well as more
than 200 further genes involved in heme biosynthesis, respiratory chain, oxidative stress or cell envelope remodeling (Keppel
etal., 2020). The HKs undergo autophosphorylation in response to heme, activating the respective RR. Cross-phosphorylation
of the non-cognate response regulator has been demonstrated, while the phosphatase activity remains specific for the
respective cognate response regulator (Hentschel et al., 2014). Figure adapted from Krlger and Frunzke (2022).

The export of heme is a conserved strategy among several pathogenic and non-pathogenic bacteria
counteracting cytotoxic free heme levels (Bibb and Schmitt, 2010; Fernandez et al., 2010; Heyer et al.,
2012; Kriiger et al., 2022; Stauff and Skaar, 2009a) and was even described in human cells (Quigley et
al., 2004). Particularly, in silico analysis demonstrated that the heme regulated ABC transporter HrtBA
is a highly conserved TCS-regulated target among Firmicutes and Actinobacteria. Orthologues of the
exporter were found in 3,232 of 39,096 analyzed bacterial genomes with 99% belonging to one of
these phyla (Kriiger et al., 2022). As depicted in literature, HrtBA of Firmicutes is mainly under the

control of the TCS HssRS or homologs, as shown for Staphylococcus aureus or Bacillus anthracis (Stauff
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and Skaar, 2009a; Torres et al., 2007) (Figure 2B). By contrast, actinobacterial TCSs rely on ChrSA or
homologs for the control of hrtBA, like shown for corynebacterial species (Bibb and Schmitt, 2010;
Heyer et al., 2012). This distribution became even more evident when inspecting 5 kb up- and
downstream of the identified hrtBA orthologues, where the respective TCSs are encoded in close
proximity. Here, heme-responsive HssRS-like TCSs were present in more than 40% of the loci in
Firmicutes, and even more than 50% with ChrSA-like TCSs in actinobacterial genomes (Kriiger et al.,

2022).

Apart from autoregulation, hrtBA is suggested to be the only target of ChrA regulation (Heyer et al.,
2012). While the activity of ChrSA activating hrtBA expression is quite specific, HrrSA is controlling
several aspects of heme homeostasis. This global regulator was shown to regulate the expression of
more than 200 genomic targets including genes involved in heme biosynthesis, cell respiration, and

oxidative stress, among others (section 2.4.2) (Keppel et al., 2020).

A high level of cross-phosphorylation between the two paralogous system has been observed
(Hentschel et al., 2014). Consequently, within the corynebacterial heme-responsive TCSs, loss of one
HK can be compensated by the other via cross-phosphorylation of the non-cognate RR (Keppel et al.,
2019). Importantly, unwanted activation of the RRs was shown to be prevented by the specific
phosphatase activity. Both RRs, ChrA and HrrA, are only dephosphorylated by their cognate HK
(Hentschel et al., 2014).

2.4 Genome-wide binding profiles of iron and heme regulatory networks in C. glutamicum
As depicted, diverse transcription factors play an essential role in the complex iron and heme
metabolism of bacteria. In Corynebacterium glutamicum, the key players for iron and heme
homeostasis include the above-portrayed master regulator of iron DtxR and the global heme regulator
HrrA of the TCS HrrSA. Although previous biochemical and genetic studies already gave valuable
insights about binding of DtxR and HrrA to several targets (Brune et al., 2006; Frunzke et al., 2011;
Wennerhold and Bott, 2006), these data rely on in vitro experiments under defined conditions.
However, combining in vitro data with further in vivo studies provides the unprecedented opportunity
for more detailed and complex insights into promoter occupancies in the cellular context. Additionally,
merging regulatory patterns of these two pathways with strongly interconnected stimuli can emerge
into a big regulatory picture of positive and negative interferences. Therefore, within this study we
performed chromatin affinity purification coupled to sequencing (ChAP-Seq) experiments to reveal the
global genome-wide binding profile of both DtxR and HrrA in C. glutamicum (Keppel et al., 2020; Kriiger

et al., to be submitted).
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ChAP-Seq is an alternative method to the frequently used chromatin immunoprecipitation (ChIP)-Seq
procedure (Myers et al., 2015). Within this method, protein and DNA is cross-linked, followed by
employing an antibody specific for the DNA-binding protein for purification and consequent
identification of enriched genomic loci of binding. Firstly developed by Gilmour and Lis, the ChIP
technique was already used in the 1980s for studying RNA polymerase Il binding in the genome of
E. coli and Drosophila melanogaster (Gilmour and Lis, 1984, 1985, 1986). Further improvement of
fixation methods using formaldehyde for protein-DNA cross-linking led to this sophisticated method
as it is used and adapted today (Solomon et al., 1988). Many studies utilize this rapidly and steadily
evolving technique across all fields and kingdoms. Among numerous further examples, in mammalian
cells ChIP-seq was employed to study the circadian control of transcription (Takahashi et al., 2015),
cancer-related factors like NF-kB (Lu et al., 2013) or even circular RNAs (Liang et al., 2022). A prominent
pathogenic bacterial example is the study on the combination of the binding profiles of 50 different
transcription factors in Mycobacterium tuberculosis (Galagan et al., 2013b; Minch et al., 2015). Within
this vast study, a direct relation between hypoxic response, lipid catabolism and anabolism, as well as
cell wall lipid production could be drawn. This knowledge provided important insights into the
mechanisms underlying different aspects of pathogenesis and yet poorly understood persistence of
M. tuberculosis inside the host. Moreover, recent studies established automated ChIP-Seq protocols
for supporting such high-throughput analyses (Dainese et al., 2020; Gasper et al., 2014; Wu et al,,
2012).

Within this thesis, ChAP-Seq instead of ChIP-Seq was employed. Former ChIP-Seq approaches for DtxR
were not successful as it permitted only low yields paired with excessive background signals after
purification. Instead of using an antibody for immunoprecipitation, the herein applied ChAP-Seq
experiment utilizes a tagged variant of the regulatory protein of interest for purification. In the context
of this study, we performed a genome-wide condition-dependent binding analysis of both DtxR and
HrrA (Krlger et al., to be submitted) as well as a time-resolved binding analysis for HrrA (Keppel et al.,
2020). Identification of novel yet unknown genetic targets expanded the current knowledge of these
two transcriptional regulators, while an ultimate aim of these studies was a direct comparison of their
binding profiles to add dynamic network information based on their interaction and interferences with

each other, as summarized in the following.

2.4.1 In vivo profiling of DtxR promoter occupancies

About 60 DtxR-regulated targets were identified for C. glutamicum via comparative transcriptome
analyses in iron excess and limitation conditions as well as electrophoretic mobility shift assays
(EMSASs) (Brune et al., 2006; Wennerhold and Bott, 2006). Our study aimed to enlarge this knowledge

on an in vivo scale assessing DtxR binding patterns once in iron excess (100 UM FeSO,) and once iron-
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scarcely in the presence of heme (4 uM hemin, further referred to as heme). Interestingly, an overall
similar binding pattern was obtained from ChAP-seq analysis for growth on both conditions (Figure
5A). This reflects the efficient and well-balanced iron and heme homeostatic processes in
C. glutamicum that stabilize the intracellular pool of chelatable Fe?* and heme. In iron-starved, but
heme rich conditions, heme is efficiently used as alternative iron source via heme oxygenase HmuO
(Wilks and Schmitt, 1998). Analogously, at conditions of sufficient iron supply, the high amounts of iron
present lead to proper heme synthesis (Frunzke et al., 2011; Layer, 2021). Nevertheless, calculated
Pearson correlations clearly showed slight but substantial differences between the binding patterns at

the two growth conditions that allowed determination of several yet unidentified targets and relations.
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Figure 5: Genome-wide profiling of DtxR DNA-binding in C. glutamicum. (A) Representative mapping of ChAP-seq reads to
the whole C. glutamicum ATCC 13032 genome. DNA was obtained by affinity purification of DtxR from cultures grown under
iron excess (100 uM FeSQy) (top) or in the presence of heme (4 uM) (bottom). (B) Coverage of binding peaks plotted against
the respective genomic region as indicated by grey arrows below. Among the peaks are known targets (dark blue; (Brune et
al., 2006; Wennerhold and Bott, 2006)), novel targets identified within this study (light blue) and targets predicted by previous
studies (orange). Shown is one representative peak of three biological replicates. Upper graphs were taken as identified from
iron excess condition, while all of them were also found in the heme condition. Peak graphs below are peaks identified in the
heme condition. Except for NCgl1781, these peaks were only found in heme condition. Adapted from Kriger et al. (to be
submitted).
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Of overall 45 identified peaks across the conditions, 21 genomic target locations were already
previously known, while further 24 novel targets of diverse functions could be determined within this
study. Regarding these new targets, approximately two-third were found in the heme condition, which
has not yet been investigated before, indicating the importance of environmental influences for
revealing regulatory systems (section 2.4.4.2). Selected identified binding peaks of DtxR can be found

in Figure 5B and are briefly discussed in the following.

In particular, the siderophore transporters NCgl0484 and irp1 were recognized as most prominent
targets in both iron and heme conditions. Siderophores are iron-chelating molecules, that organisms
produce in response to iron-scarce environments (Ahmed and Holmstrom, 2014; Sheldon and
Heinrichs, 2015). After sequestration of iron, siderophores are transported into the cell and iron is
released either by reduction of iron or by hydrolysis of the siderophore. C. diphtheriae produces the
endogenous siderophore called corynebactin for iron scavenging from the host (Russell et al., 1984;
Zajdowicz et al., 2012). First, this corynebactin was also identified in C. glutamicum (Budzikiewicz et
al., 1997), but a decade later it was proven to be mistakenly interchanged with the siderophore
bacillibactin from Bacillus subtilis (Dertz et al., 2006), i.e. C. glutamicum does not produce siderophores
on its own. The lack of the own siderophore production clusters might be an environmental adaptation
of this soil bacterium in comparison to its pathogenic relative. Suggested by the presence of several
siderophore transporter genes (lkeda and Nakagawa, 2003; Kalinowski et al., 2003), it potentially has
been an evolutionary advantage in the environmental niche of C. glutamicum to rather rely on the
uptake of xenosiderophores, thereby saving production costs. The expression of several of these
operons was previously shown to be tightly regulated by the iron availability (Brune et al., 2006;

Wennerhold and Bott, 2006), allowing energy-efficient usage when required.

Focusing on novel targets, Figure 5B also represents the binding peaks in the promoter region of three
selected newly identified targets: NCgl1781, xerC and metH. A quite intense peak for binding of DtxR
is given for NCgl1781 in both iron excess and heme condition. Although being a hypothetical protein,
it is known that NCgl1781 is located in the prophage region of CGP4. C. glutamicum ATCC 13032
contains in total four prophage elements (CGP1-4). Among those, CGP3 is by far the largest one, while
it contains CGP4. CGP3 is the only inducible prophage, i.e. it can excise from the genome and
autonomously replicate inside the cell (Frunzke et al., 2008; Nanda et al., 2014; Pfeifer et al., 2016). An
RNA-seq workflow determined an increased cellular SOS response induction upon increased iron levels
(Freiherr von Boeselager et al., 2018), which is associated with CGP3 induction (Helfrich et al., 2015;
Nanda et al., 2014). This might be triggered by iron itself or by the resulting oxidative stress. Although
a AdtxR mutant demonstrated an overall higher rate of CGP3 induction (Frunzke et al., 2008), the
possibility of a direct influence of DtxR on prophages genes remains to be elucidated. Additionally, the

function of many prophage genes remains unknown, like for the hypothetical protein NCgl1781.
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Another novel DtxR-regulated target is represented by the tyrosine recombinase encoding gene xerC.
This target was previously suggested by motif prediction, but in vitro binding could not yet be verified
(Wennerhold and Bott, 2006). However, in these ChAP-seq experiments, a clear peak was observed,
but only for the heme condition. Tyrosine recombinases in general are responsible for site-specific DNA
recombination to result in a variety of genetic rearrangements like integration, excision or inversion.
(Grindley et al., 2006). In E. coli, XerC as well as XerD recombinase aid at proper plasmid and
chromosome segregation during cell division by converting dimers of its bacterial chromosome to
monomers, working together with the DNA-translocase FtsK protein (Aussel et al., 2002; Blakely et al.,
1991). Remarkably, these Xer proteins are highly conserved in many bacteria, including C. glutamicum.
Although XerC from E. coli and C. glutamicum share only ~30% sequence identity and ~50% similarity
on the protein level (global alignment (Needleman-Wunsch)), it might have a similar function during
cell division. However, the functional DtxR-homolog Fur was not described to regulate xerC in E. coli
(Seo et al., 2014). Experimental data on xerC of C. glutamicum in its general function as well as on its
regulation by DtxR should be further addressed, especially in terms of expression data in the presence
of heme. This would allow to evaluate a potential connection between iron homeostasis and
recombination control in C. glutamicum, e.g. for rapid repair of redox stress damage or, by contrast,

to halter recombination events at specific lower iron levels.

The present ChAP-seq study additionally established a binding site of DtxR in the promoter region of
metH encoding a homocysteine methyltransferase. In C. glutamicum, methionine is generated from
homoserine, while MetH and MetE catalyze the last step by methylation of homocysteine (Riickert et
al., 2003). Unlike earlier steps of the methionine synthesis, the last step utilizing both MetH and MetE
is conserved among several further bacterial species, like E. coli (Thanbichler et al., 1999) or
Pseudomonas putida (Alaminos and Ramos, 2001). Although the methionine and cysteine biosynthesis
repressor (McbR) was shown to control metY, metK and hom of methionine biosynthesis in
C. glutamicum, the expression of other numerous genes thereof are not influenced by this regulator,
including metH (Rey et al., 2003). In C. diphtheriae, DtxR was already predicted to contribute to
methionine synthesis regulating the genes metA and mapA (Yellaboina et al., 2004). Further,
comparable to our ChAP-seq results, the iron regulator Fur of E. coli binds to metH (Stojiljkovic et al.,
1994). In general, methionine has the ability to act as antioxidant, as it has a high susceptibility to be
oxidized to methionine sulfoxide (Levine et al., 1996; Slyshenkov et al., 2002), which is reduced back
to methionine by methionine sulfoxide reductases (Brot and Weissbach, 1983). Such a process is
likewise applied in Corynebacteria like C. glutamicum as well as C. diphtheriae utilizing the methionine
sulfoxide reductase MsrA, which is regulated by the ECF o-factor SigH (Si et al., 2015; Tossounian et
al., 2015). Consequently, a regulatory connection between iron inducing ROS and methionine synthesis

could be valuable for oxidative stress counteraction. Overall, in this context, DtxR can be suggested to
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activate the expression of metH to promote methionine synthesis. Nevertheless, it is striking that the
binding peak for metH can only be found in the heme-rich condition. When contrary assuming that
DtxR represses metH, it can be hypothesized that repression is only accomplished when iron is scarce.
At these conditions, methionine might not be required for counteracting low levels iron-related
oxidative stress, saving energy. Growing under iron excess conditions, derepression of metH by DtxR
might be required for additionally counteracting redox stress. This would include a concentration-
dependent response as outlined in section 2.4.4.2, which might also be assumed for xerC. Broadening
the view on methionine synthesis in eukaryotes, studies in endothelial cells examined that methionine
additionally promotes the catalytical activity of heme oxygenase as well as ferritin. This supports
suppression of free radical formation by acceleration of the heme degradation and subsequent
sequestration process (Erdmann et al., 2005). Although further investigation is required to reveal the
influence of DtxR on metH in C. glutamicum, its general regulation adds up on the knowledge about a
strong interconnection between iron homeostasis and oxidative stress, as is already underlined by the
fact that DtxR is only activated by Fe?* and not Fe®* (Spiering et al., 2003). Note that this binding peak

could also reveal regulation of the gene expression for the hypothetical protein NCgl1451.

Finally, these vague theories on several newly identified targets of DtxR demonstrate the need for
future expression and binding studies, which should be related to the herein presented ChAP-Seq
results. These studies potentially expand the DtxR regulon for further functions regarding prophages,

DNA recombination and methionine synthesis connected to oxidative stress.

2.4.2 In vivo profiling of HrrA promoter occupancies

Conditional ChAP-Seq for DtxR binding demonstrated inter alia the efficiency of iron and heme
homeostatic processes in C. glutamicum. This can only be achieved in collaboration with further heme
regulation factors. As depicted in earlier sections, heme homeostasis in C. glutamicum is achieved by
the TCSs ChrSA and HrrSA (section 2.3.2.2). While ChrSA is suggested to play a rather defined
regulatory role focused on heme detoxification (Heyer et al., 2012), HrrSA was shown to act as a global

regulator (Frunzke et al., 2011; Keppel et al., 2020).

Thus far, several genomic targets regulated by HrrA in C. glutamicum were confirmed, mostly
coordinating genes involved in processes like heme utilization and synthesis (Frunzke et al., 2011).
However, it is unlikely that this rather small number of targets reflects the whole complexity of heme,
which influences various vital cellular processes. Within this study, a first in vivo analysis of the dynamic
response of HrrA in the presence of heme extended our current awareness from approximately 30 to
more than 200 different genomic targets (Keppel et al., 2020). Combining this time-resolved ChAP-Seq
analysis with further comparative transcriptome analysis via RNA-Seq (AhrrA/wild type), HrrSA could

be verified as a global player of a systemic response to the external addition of heme. This TCS
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regulates genes encoding proteins of various functions, including e.g. heme biosynthesis, glucose
uptake, cell envelope remodeling, oxidative stress response and respiratory chain regulation. The

latter two are briefly summarized in the following.

Apart from ChrA cross-phosphorylation, the presented ChAP-Seq analysis confirmed also a direct role
of HrrSA in coping with the toxic character of heme by activating genes of antioxidant enzymes, like
katA encoding a catalase (Teramoto et al., 2013), trxB coding for a thioredoxin reductase or mpx for a
mycothiol peroxidase (Si et al., 2015). Additionally, HrrA regulates sigH expression, which encodes an
ECF o-factor regulating several stress responses (Kim et al., 2005), including the above-mentioned
methionine sulfoxide reductase MsrA (section 2.4.1) (Si et al., 2015). This provides a sophisticated and
variable redox stress response regulated by HrrSA. Analogously, we could demonstrate that a AhrrA
strain was more sensitive to hydrogen peroxide manifested in a growth defect. However, a further role
of HrrA in context of coping with heme and resulting oxidative stress via counteraction of
consequences was detected. For example, HrrA could be shown to regulate gapA and gapB encoding
glyceraldehyde-3-phosphate dehydrogenases of glycolysis and gluconeogenesis. These enzymes were
shown to be inhibited by oxidative stress in C. diphtheriae (Hillion et al., 2017). Activation of gapA by
HrrA might counteract the impaired glycolysis in the presence of heme-induced oxidative stress

thereby stabilizing metabolic flux under these conditions.

In particular, HrrA was identified to prominently bind in the promoter regions of genes involved in the
respiratory chain, changing their expression significantly. In C. glutamicum, the electron transport
chain is branched consisting of cytochrome bci-aas supercomplex (ctaD, ctaCF, ctaE-qcrCAB) harboring
six heme molecules and the cytochrome bd oxidase (cydABCD) with three heme molecules for their
function (Bott and Niebisch, 2003). All of these genes were bound by HrrA, while the promoter regions
around ctaD and ctaE even possessed inter alia the highest identified peak intensities. Besides, our
comparative N,N,N’,N’-tetramethyl-p-phenylenediamine (TMPD) oxidase assays confirmed the
positive regulation of HrrA on cytochrome aas oxidase activity. These findings enlarged the identified
repertoire of respiratory chain genes controlled by HrrA upon heme availability. Interestingly, the ECF
o-factor encoded by sigC, which regulates the activation of the cydABCD operon (Toyoda and Inui,
2016), was found to be repressed by HrrA. This slight repression of sigC expression by HrrA in the
presence of heme yields a delay in cydAB expression and consequently hints for HrrA aiding at

prioritization of the more efficient cytochrome bci-aas supercomplex.

After identification of numerous targets of HrrA from a time-resolved analysis, our following study
aimed at promoter occupation analysis under heme and iron conditions (Kriger et al., to be
submitted). Cultivation under the same conditions as in the ChAP-Seq for DtxR (section 2.4.1), these

analyses laid the foundation to unravel interaction and interference between iron and heme regulatory
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networks, as discussed in section 2.4.4.1. Regarding HrrA, conditional binding studies allowed
identification of additional ~180 potential targets. These target genes vary in their function, while most
encode hypothetical proteins. Overall 80 of these ~180 additional targets identified within this
following study were only identified in the iron excess condition, i.e. cultivated without exogenous
heme addition as performed in the former study (Keppel et al., 2020). Strikingly, this includes several
bound regions of genes encoding ribosomal proteins (rplJ, rpIK, rplU, romB, romH, rpsF, rpsH, rpsL).
Genes coding for ribosomal proteins drive ribosome biogenesis and are regulated in response to
fluctuating environments in order to adapt for rapid cell growth. Recently, ribosomal protein genes of
yeast were also described to be regulated by transcription factors in response to nutrients and stress
factors (Petibon et al., 2021; Zencir et al., 2020). Although analyzed in the presence of heme,
comparative RNA-Seq data (AhrrA/wild type) suggested that these targets are rather repressed by
HrrA. As this repression is more apparent in the iron excess condition, this hints towards a contribution

to ribosome synthesis based on the concentration of the stimulus (section 2.4.4.2).

Moreover, among those new targets found at iron excess conditions, there are further genes of the
central carbon metabolism, including e.g. aceE encoding the E1 subunit of pyruvate dehydrogenase,
pfkA encoding the 6-phosphofructokinase or pck encoding the phosphoenolpyruvate carboxykinase.
Studies in S. aureus claimed a yet unsolved interconnection between heme biosynthesis and central
carbon metabolism as repression of steps of the upper glycolysis impaired heme production (Mike et

al., 2013), probably due to redirection of flux.

Further novel binding targets of HrrA under iron excess condition include rpoB encoding the B subunit
of a DNA-directed RNA polymerase, ohr encoding a putative organic hydroperoxide resistance and
detoxification protein or the universal stress protein encoded by uspA3, further underlining the
participation of HrrSA in oxidative stress response. These additionally identified targets show at least
minor effects on the expression level upon deletion of hrrA, as depicted from comparative RNA-Seq
results (AhrrA /wild type) performed at the heme condition. Nevertheless, further transcriptome
analyses including the respective iron excess condition could give more detailed insights into the
extent of the influence of HrrA on these newly identified targets concerning inter alia ribosome

synthesis, central carbon metabolism and oxidative stress responses at the differing conditions.

Unravelling HrrA as a global regulator of heme homeostasis also revealed similarities to the regulon of
the eukaryotic BTB and CNC homology 1 (BACH1) transcription factor. BACH1 is the mammalian key
player for balancing heme content, by regulating the expression of heme oxygenase HMOX1 as well as
50 further targets involved in iron storage, oxidative stress, apoptosis or subcellular transport (Warnatz
et al,, 2011). In general, BACH1 forms heterodimers with Maf proteins thereby acting as repressor for

the respective downstream targets. Upon heme binding, BACH1 degrades and Maf proteins are able
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to bind the transcription factor Nrf2 for the activation of several target genes (Ogawa et al., 2001)
(further summarized by Kriger et al. (2022)). Although HrrA and BACH1 encompass completely
different regulatory mechanisms, the similar regulatory logic is noteworthy. Both global heme sensing
systems not only regulate the expression of their respective heme oxygenase, but also genes encoding
antioxidant enzymes, i.e. catalases, thioredoxin reductases or mycothiol peroxidases, coupling heme
utilization with oxidative stress response. Furthermore, both regulate several genes of the central

carbon metabolism.

Finally, these analyses demonstrated HrrA to be a global regulator in C. glutamicum for manifold
functions influenced by heme availability. By contrast, in C. diphtheriae a considerable overlap of HrrSA
and ChrSA regulons was suggested instead of having HrrA as global and ChrA as narrow, specific
regulator (Bibb et al., 2005; Bibb and Schmitt, 2010). Although in vivo data is not yet available in

C. diphtheriae, it might hint for plasticity of TCSs signaling adapting to the respective ecological niche.

2.4.3 Relevance of weak binding sites in ChAP-Seq analyses

The profiling of genome-wide binding patterns of each DtxR and HrrA in C. glutamicum encompassed
several peaks at both known and unknown target sites, which feature only weak peak intensities. Such
weak binding sites are frequently found throughout ChIP/ChAP-Seq experiments (Cao et al., 2010;
Rhee and Pugh, 2011). In order to address their physiological relevance, we correlated previously
obtained comparative transcriptomic data, including microarrays (Wennerhold and Bott, 2006) and
gPCR (Brune et al., 2006), with the underlying peak intensities obtained from this ChAP-Seq at iron
excess conditions (Figure 6A). Clearly, an anti-proportional correlation of peak intensities with the
differential gene expression (AdtxR/wild type) was observed. While the binding peaks with the highest
coverage among selected targets are represented by irp1 and hmuO, the differential expression levels
comparing expression of wild type with a AdtxR strain were rather low. Analogously, the highest
differential gene expression levels were found for NCgl0123 coding for a hypothetical protein and
NCgl1646 encoding a putative secreted hydrolase in the prophage CGP3 region. Both targets showed
only a low binding coverage. Remarkably, this observation concerning an anti-correlation between
differential gene expression and peak binding intensity was also made for HrrA comparing ChAP-Seq
binding peaks and RNA-Seq expression data (AhrrA/wild type) (Figure 6B). Here, this is clearly
demonstrated by suhB encoding a myo-inositol-1 or 4-monophosphatase in contrast to hmuO

encoding a heme oxygenase.

Although many studies define weak binding sites as false-positives, the reproducibility or the presence
of a respective binding motif argues against the exclusion of those as random artefacts (Galagan et al.,
2013a; Rhee and Pugh, 2011). Consideration will, however, always require the inclusion of further,

complementary analyses such as transcriptome data. Overall, the observed anti-correlation suggests
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that targets bound with weaker binding peak intensity react more sensitive to environmental changes.
Potentially, this is a result of varying binding strengths at these genomic locations or accessibility
(Johnson et al., 2007; Myers et al., 2013) yielding a fine-tuned network, which is able to quickly
integrate information about rapidly changing environments (Rhee and Pugh, 2011). For example, the
weak binding to ripA encoding a regulator of iron-dependent proteins could enable a fast derepression
by DtxR upon decreasing iron levels to ensure a subsequent rapid response by this regulator. Our study
emphasized the physiological relevance of several weak binding sites in ChAP-Seq experiments, which

should not be ignored.
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Figure 6: Correlation of DtxR and HrrA peak intensities with comparative expression data. (A) Correlation of peak intensities
of the ChAP-Seq for DtxR (dark blue) with the RNA ratio (AdtxR/wild type) from a microarray analysis (dark orange;
(Wennerhold and Bott, 2006)) as well as to the relative expression in the deletion strain AdtxR compared to wild type analyzed
via RT-qPCR (light orange; (Brune et al., 2006)). All cultivations were conducted at iron excess conditions (100 uM FeSQ,). (B)
Correlation of selected peak intensities of the ChAP-Seq of HrrA (dark blue) was compared to the logx(AhrrA/wild type)
obtained from the time-resolved RNA-seq (Keppel et al., 2020) (shades of orange). Each cultivation was performed in the
presence of heme (4 uM). Adapted from Krlger et al. (to be submitted).
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2.4.4 From static regulons to dynamic networks

Identification of regulatory targets of a specific transcriptional regulator at defined conditions brings
undeniably valuable input. Nevertheless, cellular organisms are vibrant systems facing fluctuating
environmental challenges, employing not only complex, but interdependent regulatory systems.
Therefore, unveiling the complexity of regulatory networks requires the merging of static regulons to

dynamic networks.

2.4.4.1 A glimpse into the connection of iron and heme regulatory pathways

Conducting ChAP-Seq analyses for both DtxR and HrrA at the same conditions allowed direct
comparison of binding patterns for shared targets of these regulators for the first time in vivo.
Regarding overlaps of these networks, in total 16 shared targets of DtxR and HrrA could be identified,
while some targets hint for competitive and others for cooperative binding. A clear interconnection
can be observed for DtxR and HrrA binding with a significant overlap upstream of hmuO encoding the
heme oxygenase for degrading heme to iron, carbon monoxide and bilirubin (Figure 7A). While DtxR
repressing hmuO demonstrated a slightly higher binding peak coverage at iron excess compared with
heme, binding of HrrA for activation is higher at heme conditions. This could demonstrate a fine-tuning
dependent on environmental conditions by these two regulators counteracting each other at different
conditions. Not counteracting, but rather direct competition at the same conditions might be expected
from DtxR and HrrA (auto)regulating hrrA, with no overlapping, but close binding peak sites (Figure
7B). For both regulators, the peak intensity is significantly higher in the presence of heme, while for
DtxR there was even no identified peak at all in iron excess. This fine-tuning regulation rather illustrates

a direct interference between the regulators.

By contrast, DtxR and HrrA are binding upstream to sdhCD encoding a succinate:menaquinone
oxidoreductase, but binding sites are separated by ~100 bp (Figure 7C). In this case, there is again a
higher peak intensity coverage on the specific stimulus, i.e. for DtxR on iron and for HrrA on heme. As
this oxidoreductase is important for cell respiration and uses both iron and heme for functioning, this
target is probably coordinatively activated by both DtxR and HrrA. Due to the location of binding, there
is a potential, that e.g. HrrA also regulates nearby ramB, as several studies demonstrated that binding
of transcription factors at large distances from promoters is also possible (Belitsky and Sonenshein,

1999; Czaplewski et al., 1992).
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Figure 7: Shared targets of the transcriptional regulators DtxR and HrrA show interconnection between iron and heme
regulatory networks. Peak detection in the region of (A) hmuO, (B) hrrA and (C) sdhCD, as represented by grey arrows below.
Orange peaks show binding of DtxR, blue ones of HrrA. The grey vertical line illustrates the peak maxima. One representative
peak of three biological replicates. For more detailed information, compare supplemental material 4.1, Figure S3. Adapted
from Kriger et al. (to be submitted).

In the end, no conclusive trend that summarizes the regulatory connection of DtxR and HrrA at several
promoter regions of shared targets can be extracted, demonstrating the complexity beyond potential
interference of two global regulators. By analyzing the ratios of peak intensities of targets that were
bound in both iron and heme conditions, we could derive hints for a trend towards higher peak
intensities of DtxR binding in iron conditions than in the presence of heme and analogously for HrrA at
heme conditions (compare supplemental section 4.1, Figure S4). Although this trend needs further
examination, this might emphasize the stimulus-dependent interferences of these two regulators on
each other. In order to profoundly evaluate the regulatory influences of DtxR and HrrA on each other,
further ChAP-seq analyses with each a deletion strain of one of these regulators should be addressed
coupled with expression analyses. In- or decreased binding of the remaining regulator and target
expression changes would allow further detailed assessment. Recently, algorithms estimating
coordinative regulator binding on ChIP-Seq peak intensities were published (Datta et al., 2018) that

could add information.

Recent bioinformatic analyses established that the regulatory network in C. glutamicum is dependent
on nine global regulators (sigA, hrrA, ramA, gixR, sigH, ramB, atIR, mcbR and dtxR). In the all evidence

network (as identified by Abasy (Ibarra-Arellano et al., 2016)), HrrA is involved in the transcription of
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21% of the regulatory nodes and DtxR for 3% (Escorcia-Rodriguez et al., 2021). In relation, this is in line
with the count of overall targets identified in this study (relation percentage: 3/21 = 0.143; relation
targets: 45/334 = 0.135 (Krlger et al., to be submitted)). ChAP-Seq analyses coupled to expression data
of further global regulators demonstrate a possibility for revelation of basic regulatory network
interactions in C. glutamicum, while for iron and heme regulatory networks an additional combined

genome-wide binding analysis of RipA, ChrA or SigC would be of special interest.

2.4.4.2 Influence of surplus iron or heme on complex binding behavior

The presented ChAP-Seq experiments at different conditional and temporal conditions yielding slightly
different binding patterns illustrated the importance of multiple growth conditions when evaluating
the functionality of a transcription factor. This issue was already addressed in other studies, leading to
identifications of novel mechanisms and especially connections to other regulatory pathways
(Knijnenburg et al., 2007). Several (novel) genetic targets of the herein analyzed transcriptional
regulators were found in the respective stimulus-scarce condition, e.g. DtxR only binds metH or xerC

in the presence of heme, but not at iron excess. Subsequently, two hypotheses can be established.

The first would include a graded response of the transcriptional regulators dependent on the
concentration of the stimulus. A prominent example is a recent ChIP-Seq analysis of the functional
DtxR-homolog Fur in Bacillus subtilis, which could reveal a graded response based on varying protein-
DNA-binding affinities, i.e. Fur derepresses its targets stepwise depending on iron concentrations.
When iron concentrations change from replete to deficient, genes of iron uptake systems are
derepressed at first, followed by derepression of genes for siderophore import systems as well as
siderophore synthesis and finally, when iron is nearly depleted, the genes coding for the small RNA
FsrA and respective cooperating proteins are derepressed to block the expression of non-essential
iron-dependent proteins to save iron resources (Pi and Helmann, 2017, 2018). In order to assess the
general possibility of such graded response of DtxR or HrrA, future studies should aim at ChAP-Seq
experiments with further cultivation conditions, e.g. stepwise iron limitation or even starvation.
Another option would be to perform reporter assays for several selected targets at different cultivation
conditions. Nevertheless, evaluable prerequisites for a graded response are present for DtxR: Early
studies claimed that a monomer of DtxR in C. diphtheriae has two-metal binding sites with varying
affinities for iron. Binding of iron at the first site induces conformational changes that subsequently
allow binding of another iron atom at the second binding site resulting in further conformation altering
(Love et al., 2003; Spiering et al., 2003; Tao et al., 1994). Furthermore, it was suggested that for
efficient repression by DtxR two dimers are required (Spiering et al., 2003; White et al., 1998). These
variations in conformation depending on the amount of ions bound might lead to different binding
affinities of the regulator, which potentially hints for a graded response. This strategy was also

observed for other regulatory systems, like the zinc deprivation response by Zur in B. subtilis (Shin and
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Helmann, 2016), providing a malleable tool for prioritization of cellular metal response. Several other
variable modes for transcription factor DNA-binding had been summarized earlier (Siggers and Gordan,

2013).

Apart from that, a second explanation for the variation in genetic target binding at the different
cultivation conditions can be found beyond a single transcription factor, but within interdependent
regulatory networks including further factors. For example, a direct antagonizing activity of the DtxR
homolog IdeR with the histone-like protein Lsr2 was demonstrated in M. tuberculosis for bfrB encoding
an iron storage protein (Kurthkoti et al., 2015). Beyond that, whole interfering dynamic networks were
also recognized from ChIP-Seq experiments in E. coli analyzing the global regulator of anaerobiosis FNR
(Myers et al., 2013). Examination in both aerobic and anaerobic conditions led to varying binding
patterns, while additionally, these different conditions influenced the FNR regulon concerning other
transcription factors with condition-specific regulons. The authors claimed different categories of
these interconnections, including e.g. co-activation of FNR by NarL and NarP in the presence of NOs
or NO; or repression of FNR regulation by Fur in the presence of iron. Such combinatorial regulation
by other transcription factors could also be of importance for unveiling the complexity of regulatory
networks of DtxR and HrrA, besides interference on each other (section 2.4.4.1). Basically, not only
other transcription factors but also e.g. nucleoid-associated proteins could mask DtxR or HrrA binding
in vivo, resulting in variation of observed genetic targets at different conditions (Myers et al., 2013;

Pfeifer et al., 2016).

In the end, shifting analyses from static regulons with a single defined condition, for a single regulator,
at a single time point to a rather dynamic network analysis could give unprecedented insights into the
complex and sophisticated regulatory setup of bacteria coping with their environment (Keppel et al.,

2020; Kriiger et al., to be submitted).

2.5 Evolution towards high heme tolerance

Coping with the environment is of particular importance for bacteria, which rely on the acquisition of
iron from their surroundings. In general, the availability of free iron is rather low. For example, the iron
reservoir for pathogenic bacteria acquirable from the vertebrate host is limited due to nutritional
immunity, i.e. the host keeps iron sequestered making this nutrient inaccessible for the pathogen and
thereby limiting bacterial replication (Bilitewski et al., 2017; Weinberg, 1974). On this purpose, heme
represents the most abundant form of iron in adult humans (~ 70%) (Ponka, 1997), with an average of
21+2 uM free heme in human blood (Aich et al., 2015). Consequently, the usage of heme as alternative
resource needs to be rapidly adapted, but further there is a special interest for adaptation to the

elevated and toxic heme levels inside the host (Choby and Skaar, 2016). This issue is not only
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encountered by pathogenic, but also by non-pathogenic species acquiring heme e.g. from soil, where
decaying organic material results in local elevated heme levels. In framework of this thesis, it was
aimed to investigate on the adaptation to elevated heme levels as encountered by many bacteria in
fluctuating environments. For that, we made use of the soil bacterium C. glutamicum as model

organism (Krtger and Frunzke, 2022), a close relative to the pathogenic species C. diphtheriae.

To evaluate and understand mechanisms of bacterial heme tolerance, we performed an adaptive
laboratory evolution (ALE) experiment of C. glutamicum on increasing concentrations of heme. ALE is
a frequently used strategy where the employment of a specific selection pressure leads to the
generation of microbial strains with desired characteristics (Dragosits and Mattanovich, 2013;
Mavrommati et al., 2022; Portnoy et al., 2011; Stella et al., 2019), based on the theory of biological
evolution (Darwin, 1872). Depending on the experimental setup, ALE can improve process
performance in terms of increased growth rates, higher product titers, or even stress and product
tolerance (Stella et al., 2019). ALE strategies were efficiently applied to mutate strains towards the
production of numerous products, e.g. amino acids (Har et al., 2021; Prell et al., 2021), ethanol
(Catrileo et al., 2020) or lipids (Wang et al., 2021b); or to tolerate products like esters (Matson et al.,
2022), antioxidants (Lu et al., 2022) or methanol (Wang et al., 2020) - to name only a few recent
examples. In addition, ALE approaches bear the potential to provide novel insights into bacterial
metabolism and biological pathway regulation. In the presented study, ALE on increasing heme levels
evolved a highly heme tolerant strain, which had a mutation in the CA-domain of the HK ChrS (section
2.3.2.2). This mutation yielded a pseudokinase variant of ChrS that provokes a highly upregulated
expression of the hrtBA operon encoding the heme export system HrtBA. This activation is mediated
by the response regulator ChrA, but completely dependent from the paralogous HK HrrS (Krliger and

Frunzke, 2022), as further described throughout the following sections.

2.5.1 Heme export by HrtBA plays a pivotal role for adaptation to elevated heme levels

Concentrations below 5 uM heme are not sufficient to meet the iron need of C. glutamicum cells as
demonstrated by reduced growth rates. However, concentrations above 5 uM heme are toxic, which
manifests especially in elongated lag phases (Frunzke et al., 2011). The previously described heme
exporter HrtBA was established to be of special importance for heme detoxification, as a deletion of
the hrtBA operon resulted in even significantly increased lag phase times during growth on high heme
concentrations compared to the wild type (Heyer et al., 2012). Confirmation that HrtBA is a key player
of heme tolerance was further accomplished with a comparative ALE experiment of the wild type and
a AhrtBA strain on increasing concentrations of heme as described in this thesis. While for the wild

type a stepwise increase from 10 uM to 60 uM heme over several inoculations could be achieved, a
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strain lacking hrtBA was not able to evolve towards higher heme tolerance. This underlines the general

importance of heme export in C. glutamicum for the adaptation to fluctuating heme concentrations.

Genome sequencing of the successfully evolved wild type strains revealed mutations affecting the
CA-domain of the HK ChrS in every clone that allowed growth at heme concentrations of up to 100 pM.
Analysis of the evolved populations after different time points indicated that the mutational
adaptation to heme was accomplished already at inoculation in concentrations between 20 and 25 uM
heme. Remarkably, the most advantageous mutation in the context of providing heme tolerance was
a single nucleotide polymorphism inducing a frameshift directly after the DHp-domain (ChrS-Ala245fs).
Interestingly, exactly this mutation was found in two independently evolved clones. This emphasizes
this frameshift mutation as highly efficient in providing elevated heme tolerance to cells exposed to a
strong selection pressure. Figure 8A exemplarily depicts the improved growth of the evolved clone
carrying the frameshift mutation, further referred to as 1.fs. The respective strain was shown to
outcompete the wild type under all tested conditions, except iron starvation conditions. As a result of

the frameshift, the CA-domain is replaced by newly generated 60 amino acids (Figure 8B).
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Figure 8: Adaptive laboratory evolution of C. glutamicum to high heme concentrations resulted in mutation of the
CA-domain of ChrS. (A) Growth of the wild type (blue) in comparison to the evolved clone 1.fs (orange). Growth analyses
were performed in the Biolector® microtiter cultivation system (Kensy et al., 2009) using CGXIl media supplemented with 2%
glucose, no iron and 20 uM heme. Data represents average of three biological replicates including standard deviations
depicted as error bars. (B) Predicted protein structures of ChrS (blue) and the truncated ChrS-Ala245fs variant (orange, with
60 additional amino acids caused by the frameshift shown in red) as present in 1.fs. Structure prediction was performed using
AlphaFold2 (Jumper et al., 2021; Varadi et al., 2021). Domain arrangements are shown next to the protein structures.
TM = transmembrane domain, DHp = dimerization- and histidine-phosphotransfer-domain, CA = catalytic- and ATPase-
domain. Adapted from Kruiger and Frunzke (2022).

Subsequent mutational studies as well as reporter-assays on hrtB expression —the main target of ChrSA
— provided insights into the mechanisms behind the elevated heme tolerance (Figure 9). Comparing
the growth of 1.fs with the wild type and further mutant strains on increasing concentrations of heme

demonstrated the enormous heme tolerance of this strain, while reintegration of the ChrS-Ala245fs
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mutation confirmed the causality of the single frameshift mutation (Figure 9A). Consistent with the
fact that the AhrtBA strain could not evolve any advantageous mutations in ALE experiments, the
expression of hrtBA was highly elevated in the evolved wild type mutant strain, accounting for its heme
tolerance (Figure 9B). Transcriptome analysis of the evolved variant revealed a ~150-fold increase in
hrtBA expression compared to a wild type strain and reporter assays (using pJC1-P.s-eyfp from Heyer
et al. (2012)) demonstrated a continuously high hrtBA expression in 1.fs, which is not shut down as
usual after stimulus decline (Keppel et al., 2019). Interestingly, hrtB expression was also observed in

1.fs under standard conditions, i.e. without any exogenously added heme stimulus.

Deletion of the complete chrS gene also led to an improved growth on heme compared to the wild
type (Figure 9A). This was enabled by the constant activation of hrtBA gene expression for heme export
in this mutant, accomplished by cross-talk with HrrS as underlined by the denied growth of a
AchrSAhrrS strain (Figure 9B). The hrtB expression did not decline in AchrS due to the missing
dephosphorylation of ChrA, which is only specifically achieved by ChrS. The significant delay in the hrtB
signal in AchrS was caused by the lower heme sensitivity of HrrS. ChrS was demonstrated to be the
fast-acting HK in order to prioritize detoxification for survival before regulating homeostasis by slower
reacting HrrS (Keppel et al., 2019). Nevertheless, it is evident that the evolved clone 1.fs possesses a
higher level of heme tolerance than AchrS, encompassed by a significantly higher and faster hrtB
expression. Regarding the continuous expression of hrtB, we further compared 1.fs to a phosphatase
mutant chr$-Q191A, with a mutation of a glutamine residue at position 191 in the phosphatase motif
DxxxQ located in the DHp-domain (Hentschel et al., 2014). This motif is conserved in several HKs of
different bacteria (Huynh et al., 2010). However, the heme tolerance of 1.fs was significantly higher
than that of the phosphatase strain, demonstrated in growth (Figure 9A). Although the extreme high
levels of hrtB expression were comparable, the difference lies in the end signal: In both strains, hrtB
expression was never shut off, but for 1.fs it remained at a higher final continuous level (Figure 9B).
Therefore, the ChrS-Ala245fs variant, further referred to as ChrS_CA-fs, must play an important active

role in elevated activation kinetics beyond only an abolished phosphatase activity.
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Figure 9: Mutational analyses to provide insights into improved heme tolerance of 1.fs. (A) Different mutant strains were
spotted on heme gradient plates with elevating concentrations to the right (CGXIl media, 2% glucose, no iron). Photos of
plates were taken after 24 and 48 h. (B) Reporter assays visualizing hrtBA-expression using the plasmid pJC1-Py.s-eyfp for
transformation of the wild type (WT) (dark blue), the evolved clone 1.fs (dark orange), AchrS (light orange), AchrSAhrrS (mid-
blue), and chrS-Q191A (light blue). (C) Reporter assays for hrtB-expression using pJC1-Pu.s-eyfp upon deletion of hrrSin 1.fs
(shades of orange) and the wild type (shades of blue). Specific fluorescent analyses were performed in the Biolector®
microtiter cultivation system (Kensy et al., 2009) using CGXIl media supplemented with 2% glucose, no iron, 4 uM heme and
25 pg/ml kanamycin. Specific fluorescence was calculated as measured fluorescence per backscatter. Data represent average
of three biological replicates including standard deviations depicted as error bars. Adapted from Kriger and Frunzke (2022).

As there is significant cross-talk between the paralogous HKs and their non-cognate RRs (Hentschel et
al., 2014), hrtBA activation kinetics was further evaluated by examining the effect of an additional
deletion of hrrSin the 1.fs background. Here, it became apparent that the extreme high hrtB expression
is completely dependent from HrrS. When this paralogous HK is missing, the growth advantage on
heme of 1.fs is abolished, which is also reflected by the shutdown of its hrtB expression (Figure 9C).
Transcriptomic analyses examined that the expression of hrrS is not elevated in 1.fs, hinting for an
increased ChrA activation performance by HrrS. Moreover, deletion of chrA had a drastic influence on
heme tolerance of 1.fs, while deletion of hrrA did not. Analogously, an overexpression of ChrA did
improve heme tolerance, but not comparable to the immensely improved growth of 1.fs, where ChrA
must be rather phosphorylated more efficiently. Interestingly, a plasmid-based direct overexpression

of hrtBA, which led to a ~400-fold increase in expression level, did not improve growth on heme, but
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even worsens it compared to the wild type (compare supplemental section 4.3, Figures S5 and S6).
Finally, all of these aspects underline a well-balanced expression kinetics achieved by mutated

ChrS_CA-fs and native HrrS in the evolved heme tolerant 1.fs strain.

However, the observation that an exchange of the autophosphorylation residue at position 186 in
ChrS_CA-fs did not affect the high heme tolerance of this strain suggests that this kinase does no more
participate in the typical phosphotransfer reaction. Although autophosphorylation should be further
addressed by phosphorylation assays in vitro, it can be proposed that ChrS_CA-fs does not serve a
canonical role in catalysis in 1.fs. Kinases that are not catalytically active, but still perform important
tasks in signal transduction, were classified as pseudokinases. Pseudokinases vary enormously in their

mode of actions, as outlined in the following section.

2.5.2 The role of pseudokinases in signaling cascades

Referred to as dead or even zombie proteins, pseudokinases are detectable across all kingdoms of life.
However, these special kinases are not simply dead evolutionary relicts, but rather play roles in signal
transduction pathways beyond catalytical functions, e.g. serving as protein-interaction partners. While
the first pseudokinase was already found in the late 80’s in the sea urchin Arabica punctulata (Singh
et al., 1988), there is emerging appreciation in recent research (Kwon et al., 2019; Mace and Murphy,
2021). In the human proteome approximately 10% of all protein kinases are pseudokinases (Manning
et al., 2002). Canonical kinases require ATP binding, coordination of Mg?* and catalysis of phosphoryl
transfer for their kinase activity. Some or all of these functions might be lost in pseudokinases (Kwon
et al., 2019; Murphy et al., 2014). However, the exact mechanism for the function of pseudokinases
remains obscure in many cases. One factor is that e.g. some pseudokinases with highly degraded
catalytic components are catalytically inactive, but act as protein-interaction partners, while others
even retain a small phosphorylation activity (Beraki et al., 2019; Zhu et al., 2016) (referred to as low
activity or active pseudokinases (Zeqiraj and van Aalten, 2010)). Such factors make it nearly impossible
to predict functions from bioinformatics analysis only and consequently experimental validation on
the molecular level is required to unravel their role in the respective signal transduction cascade (Mace
and Murphy, 2021; Zegiraj and van Aalten, 2010). However, increasing research revealed in general
four different types of functional mechanisms of pseudokinases mediating specialized non-catalytical
functions, yet still with a main focus on eukaryotic systems (Mace and Murphy, 2021; Murphy et al.,

2017).
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Figure 10: Overview of pseudokinase functions. (A) Allosteric regulation for the activation or inhibition of a cognate protein
kinase (blue). (B) Assembly of complexes for recruitment of multiple relevant interaction partners, like kinases, phosphatases,
regulatory proteins, etc (blue). (C) Molecular switch by receiving post-translation modification, e.g. phosphorylation (light
blue), from another upstream regulator like a kinase (dark blue) that promote conformational switching and effector
functions. (D) Competitive inhibition by blocking catalytic activity or substrate access of other kinases or proteins (blue). The
pseudokinase variant is depicted always in orange. Adapted from Mace and Murphy (2021) and Murphy et al. (2017).

Allosteric regulation of cognate kinases is a well-characterized function of pseudokinases,
encompassing intermolecular interactions as heterooligomers supporting active or inactive
conformation of a respective kinase (Figure 10A). This mode of action is found in the yet best-
characterized bacterial pseudokinase throughout literature: In Caulobacter crescentus, the
pseudokinase DivL directly interacts with the kinase CckA to regulate cell division (Iniesta et al., 2010).
Although the mechanism is not yet revealed, the direct interaction with the pseudokinase is required
for maximal kinase activity of CckA. In this context, neither the ATPase domain nor an
autophosphorylation residue of DivL is required (Reisinger et al., 2007). This kinase:pseudokinase
interaction is further mediated by the phosphorylation status of the RR DivK, further implementing the
kinases PleC and DivJ (Iniesta et al., 2010; Tsokos et al., 2011). This example represents the introduction
of an activating pseudokinase into a multikinase network to balance several signals regulating cell

division (Francis et al., 2018).

Another function described for pseudokinases is to act as signaling scaffold for the formation of larger
signaling complexes (Figure 10B). Some pseudokinases were reported to interact with substrates,
regulators or several other binding partners to allow recruitment of components and thereby facilitate
the connection of signaling cascades. The vertebrate titin kinase proves such a scaffold function by
coupling the ubiquitin ligases MuRF1 and MuRF2. This pseudokinase thereby connects divergent
stimuli of muscle response to metabolic stress (Bogomolovas et al., 2014). Further, vertebrate KSR1

pseudokinases dimerize with Raf and MEK kinases to activate them, while additionally serving as
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docking site for various other involved players of this cascade, like phosphatases, RAF proteins or

regulatory 14-3-3 proteins (Lavoie et al., 2018; McKay et al., 2009).

An interesting function of pseudokinases is to act as molecular switches, where they receive
information from a regulator to control a subsequent downstream output (Figure 10C). Pseudokinases
thereby act as molecular switch upon post-translational modifications, like phosphorylation in a
common example of the vertebrate mixed lineage kinase domain-like (MLKL) pseudokinase. The
upstream protein kinase RIPK3 phosphorylates the pseudokinase domain thereby inducing a
conformational change in MLKL and releasing it from an N-terminal four-helix bundle domain. MLKL is
consequently able to oligomerize and translocate to the plasma membrane, where it accumulates and
thereby permeabilizes the lipid bilayer causing lytic cell death (Hildebrand et al., 2014; Murphy et al.,
2013; Samson et al., 2020).

So far rather less described, but still abundant, pseudokinases can also act as competitors within signal
transduction (Figure 10D), where they are able to attenuate the catalysis or block substrate access of
another protein kinase in order to inhibit the signaling cascade. Recently, within the human IRAK
(interleukin-1 receptor associated kinase) family, the pseudokinase IRAK3 dimer was proposed to
inhibit the kinase IRAK4 dimer, blocking its active sites (Lange et al., 2021). Consequently, the
inflammatory signaling in the complex of IRAK proteins (myddosome) in the immune response to

pathogens is attenuated (Moncrieffe et al., 2020).

Recent analysis of >30,000 pseudokinase sequences underlined that pseudokinases have fundamental
roles across all kingdoms of life (Kwon et al., 2019). Most likely, these evolved from gene-duplication
events from canonical kinases (Eyers and Murphy, 2016). However, it is not excluded that some
canonical kinases have evolved from pseudokinases, just like for other pseudoenzymes (Clifton et al.,

2018; Kaltenbach et al., 2018; Kwon et al., 2019).

2.5.3 Mode of action of pseudokinase ChrS_CA-fs

In our study, a pseudokinase variant of ChrS was shown to promote high heme tolerance in
C. glutamicum (Krlger and Frunzke, 2022). With ChrS_CA-fs being no more involved in canonical
phosphotransfer, three main hypotheses explaining an increase of the activation kinetics of ChrA by
HrrS were suggested (Figure 11). It is important to note that this adaptation is made possible by the
specialty of C. glutamicum possessing the paralogous systems ChrSA and HrrSA reacting to the same
stimulus heme. Paralogs have already been demonstrated to be valuable for efficient adaptations
(Bratlie et al., 2010; Gevers et al., 2004). Our study further emphasizes gene duplication as powerful

tool for adaptation shaped by the respective environmental niche.
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Figure 11: Three hypotheses concerning the influence of the pseudokinase ChrS_CA-fs on elevated heme tolerance. The
pseudokinase ChrS-CA-fs (orange) and the HK HrrS (blue) are shown in their homodimeric forms. There are three different
assumptions for the suggested communication on HK level in the evolved strain 1.fs possessing the pseudokinase that allow
elevated expression of hrtBA. (A) Direct communication on HK level by e.g. transient interactions. (B) Recruitment of the
response regulator ChrA for more efficient activation by HrrS. (C) Indirect communication on HK level using a third, yet
unknown component. ChrS-CA-fs = ChrS with a frameshift mutation at alanine on position 245, P = phosphate.

2.5.3.1 Direct communication on the histidine kinase level for elevated activation

A first hypothesis would include allosteric activation (Figure 10A, Figure 11A) of HrrS by
heterodimerization with ChrS_CA-fs. This could lead e.g. to beneficial switching from ‘off’ to ‘on’ state
of HrrS by interaction with ChrS_CA-fs. Further, if there is alternate, minor phosphorylation activity
remaining for ChrS_CA-fs it could also support fast activation of ChrA by phosphorylation on the HK-
level. For analysis, dimerization characteristics were investigated using bacterial two-hybrid (BACTH)
assays on plates as well as coupled to liquid B-galactosidase assays (Figure 12, left part). While
homodimerization could be confirmed for all of the three HKs tested, heterodimerization of the

ChrS_CA-fs variant with HrrS could not be revealed.

However, heterodimerization for the native kinases ChrS and HrrS was reported for the first time. As
the respective DHp domains of these HKs share 58% sequence identity and even 72% similarity on the
protein level in C. glutamicum (global alignment (Needleman-Wunsch)), this observation was
reasonable. However, the question remains if and how this influences native TCSs signaling in these
paralogous systems and how this might affect the altered ChrS_CA-fs signaling. Up to date, HK
communication on the level of heterodimerization is rather less reported, but also because it is only
rarely examined. Nevertheless, a prominent example is the heterooligomerization of the HKs RetS and
GacS in P. aeruginosa. During infection of a host, the hybrid HK RetS downregulates the activity of the
unorthodox HK GacS in three different mechanisms: Either (i) by inhibition of the autophosphorylation
reaction of Gacs, (ii) by deprivation of the phosphoryl group from the histidine residue of GacS or (iii)
by cross-phosphatase activity of RetS on the REC domain of GacS. This cross-communication between

the HKs allows switching between motile and biofilm lifestyles of this bacterium (Francis et al., 2018;
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Ryan Kaler et al., 2021). Overall, heterodimerization of HKs might be an underestimated mechanism
to expand signaling pathways to a multikinase network. In the case of ChrS and HrrS in C. glutamicum,
it remains to be elucidated if heterodimers could play a significant role in vivo or if the observed
interaction is an in vitro artefact. Previous studies investigating on dissociation constants for different
modes of dimerization of the HKs EnvZ and RstB in E. coli demonstrated that homodimers of these HKs
are significantly more stable than heterodimers, summarizing heterodimerization of these HKs are
rather unstable in vivo (Ashenberg et al., 2011). However, these E. coli systems only share ~30%
identity, which is significantly less than the paralogous HKs of C. glutamicum responding to the same
stimulus heme. Previous studies demonstrated that HrrS acts as ‘kickstarter’ of the ChrS-mediated
response, as HrrS presence is required for instantaneous promoter activation of hrtBA (Keppel et al.,
2019), which could be explained by transient activating interactions between these HKs upon
heterodimerization. Inhibiting events on the other HK would rather be excluded, as activities of HK

targets are not elevated upon deletion of the other HK (Hentschel et al., 2014).
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Figure 12: Bacterial two-hybrid assays (BACTH) reveal heterodimerization of native ChrS and HrrS. BACTH interactions
between the histidine kinases ChrS, HrrS and the evolved ChrS variant (ChrS_CA-fs) as well as their interaction with the RRs
ChrA and HrrA were analyzed as C-terminal tag fusions. Drop assay was performed in triplicates, where blueish color of the
colonies indicate interaction, while white colonies indicate no interaction (Euromedex, Souffelweyersheim, France). The bar
graph represents a quantitative analysis of these respective triplicates using B-galactosidase assay according to Griffith and
Wolf (2002). Colorimetric B-galactosidase activity is given in Miller units. Grey bars represent controls, while blue ones show
the interaction between HKs and orange ones for HKs with RRs. Positive control = pKTN25-zip with pUT18-zip, negative
control = pKTN25 with pUT18, media = CGXII basis with 2% glucose. Adapted from Kriiger and Frunzke (2022).

The performed BACTH assays might disprove the potential allosteric activation of HrrS by interaction
with the evolved ChrS_CA-fs. Nevertheless, the native situation points out that there is already
interaction between the HKs that may be shifted towards HrrS-mediated ChrA activation in the

evolution mutant. It should be taken into account that these E. coli based in vitro BACTH assays do not
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perfectly reflect the in vivo situation of C. glutamicum. For example, as HKs are transmembrane
proteins, there might be an issue about the intracellular folding of these proteins (Mehla et al., 2017).
Using fluorescence resonance energy transfer (FRET) analyses might be an option to shift to an
examination in C. glutamicum. Furthermore, dimerization modes of kinases can be quite diverse
ranging in its ‘on’ and ‘off’ state conformation by rotation and bending events of the DHp- and CA-
domains (Cai et al., 2017; Casino et al., 2009; Stewart, 2010) as well as varying from head-to-head and
back-to-back, over head-to-tail to parallel or transverse side-to-side (Lavoie et al., 2014; Mace and
Murphy, 2021). As the pseudokinase might retain different structural properties, this could potentially
impede tag interactions in BACTH. Also highly efficient homodimerization by ChrS_CA-fs could obscure

any minor heterodimerization with HrrS in this assay, which could, however, be relevant in vivo.

2.5.3.2 Recruitment of the response regulator for facilitated phosphorylation

Apart from activation by ChrS_CA-fs, another explanation for the ChrA activity increase could be
recruitment of ChrA by ChrS_CA-fs to facilitate its phosphorylation by HrrS (Figure 10B, Figure 11B). In
this context, BACTH assays were also performed examining on HKs and RRs interactions (Figure 12,
right part). Known interactions of native HKs with their cognate RRs could be validated by this assay.
However, the already demonstrated cross-talk with non-cognate partners (Hentschel et al., 2014)
could only be confirmed for ChrS and HrrA, not for HrrS and ChrA. This highlights again the limits of
BACTH assays for protein-interactions in this case and therefore, it cannot be completely excluded that
the RRs also interact with the pseudokinase ChrS_CA-fs. Please note that B-galactosidase assays in
liquid assays did not show any signal for RRs and pseudokinase interactions, but a blueish coloration

was observed on plates.

Consequently, the hypotheses about allosteric activation and recruitment of RR cannot yet completely
be excluded based on BACTH assays. A further comprehensive explanation, apart from in vitro
conditions, might be found in the experimental limitation that BACTH can only assess binary
interactions. It might be possible that heterodimerization of HrrS with ChrS_CA-fs in response to heme
availability and recruiting of ChrA by ChrS_CA-fs is required simultaneously for proper interactions.
These issues should be addressed in further studies. Although bacterial three-hybrid assays might be
used to prove the latter hypothesis, it might be a more promising option to assess protein-interactions
via co-immunoprecipitation allowing evaluation in the natural C. glutamicum context. On top, to
unravel molecular characteristics of this pseudokinase variant of Chrs, its ability for nucleotide binding
could be investigated using thermal shift assays (Murphy et al., 2014), while it would be of further
interest to asses if there is an alternative ATP-binding site, which could facilitate such conformational

changes.
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2.5.3.3 Indirect communication between histidine kinases employing a third component

Apart from the communication of HKs on a direct level as presented above, a third hypothesis about
indirect communication can be proposed (Figure 11C). This would include another, third component
that interacts with the HKs, which could be e.g. a small protein (Buelow and Raivio, 2010; Salvado et
al., 2012). Small proteins have been described as underestimated participant in signal transduction
with regulatory functions. Due to their small size (< 100 amino acids (aa) (Yadavalli and Yuan, 2022)),
they typically lack enzymatic activities, but have been described to act as inhibitors or activators
influencing interactions between proteins or induce conformational changes (Storz et al., 2014).
Therefore, small proteins have not only been established as ‘TCS modulators’, but also as ‘TCSs
connector’ proteins. In E. coli a small 65 amino acid protein SafA (formerly known as B1500) acts as
such a connector protein linking the TCSs EvgSA and PhoQP for mediation of acid resistance. Expression
of the gene encoding the membrane protein SafA is increased by EvgSA activity, while SafA further
directly interacts and activates the PhoQP system by either promoting kinase activity or decreasing
phosphatase activity (Eguchi et al., 2011; Eguchi et al., 2007). Similarly, another 123 aa protein MzrA
connects the two TCSs CpxAR and EnvZ/OmpR upon cell envelope stress in E. coli (Gerken et al., 2009).
Most interactions with a connector protein were suggested on transmembrane domain level
(Szurmant et al., 2008), as for many small proteins in general (Storz et al., 2014). If such a (small)
protein would aid at communication between the native HKs ChrS and HrrS in C. glutamicum, an
altered activity might endure in the evolved 1.fs context, where the remaining transmembrane domain
or even DHp-domain of ChrS_CA-fs could still interact with potential TCS connector proteins,
constantly elevating the activity of HrrS. As such open-reading frames are often co-localized, a
preliminary look on the genomic region around these TCSs drew attention to cg3249 that codes for a
larger 183 aa putative protein in close proximity to hrrSA. The expression of this gene was also shown
to be downregulated in a AhrrA mutant (Frunzke et al., 2011). Fitting into the scheme of small proteins,
subsequent cg3250 encodes a putative membrane protein of 50 aa nearby the region of hrrSA.
Nevertheless, profound analysis of potential (small) proteins involved in indirect HK communication
between these two paralogous systems should be further performed by pull-down assays or
reconstitution of the complexes in proteoliposomes to establish defined systems for in vitro

characterization.

Not only small, but also RNA-binding proteins gained recent interest throughout research (Beckmann
et al., 2016; Holmqvist and Vogel, 2018). This type of proteins was also described in the context of TCSs
regulation. Recently, a significant cross-talk at transcriptional as well as phosphorylation level between
the heme-responsive TCSs HssRS and the cell envelope stress-related TCSs HitRS (HrrRS interfacing
TCS) was demonstrated in Bacillus anthracis (Mike et al., 2014; Pi et al., 2020). Subsequent research

further established that the RNA-binding protein KrrA activates the TCSs HitRS by binding its transcript
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and modulating mRNA stability (Pi et al., 2022). Although KrrA does not influence the activity of the
other TCSs HssRS, it was established to bind further ~70 RNA targets. Therefore, it might not be

excluded that regulation of further downstream components also connects these signals.

Connecting signal transduction pathways via multiple kinases, RRs, and further small or RNA-binding
proteins demonstrates a high level of complexity, which is required to enable fast adaptation to
fluctuating environmental conditions. It is therefore not unlikely that further players are involved in

ChrSA and HrrSA signaling, which have not been unraveled so far.

2.5.3.4 Altered phosphatase kinetics for constant activation

Independent from the exact mechanism of the evolved pseudokinase ChrS_CA-fs elevating hrtB
activation kinetics, it is suggested that it is overall further supported by a missing dephosphorylation
activity of ChrS_CA-fs. Although the ChrS_CA-fs variant does still possess the DxxxQ phosphatase motif
in its DHp-domain (Figure 8B), we concluded that there is no more or at least attenuated phosphatase
activity based on the continuous hrtB activation. The CA-domain is missing due to the frameshift
mutation, while several studies described an essential role for this domain in phosphatase activity
interacting with DHp-domain (Carmany et al., 2003; Zhu et al., 2000). Throughout clinical pathogenic
strains, there are various studies describing single nucleotide polymorphisms in HKs evolved around
the CA-domain that lead to an increased output of the RR and consequently highly elevated target
gene expression due to an abolished phosphatase activity. Exemplarily, this was demonstrated for
clinical and virulent M. tuberculosis strains isolated after infection of the host (Baena et al., 2019;
Waturuocha et al., 2021a; Waturuocha et al., 2021b). Here, in vitro phosphorylation assays might

confirm the lack of ChrS_CA-fs phosphatase activity.

In the end, this ALE-based approach provided important mechanistic insights into the interaction of
the HrrSA and ChrSA systems. It also demonstrates the high evolutionary flexibility based on two

paralogous TCSs, which enables rapid adaptation to changing environmental conditions.

2.5.4 Heme sequestration or alternative transport systems counteracting heme toxicity
Although the ChrS_CA-fs mediated export of heme was demonstrated as key strategy of the evolved
1.fs strain in terms of heme tolerance, further players beyond heme exporters might be involved in

counteracting heme toxicity in C. glutamicum.

Comparative transcriptome analysis via microarrays revealed a high upregulation of all genes encoding
(potential) heme-binding proteins, i.e. htaA, htaB, htaC, htaD and hmuT, in the evolved heme tolerant
1.fs strain compared to the wild type in the presence of heme (supplemental section 4.3, Table S4).
Deletion of all these genes resulted in a strain possessing reduced tolerance to moderate levels of

heme (~10 uM). As there were no more differences on lower or higher heme concentrations, it was
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suggested that membrane-bound heme-binding proteins rather play a minor — but significant — role in
heme detoxification by sequestering heme at the cell periphery thereby shielding it from cytosolic
components. Heme sequestration and/or storage as detoxification strategy by heme-binding proteins
was already described for several bacterial organisms. Members of the HemS-family, like HemS of
Yersiniae entercolitica (Stojiljkovic and Hantke, 1994), ShuS of Shigella dysenteriae (Wilks, 2001) or
Phus of P. aeruginosa play a role for heme tolerance by binding heme and safely trafficking it within
the cell (Lansky et al., 2006). Recently, the heme-binding protein HupZ of Group A Streptococcus was
demonstrated to be involved in heme tolerance and was proposed to act as heme chaperone (Lyles et
al., 2022). All of these heme-binding proteins possess at least one other function, acting, for example,
in heme import or as heme oxygenase. This is also true for the corynebacterial heme-binding proteins
HtaA and HmuT, which are involved in heme import (Allen and Schmitt, 2009; Drazek et al., 2000).
Moreover, in C. diphtheriae, HtaA was shown to transfer heme to HtaB, suggesting that HtaB is also
involved in heme import as intermediate sequestration protein (Allen and Schmitt, 2011). As htaC is
located in the same operon, HtaC might assist in the import process. Further confirmation of these
functions as well as investigation on HtaD, which is encoded in a different location than the other
heme-binding protein genes, is required to unravel their potential role in heme scavenging and
detoxification. In future studies, overexpression of respective heme-binding protein genes or even
addition of the purified proteins to cultivations at high heme levels could provide valuable insights.
Such an overexpression of the heme binding protein C (HbpC) in the Gram-negative Bartonella
henselae was shown to increase its heme tolerance and consequently its ability to infect its host (Liu
et al., 2012; Roden et al., 2012). Interestingly, HbpC was found in outer membrane vesicles shedding
from the bacterial surface, which allow to sequester local toxic concentrations of heme (Roden et al.,
2012). The excretion of outer membrane vesicles as strategy for the sequestration of several toxic
compounds have been described for other bacteria (McBroom and Kuehn, 2007; Schooling and
Beveridge, 2006). Dietzia sp. of the order Corynebacteriales were recently shown to release membrane
vesicles containing heme binding proteins (Wang et al., 2021a). In general, membrane vesicles were
shown to be formed by C. glutamicum (Nagakubo et al., 2021), but whether this vesicle formation
could also play a role in this bacterium remains to be elucidated, e.g. by membrane vesicle isolation

and protein content analysis via mass spectrometry (Prados-Rosales et al., 2014).

Apart from heme sequestration by binding proteins and heme export, also other transport systems
might matter for detoxification. Strikingly, the transcriptome analysis further depicted differential
expression of genes coding for various transport systems in the evolved 1.fs strain (supplemental
section 4.3, Table S4). The upregulation of the operon comprising cg2675 to cg2678 (NCgl2350 to
NCgl2353) coding for an ABC-type transport system is of special interest, as our genome-wide binding

studies already demonstrated that this system is also positively regulated by heme-responsive HrrA
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(Keppel et al., 2020). Co-transcribed with the gene ahpD encoding an alkyl hydroperoxidase, this
operon was recently connected to oxidative stress regulation (Hong et al., 2019). As the substrate
translocated by this transport system is yet unknown, only vague hypotheses about the involvement
in heme detoxification can be made. Apart from direct export of heme or toxic heme-related products,
it might be an additional option to import neutralizing compounds aiding heme detoxification. Such a
potential role was found for the import of manganese to counteract oxidative stress, with Mn(ll) acting
as scavenger of superoxide or hydrogen peroxide (Horsburgh et al., 2002). In E. coli, manganese was
shown to replace the iron in the ribulose-5-phosphate 3-epimerase to avoid ROS generation in vitro
(Sobota and Imlay, 2011) and in Neisseria gonorrhoeae the Mn(ll) uptake system directly imports
manganese to counteract elevated oxidative stress (Seib et al., 2004; Tseng et al., 2001). However, also
excessive manganese concentrations have the potential to result again in redox stress (Sachla et al.,
2021). Finally, the influence of such transport systems and further compounds affecting heme
homeostasis should be addressed in future studies, as these might outline important issues to

overcome heme-induced oxidative stress.

2.6 A glimpse into heme as valuable resource in community

As heme represents an essential cofactor for many enzymes and an important alternative iron source
for many microbes, the above-portrayed conserved key strategy of exporting heme for detoxification
is inevitably accompanied by losing this valuable resource. Therefore, the question raises whether it
might be possible for C. glutamicum to keep heme in close proximity, e.g. for an own later resort or
even to share it within microbial communities. This issue was already addressed when visually
comparing pelleted cells, which were cultivated in the presence and absence of heme (Figure 13A).
Here, heme-subjected cells showed a dark brownish color. Due to the hydrophobic nature of the
molecule, there is the possibility that heme passively sticks to the cell membrane when not yet
imported or after export. However, also active scavenging, e.g. by heme-binding proteins, in the cell
envelope of C. glutamicum could be hypothesized. Overall five heme-binding proteins HmuT, HtaA,
HtaB, HtaC and HtaD are encoded in the genome of this bacterium, giving not only the opportunity to
sequester heme for detoxification (section 2.5.4), but possibly also for external heme storage. Such a
reservoir could be helpful in rapidly heme-depleted environments. Future experiments with modified
heme-binding proteins or mutants defective in the production of the hydrophobic mycolic acid layer

should give insights into the mechanisms involved in heme scavenging.

Upon holding heme in close proximity of cells — no matter if passively or actively — it can be further
questioned whether heme can be shared in a community or is rather privatized for own use. First

investigations to evaluate heme as such a public good were made via co-cultivations using a donor and
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a recipient strain. The donor strain was pulsed with heme by inoculation with 20 uM heme or none as
control, before mixing it with an iron depleted recipient strain transformed with a hrtB reporter
plasmid (pJC1-Pus-eyfp from Heyer et al. (2012)) to monitor if this strain encounters heme (Figure
13B). There is a slight but significant higher fluorescent output for the co-cultivation encompassing a
heme pulse, meaning that the recipient strain indeed came into contact with (more) heme. Another
co-cultivation in the same manner was tested on plates using constitutively fluorescing donor and
recipient cells yielding similar results based on growth (Figure 13C). These investigations gave hints for
a potential heme sharing, probably enabled by heme export of the donor strain to the cell surface.

Nevertheless, further aspects must inevitably be tested.
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Figure 13: Potential heme sharing in C. glutamicum. (A) C. glutamicum wild-type cells were incubated either with 20 uM
heme (+) or without (-) for 15 minutes and pelleted by centrifugation. (B) A donor strain was pulsed in the same way with
20 M heme or none as control and co-cultivated with an iron-starved recipient strain, which was transformed with a pJC1-
Purs-eyfp reporter plasmid. Specific fluorescence analyses were performed in the Biolector® microtiter cultivation system
(Kensy et al., 2009) using CGXIl media with 2% glucose, no iron and kanamycin. Specific fluorescence was calculated as
measured fluorescence per backscatter. Data represent average of three biological replicates including standard deviations
depicted as error bars. (C) Pulsed donor strain (no, 4 uM or 20 uM heme) was labelled with eYFP fluorescent protein and the
iron-starved receiver strain with Crimson, whose gene expressions were controlled by a constitutive Pioc promoter. Cells were
mixed and dropped on iron-depleted CGXIl agar plates with 2% glucose in 1:10 dilutions. Images were taken using a
stereomicroscope Nikon SMZ18 (merged picture, Aex: 500/20 nm, Aem: 535/30 nm; Aex: 562/20 nm, Agm: 604-1100 nm).

There is a variety of bacterial interactions secreting and exchanging metabolites shaping a global
ecological network (Faust and Raes, 2012; Phelan et al., 2011), while there are also examples for partial
privatization of public goods to avoid cheater at respective conditions (Jin et al., 2018; Scholz and

Greenberg, 2015). To assess the sharing dynamics, conditional co-cultivations should also be achieved
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with deletion strains of e.g. heme export (AhrtBA), but also heme import (AhmuTUV) and heme binding
proteins (AhmuT AhtaA AhtaBC AhtaD). On top, it should be excluded that the high heme pulse not
only kills a high fraction of donor strains allowing the recipients to grow on the released nutrients. The
evolved strain 1.fs with the pseudokinase ChrS_CA-fs could also be employed for further tests, since
this strain features an extraordinary level of hrtBA expression - superiorly balanced compared to the

level achieved by simple overexpression (section 2.5).

Regarding the potential sharing process, it should further be noted that several Gram-positive bacteria,
including C. glutamicum, have a thick mycolic acid layer (Eggeling and Sahm, 2001; Minnikin and
Goodfellow, 1980). Recent studies claimed that the Gram-positive strain Dietzia sp. DQ12-45-1b shares
heme using mycomembrane vesicles packed with heme binding proteins and, interestingly, this
recycling process was even shown to occur interspecifically, as depicted for Dietzia with C. glutamicum
(Wang et al., 2021a). As both these strains occur in soil, this interaction could be of relevance for
community interactions. However, whether C. glutamicum is also able to form these membrane
vesicles, or if it only relies on heme-packed vesicles delivered by other microbes, remains to be
elucidated. As the membrane of Corynebacteria is comparable to that of Dietzia in terms of thickness
(Zuber et al., 2008) and C. glutamicum was shown to form membrane vesicles in general (Nagakubo et
al., 2021), there might be a potential for vesicle mediated heme sharing. The proteins present in these
vesicles could further be examined using e.g. LC-MS/MS. Moreover, the strain AhmuTUV, harboring
deletion of the heme import genes (Frunzke et al., 2011), could be analyzed in regard if it is still able
to take up heme from a bacterial community, e.g. by heme-packed vesicles, beyond the conventional

import system.

Finally, bacterial cells should be considered in a multivalent and spatial environment, where they could
demonstrate several strategies for competition or cooperation on heme usage on both species and

interspecies level.

2.7 Evolution towards the production of heme

Throughout the former sections, the relevance of heme tolerance and usage in the context of bacterial
survival was discussed. Within recent years, also the production of heme from microorganisms gained
increasing attention, because microbial produced heme entails the avoidance of heme extraction from
animal blood. Since heme is an important flavor carrier in conventional meat, this molecule plays an
important role in the production of animal-free meat alternatives. Besides plants and yeasts (Espinas
et al., 2012; Fraser et al., 2017; Ishchuk et al., 2021), also bacteria were recently engineered for an

alternative high-yielding heme production (Choi et al., 2022; Kwon et al., 2003; Zhao et al., 2018). In
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particular, high heme yields were recently shown for engineered C. glutamicum strains (0.61 mmolheme

per Molgiucose, With @ maximum titer of 309.18 + 16.43 mg I') (Ko et al., 2021).

Within section 2.5, ALE experiments were performed to unravel strategies to counteract heme
intoxication using increasing concentrations of heme as selection pressure. In a similar manner, ALE
could be used to reveal further pathways and mechanisms that possibly improve bacterial heme
production and transport. The most important prerequisite for an evolution towards heme production
is to couple it to cellular growth providing a selection pressure. The traditional approach would be a
heme auxotrophic strain, but as heme synthesis is an essential pathway it was not possible in the
context of this study to obtain such a strain of C. glutamicum. However, several strategies for synthetic
growth-coupled product formation have been described throughout literature (Buerger et al., 2019).
Recently, the application of a transcription factor-based biosensor was successful in coupling growth
to enhanced levels of amino acid production in C. glutamicum (Stella et al., 2021), where the principle
of the previously generated Lrp biosensor (Mustafi et al., 2012) was key for the generation of a
selection pressure towards production. The genomic region encompassing the gene encoding the
transcription factor Lrp, the intergenic region between Irp and brnFE as well as the first 30 bp of the
Lrp-target brnF were introduced upstream of a growth-regulating gene. In the presence of its effector
molecules - i.e. the amino-acids L-valine, L-methionine, L-leucine or L-isoleucine - Lrp binds Ppmr and
induces the expression of the selected growth-regulating gene pfkA encoding the phosphofructokinase
of central carbon metabolism or hisD coding for the histidinol-dehydrogenase involved in L-histidine
biosynthesis (Stella et al., 2021). Thereby, a selection pressure towards amino acid production was
implemented and cells with improved production performances could be isolated after ALE

experiments.

In a comparable approach, in context of the master thesis of Janik Géddecke (2022), which was
supervised as part of this doctoral project, biosensor constructs were designed, coupling heme
production to the expression of the growth-regulating genes acek, pgi or pfkA. The aceE gene encodes
the E1 subunit of the pyruvate dehydrogenase complex linking glycolysis and TCA, making it essential
for growth on glucose (Schreiner et al., 2005). Pgi represents the glucose-6-phosphate isomerase
catalyzing the reversible reaction from glucose-6-phosphate to fructose-6-phosphate, while the
phosphofructokinase PfkA is responsible for the reaction of fructose-6-phosphate to fructose-1,6-
bisphosphate. Upon deletion of pgi or pfkA, the glucose catabolism is inevitably forced to progress via
pentose phosphate pathway, resulting in a severe growth defect (Lindner et al., 2013; Siedler et al.,

2013). In the following, the focus will be on the biosensor construct that is based on pfkA.

For coupling pfkA expression and, thereby, growth to heme production, we made use of the heme-

responsive TCS ChrSA controlling the expression of the hrtBA operon (Figure 14A). As Py is efficiently
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activated by ChrA upon the presence of heme, this promoter region was placed in front of pfkA
rendering its expression heme-dependent. Monitoring growth of the WT::Pu«s-pfkA strain, further
referred to as biosensor strain, revealed a significant growth defect in the absence of heme, which can
be counteracted already by the addition of 1 uM heme (Figure 14B), making this construct applicable
for growth-coupled evolution. Note that it was not necessary to add another copy of ChrSA into the
biosensor construct. Stella et al. (2021) comprehensively determined that selection on plates is more
advantageous for these biosensor constructs than using e.g. liquid culture, as cheaters that show
simple promoter mutations in the biosensor circuit can be circumvented more easily. Therefore, this
ALE was performed by streaking on iron-rich but heme-depleted agar plates (Figure 14C). In direct
comparison to the wild type, the biosensor strain showed impaired growth revealed by growth delay
and yielded colonies of different size. Moreover, the transformation of these strains with a reporter
plasmid for hrtB expression (pJC1-Pursa-eyfp (Heyer et al., 2012)) revealed that the majority of big
colonies showed a fluorescent signal indicating the elevated expression of hrtB and potentially the
presence of increased heme levels. Interestingly, several smaller colonies accumulated around these
big potential producer colonies, which presumably gain either glycolysis intermediates or even heme

(section 2.6) from the producing strain in order to support their growth.

Subsequently, several potentially producing clones were selected and analyzed using high
performance liquid chromatography (HPLC) with a linear gradient of ammonium acetate and methanol
(Figure 14D) (compare supplemental section 4.4). In order to gain an evaluable output, the total heme
content of the cells was screened. After a fast screening, two potential candidates exhibiting higher
heme contents (~4.43 and 2.68 uM) than the wild type (~2.48 uM) were selected for genome
sequencing, represented as clones 1 and 21 in Figure 14D. The highest heme production was observed
for clone 1, where two amino acid exchange mutations in cydD were identified. CydD is annotated as
a component of a heterodimeric ABC transporter, essential for cytochrome bd oxidase assembly.
Regarding the respiratory chain, a connection between CydDC and heme was suggested in earlier
studies, while heme was established to bind and modulate CydDC activity in E. coli (Shepherd, 2015;
Yamashita et al., 2014). Although a connection is clear, exact influences remain controversial. A recent

pre-print claimed that CydDC bears a function in heme export in E. coli (Wu et al., 2022).

Furthermore, in clone 21 we identified a mutation in the CA-domain of ChrS — comparable to the
evolved mutant described in section 2.5. Consequently, this mutation presumably leads to an extreme
upregulation of hrtB, and concomitant growth-required pfkA expression. On the one hand, this
uncouples pfkA expression from heme production due to continuous hrtB expression, but on the other

hand, the constant heme export potentially stimulates the inherent heme biosynthesis to some extent.



Scientific context and key results of this thesis 47

A B
Pp/kA

| 2004

termi Pre * RBS 0 r T T
T | 0 20 40 60 80

- ||:>|.‘I_ kN Time (h)

- 0 pMheme -+~ 4 puM heme

300

u.)

Backscatter (a.
N
>
o
1

WT::P, ,-pfkA

~= 1M heme 10 UM heme

heme peak area (a.u.)

B R

Figure 14: Coupling heme production to cellular growth of C. glutamicum. (A) Schematic overview of hrtB-based biosensor
coupling heme production to the expression of pfkA. term = terminator, * = stop, RBS = ribosomal binding site. (B) Growth
analysis of the WT::Ps.s-pfkA biosensor strain in CGXIl media with 2% glucose, no iron and increasing concentrations of heme
from none (blue) to 1, 4 and 10 uM (shades of orange). Data represent average values measured in the Biolector® microtiter
cultivation system (Kensy et al., 2009) as three biological replicates including standard deviations depicted as error bars. (C)
ALE on iron-rich CGXII agar plates (100 uM FeSOs, 2% glucose). Strains as depicted were transformed with a pJC1-Pu.s-eyfp
reporter plasmid, to indicate the presence of heme in the respective colony. Zoomed in images were taken using a
stereomicroscope Nikon SMZ18 (Aex: 500/20, Aem: 535/30). (D) HPLC analysis of total heme content after 24 h cultivation in
iron-rich CGXIl media supplemented with 2% glucose to screen for heme producing evolved mutants. Measured in unicates.
Blue represents wild type as control, with the horizontal dotted line demonstrating wild type level. Orange bars represent
picked evolved clones, while dark orange ones showed increased heme content. Values depicted above bar graphs represent
calculated heme content in uM. Presented data was generated in the context of the herein supervised master thesis of Janik
Goddecke (2022).

Finally, sequence analyses demonstrate the necessity for larger screens of more evolved strains, as
cheater strains remain inevitable. Automated evolutionary selection could support such high-
throughput approaches (Radek et al., 2017), as well as faster pre-screenings for heme content making
use of oxalic acid assays (Sassa, 1976) or apo-horseradish-peroxidase-assays (Atamna et al., 2015).
Nevertheless, it could be elucidated that the concept of biosensor-based evolution towards heme can
be successful and potentially provides further beneficial mutations that improve heme production.
Future studies will focus not only on larger screenings, but also on heme-responsive biosensor circuits

in front of further growth-regulating genes, like aceE or pgi.



48 Scientific context and key results of this thesis

2.8 Conclusion and Outlook

Iron is an essential mineral of cellular life involved in many crucial processes, as is the iron-bound
protoporphyrin heme. Simultaneously, both this ion and molecule entail the risk of cell-damaging
oxidative stress, i.e. they are “toxic, but tasty” (Keppel et al., 2019), and consequently posture the

requirement for sophisticated regulatory networks maintaining homeostatic conditions within cells.

This doctoral thesis contributed to the understanding of iron and heme regulatory networks of
C. glutamicum dealing with these stimuli and provides genome-wide insights into the binding pattern
of the global regulators governing iron and heme homeostasis: DtxR and HrrA (Keppel et al., 2020;
Kriiger et al., to be submitted). Hitherto unknown genetic targets of each of these transcriptional
regulators could be identified, which expand their known range of regulatory tasks from iron and heme
homeostasis to numerous further global functions like e.g. counteraction of oxidative stress or
important roles for cell respiration and central carbon metabolism. In this context, it became clear that
cultivation at different conditions is inevitably necessary to comprehensively unravel a complete
regulon, taking into account graded responses and interactions with other condition-dependent
factors. By determining an anti-proportional trend of transcription factor binding peak intensity and
comparative target gene expression, an importance was assigned to weak binding peaks of ChAP-Seq
experiments, which must not be ignored. Such analyses further examine interference effects that
validate a sophisticated co-evolution of DtxR and HrrA regulation balancing strongly interdependent

iron and heme contents.

Apart from genome-wide binding profiling, this thesis specifically provides mechanistic insights into
the interaction of the heme-responsive corynebacterial two-component systems ChrSA and HrrSA in
the context of heme detoxification. The advantage of paralogous systems in the adaptation to
fluctuating environments could be demonstrated eliciting heme tolerance by elevated activation
kinetics for heme export (Kriiger and Frunzke, 2022). The obtained frameshift version of ChrS resulted
in a pseudokinase variant, which efficiently drives the activation of the heme exporter HrtBA in
C. glutamicum. This activation was completely dependent on the phosphotransfer from HrrS to ChrA.
Finally, this ALE approach resulted in a C. glutamicum strain with the highest heme tolerance reported
so far, thereby providing a powerful basis for future engineering of heme production strains with high
end-product tolerance. Further paralogous systems reacting to the same stimulus should be analysed
in similar fashion to evaluate if pseudokinases are a universal adaptation mechanism of paralogous

systems.

So far, interconnection of transcriptional regulation of the paralogous two-component systems HrrSA
and ChrSA was demonstrated on the histidine kinase-response regulator level based on cross-

phosphorylation (Hentschel et al., 2014). In this thesis, we proved another regulatory layer on the
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histidine kinase level based on the heterodimerization of the native histidine kinases. This interaction
might represent an underestimated phenomenon of paralogous TCSs integrating multikinase networks

to allow fast adaptations to changing environmental conditions.

While the function of HrtBA in heme detoxification is well accepted (Heyer et al., 2012; Kriiger and
Frunzke, 2022), the role of heme export in microbial community interactions has not been
comprehensively studied thus far. In a microbial community context, exported heme might further be
accessible to neighbouring cells, if not sequestered and privatized for own later resort, to avoid the
loss of a valuable resource. The establishment of defined co-cultures would be prerequisite to decipher
the potential role of HrtBA in heme-dependent networking and to monitor heme sharing at the

community level.
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Abstract

Heme is a versatile molecule that is vital for nearly all cellular life by serving as prosthetic group for various enzymes or as nutritional
iron source for diverse microbial species. However, elevated levels of heme is toxic to cells. The complexity of this stimulus has shaped
the evolution of diverse heme sensor systems, which are involved in heme-dependent transcriptional regulation in eukaryotes and
prokaryotes. The functions of these systems are manifold—ranging from the specific control of heme detoxification or uptake systems
to the global integration of heme and iron homeostasis. This review focuses on heme sensor systems, regulating heme homeostasis by
transient heme protein interaction. We provide an overview of known heme-binding motifs in prokaryotic and eukaryotic transcrip-
tion factors. Besides the central ligands, the surrounding amino acid environment was shown to play a pivotal role in heme binding.
The diversity of heme-regulatory systems, therefore, illustrates that prediction based on pure sequence information is hardly possible
and requires careful experimental validation. Comprehensive understanding of heme-regulated processes is not only important for
our understanding of cellular physiology, but also provides a basis for the development of novel antibacterial drugs and metabolic

engineering strategies.

Keywords: heme, heme sensor systems, heme-protein interaction, heme regulatory motifs, heme homeostasis, HrtBA

Introduction

Heme—iron bound protoporphyrin IX—is an essential molecule
for nearly all cells and is synthesized and used by prokaryotes
and eukaryotes alike (Ponka 1999). It has an important role in
critical cellular processes like electron transfer, respiration and
oxygen metabolism (Ajioka et al. 2006) where it serves as pros-
thetic group of cytochromes, hydroxylases, catalases, peroxidases
and hemoglobins (Layer et al. 2010). Since hemoglobin is the
most abundant reservoir of iron in the human body, host syn-
thesized heme is often the only reliable source of iron for many
pathogenic bacteria (Contreras et al. 2014). However, also many
non-pathogenic bacteria rely on the salvage of heme-bound iron
in iron-depleted environments (Wilks 2002)

Similar to iron, heme causes severe toxicity at elevated levels.
In human cells, the toxicity is speculated to partly originate from
the redox-active iron, triggering the formation of reactive oxy-
gen species via the Fenton and the Haber-Weiss reaction, thereby
damaging lipids, proteins and genomic DNA (Kumar and Bandy-
opadhyay 2005). Additionally, heme is capable of promoting oxi-
dation after accumulation in biological membranes inducing cell
lysis (Aft and Mueller 1984). The mechanism of how this molecule
affects bacterial cells is not conclusively unraveled (Anzaldi and
Skaar 2010), but previous studies indicated that also non-iron
metalloporphyrins can show a significant antibacterial activity
(Stojiljkovic et al. 1999). This hints at a general, iron-independent
toxicity of certain porphyrin structures. These probably stimulate

the generation of reactive oxygen species, especially upon illumi-
nation (Nakahigashi et al. 1991).

Heme is chemically versatile and allows a variety of poten-
tial interactions with proteins (Brewitz et al. 2017). A schematic
overview of some common heme interacting proteins is given in
Fig. 1. One can in general distinguish between two types of heme
sensing systems (Fig. 1A): either heme can be sensed directly, or
the porphyrin can act as a sensor of gases such as O,, CO or NO
as well as of the redox state of the cell (Girvan and Munro 2013).

In hemoproteins, heme is bound with high-affinity coordina-
tion motifs and serves as prosthetic group (Fig. 1B) for enzymes of
essential reactions, including electron transfer, cell respiration or
oxygen metabolism (Smith et al. 2010; Li et al. 2011). In contrast,
transient binding allows for situation-dependent responses and
rapid reactions to environmental fluctuations (Granick et al. 1975).
Transient heme binding is found for several heme-responsive
sensor systems involved in transcriptional regulation. Targets of
these systems are highly diverse ranging from genes involved in
the circadian rhythm (e.g. NPAS2 (Dioum et al. 2002), Rev-erba
and Rev-erbg (Raghuram et al. 2007)), demethylases (e.g. Gis1 (Lal
et al. 2018)) or glucose metabolism (Rev-erbe (Yin et al. 2007)). In-
tuitively, another important role of heme sensor systems is the
control of heme homeostasis, which is the focus of this review.
Heme-protein interactions can also trigger protein degradation
(Qi, Hamza and O’Brian 1999; Ogawa et al. 2001; Dent et al. 2019)),
the regulation of K*-channels (e.g. mammalian Kv1.4 channels
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Figure 1. Diversity of heme-binding proteins. Schematic overview of the most common types of heme proteins. (A) In general, we can distinguish
between two types of heme sensors: proteins, which directly sense heme and proteins, where heme serves as sensor for gases or redox stress. (B)
Hemoproteins are enzymes that use heme as prosthetic group and have diverse functions, including electron transfer, oxygen transport, oxygen
storage, reduction of peroxides, etc. (Chapman, Daff and Munro 1997). (C) Transient Heme-protein interaction may have diverse physiological
consequences, including regulation of transcription, proteasome-dependent or -independent protein degradation, regulation of K*-channels. Further
examples are the regulation of tRNA synthetases, mRNA splicing, or other protein-protein interactions, which are further summarized e.g. in Shimizu

etal (2019).

(Tang et al. 2003; Sahoo et al. 2013)) or the heme-based regula-
tion of tRNA synthesis, mRNA splicing, or protein-protein inter-
actions, which are further summarized e.g. in the review article
by Shimizu et al. (2019).

In this review, we will focus on heme sensor systems directly
involved in heme sensing, but will not discuss the role of heme-
binding proteins in gas sensing (here, the interested reader is re-
ferred to the following articles: Green et al. (2009); Girvan and
Munro (2013); Martinkova et al. (2013); Shimizu et al. (2015)). Here,
we will compare and discuss transient heme sensor systems
across the kingdoms, which contribute to the transcriptional reg-
ulation of heme/iron homeostasis, including heme utilization,
heme biosynthesis, detoxification, or related responses. In gen-
eral, we will discuss similarities and differences of prokaryotic
and eukaryotic heme sensor systems with respect to signal per-
ception, transduction and regulon structure. The examples also
highlight the variability in heme binding motifs in the different
systems across domains of life. An overview of the heme sensor
systems discussed in this review is presented in Fig. 2 and Table 1.

Heme sensor systems in eukaryotes

In eukaryotes, mainly two different heme sensor systems acting
as transient heme sensors have been described: The transcription
factor BACH1 balancing the cellular heme content of mammalian
cells, and Hap1 of the yeast Saccharomyces cerevisiae, which regu-
lates the expression of heme-requiring enzymes like cytochromes
in a heme-dependent manner in response to hypoxia.

BTB and CNC homology 1 (BACH1) in
mammalian cells

In mammalian cells, the activity of a conserved transcription fac-
tor named BTB and CNC homology 1 (BACH1, Fig. 24) is influ-
enced by heme-binding (Ogawa et al. 2001). This protein acts as
a key player in balancing the cellular heme content by regulating
HMOX1, encoding a heme oxygenase (Sun et al. 2002), as well as
the iron storage protein ferritin, a thioredoxin reductase (Hintze
et al. 2007), the NAD(P)H:menadione oxidoreductase 1 (Dhakshi-

namoorthy et al. 2005) and more than 50 other target genes (War-
natz et al. 2011).

In the absence of heme, BACH1 was shown to heterodimerize
with small Maf proteins (e.g. MafF, MafG, MafK), which represent
conserved transcription factors among vertebrates (Simile et al.
2018). BACH1-Maf heterodimers bind to the promoter regions of
Maf recognition elements (MARE) in order to inhibit the transcrip-
tion of numerous target genes, like e.g. HMOX1 encoding a heme
oxygenase (Igarashi et al. 1994; Oyake et al. 1996; Motohashi et al.
1997; Igarashi et al. 1998). In order to achieve dimerization with
Maf proteins, BACH1 contains at least two functional domains: (i)
an N-terminal BTB/POZ domain containing the protein interac-
tion motif to form a multivalent DNA-binding complex (Bardwell
and Treisman 1994; Zollman et al. 1994; Igarashi et al. 1998), and
(ii) a C-terminal bZip domain which binds DNA and consequently
mediates the heterodimerization (Oyake et al. 1996).

The presence of intracellular heme negatively regulates the re-
pressor activities of BACH1 (Oyake et al. 1996). This is achieved by
a direct interaction of heme with BACH1, binding with high affin-
ity to the cysteine-proline (CP) motifs of the heme-responsive mo-
tifs (HRMs). CP-motifs are well known heme binding motifs (Lath-
rop and Timko 1993), which will be discussed in the context of
HRMs more detailed throughout chapter 5. BACH1 overall con-
tains six CP-motifs: two downstream the BTB/POZ domain (CP1-
2) and four surrounding the bZip domain (CP3-6). However, it was
shown that only the latter ones are pivotal for function (Ogawa
etal. 2001). Interestingly, no single CP-motif is essential, but simul-
taneous mutation of all four motifs (CP3, CP4, CPS and CP6) abol-
ished interaction with heme, suggesting cooperativity between
CPs (Ogawa et al. 2001). While the exact molecular mechanism
of heme-responsive activation remains to be elucidated, a recent
study in mice suggests a binding of a CP-motif to heme via a 5-
coordination (Segawa et al. 2019). Upon heme binding, structural
changes around the bZip domain are likely, which finally lead to
the dissociation of BACH1 from the enhancers and a derepres-
sion of target genes (Ogawa et al. 2001). For example, derepressed
MafK can bind to the transcription factor Nrf2 that activate sev-
eral protective antioxidant genes (Dhakshinamoorthy et al. 2005).
In addition, a nuclear export signal for BACH1 is activated, as well
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Figure 2. Heme sensor systems controlled by transient heme binding. Schematic overview on eukaryotic and prokaryotic heme sensor systems
controlled by transient heme-protein interaction: (A) In Saccharomyces cerevisiae, Hap1 (pink) regulates heme containing enzymes like e.g. cytochromes
in response to hypoxia sensed indirectly via the availability of heme. Upon heme binding to the protein, Hap1 is released from the high-molecular
weight complex (shades of turquoise) allowing it to bind to target promoter regions and control gene expression. (B) In mammalian cells, BACH1 (dark
blue) regulates more than 50 genes involved in heme homeostasis. BACH1 forms heterodimers with Maf proteins (light blue) to inhibit transcription of
its targets. Upon heme binding, BACH1 is dissociated and Maf proteins can bind to the transcription factor Nrf2 (grey), which activates several genes
encoding protective antioxidants. (C) In Pseudomonas aeruginosa, the Has system responds to the presence of heme for the regulation of its acquisition.
The system consists of the outer membrane receptor HasR (grey) with a N-terminal plug domain (light grey), the membrane bound anti-sigma factor
HasS (dark grey) shown with TonB-ExbBD (white) and the extracytoplasmic function (ECF) o factor HasI (yellow). HasR senses heme with the help of
the hemophore HasA, transduces a signal to HasS, which releases Hasl initiating transcription. Imported heme further activates PhuTUV for uptake
into the cytoplasm, where heme is transported by the heme binding protein PhusS to the heme oxygenase HemO, (D) The Irr protein (turquoise)
represents the global regulator of iron/heme homeostasis in rhizobia, by sensing iron pools indirectly via heme. When iron is present, the
ferrochelatase (grey) inserts iron into protoporphyrin IX yielding heme. The heme-loaded ferrochelatase binds to Irr, thereby inhibiting it. Heme
binding to Irr leads to proteins degradation and derepression of its target genes. (E) In Gram-positive bacteria, two-component systems represent a
common mode of heme sensing. In Bacillales, the two-component system HssSR (blue) activates the expression its target in a heme-dependent manner.
Upon sensing of heme, autophosphorylation (yellow circles) of the histidine kinase HssS allows phosphotransfer to the response regulator HssR for its
activation. HssR then functions as a transcriptional regulator for the activation of the expression of hrtBA encoding a heme exporter. (F) In
Corynebacteria, the two paralogous two-component systems ChrSA (pink) and HrrSA (turquoise) show a high level of cross-talk and control heme
detoxification and heme homeostasis, respectively. (G) In anaerobic Clostridia, the two transcriptional regulators HatR (grey) and HsmR (blue) are
necessary for heme detoxification. Upon heme binding, HatR activates the heme efflux pump hat, while HsmR activates HsmA important for heme
sequestration. For more detailed information on these systems refer to Fig. 4
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as HOIL-1-mediated ubiquitination and consequent degradation
(Zenke-Kawasaki et al. 2007).

Heme activator protein 1 (Hap1) in the yeast
Saccharomyces cerevisiae

In S. cerevisiae, the heme activator protein Hap1 (Fig. 2B) is impor-
tant for heme-responsive gene expression (Zhang and Hach 1999;
Hon et al. 2005) and the indirect sensing of hypoxia via the avail-
ability of heme (Zitomer et al. 1997). The regulon of Hap1 includes
genes encoding various cytochromes like CYC1 (Guarente and Ma-
son 1983), CYC7 (Lowry and Zitomer 1988) or CYT1 (Schneider and
Guarente 1991), the CTT1 gene coding for a catalase coping with
oxidative stress (Winkler et al. 1988) and the YHBI gene coding
for flavohemoglobin (Buisson and Labbe-Bois 1998). These targets
have in common that all encode proteins requiring heme as pros-
thetic group.

Since heme biosynthesis is oxygen-dependent in yeast (Hon
etal 2003), Haplis connecting heme levels to the oxygen availabil-
ity. Thisis also reflected by its regulon, as Hap1 acts as an activator
of several genes involved in aerobic metabolism, while genes for
the hypoxic metabolism like e.g. ANBI (Lowry and Zitomer 1988)
are indirectly repressed by the activation of the transcriptional re-
pressor ROX1 (Ter Linde and Steensma 2002).

The Hap1 activity increases with increasing heme concentra-
tions (Zhang and Guarente 1994a). In the absence of heme, Hap1
was described to be present in a putative high-molecular weight
complex (HMC) (Zhang and Guarente 1994b). Besides Hap1, this
HMC encompasses four further cellular proteins, including the
heat shock proteins Hsp82 and Ydj1 (Zhang et al. 1998), and prob-
ably also Hsp70 and Hsp90 (Zhang and Hach 1999). To allow Hap1l
binding to the DNA, the HMC needs to be disrupted by direct bind-
ing of heme to the protein (Zhang and Guarente 1994b; Zhang et
al. 1998)

Considering the molecular mechanism of heme binding and
activation, Hap1 can roughly be divided into three domains: (i) a
heme-binding domain, (ii) a DNA binding domain and (iii) an ac-
tivation domain (Creusot et al. 1988; Pfeifer et al. 1989; Zhang et al.
1998). The heme domain is responsible for the transient binding
of heme and comprises seven repeats called heme-responsive mo-
tifs (HRMs) 1-7, with HRM1-6 being located near the DNA-binding
domain and HRM7 near the activation domain (Zhang and Guar-
ente 1995). HRM7 was reported to be pivotal for heme binding via
a cysteine-proline (CP) motif (Lathrop and Timko 1993) at heme-
sufficient conditions, with cysteine absolutely essential for heme
binding and proline increasing the affinity of interaction (Zhang
and Guarente 1995). This leads to conformational changes of Hap1
permitting the disassembly of the HMC and consequent activa-
tion (Zhang and Hach 1999). HRM1-6 are suggested to rather scav-
enge heme at low levels and are significantly less important in
activation of Hapl (Hon et al. 2000; Lee et al. 2003). Additionally,
Hsp90 was described to be important for Hap1 activation, as it
induces conformational changes necessary for its activation (Lee
et al. 2003).

The DNA binding domain of Hap1 consists of a Cg zinc clus-
ter and dimerization domain near its N-terminus (Creusot et al.
1988). The dimerization domain contains the coiled-coil dimeriza-
tion element and is necessary for Hap1 to bind to the target DNA
with high affinity (Zhang et al. 1993). Hap1 binds as a dimer to
DNA containing two CGG triplets (Zhang and Guarente 1994c). Fi-
nally, the acidic activation domain located at the C-terminus was
reported to be involved in Hap1 activation (Pfeifer et al. 1989). In
the absence of heme, Hapl is inactivated by so-called repression
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modules (RPM1-3). This process involves the molecular chaper-
ones Hsp70 and further co-chaperones contributing to the forma-
tion of the HMC (Hach et al. 1999; Hon et al. 2001).

Heme sensor systems in prokaryotes

Heme-responsive transcriptional regulators in
Gram-negative bacteria

Heme-responsive systems in prokaryotes are highly diverse. In
this section, we will focus on two well-described types found in
Gram-negative bacteria, including the extracytoplasmic function
(ECF) o-factor based system from Pseudomonales and Burkholde-
riales as well as the Irr protein playing a major role in the control
of iron homeostasis in Rhizobiales. Finally, we will briefly touch on
the recently reported regulator Har from Porphyromonas gingivalis.

The heme assimilation system (Has) in
Pseudomonas and Serratia

The heme assimiliation (Has) system represents a well-
characterized heme-responsive extracytoplasmic function
(ECF) o -factor signal transduction cascade in Pseudomonas aerug-
inosa (Ochsner et al. 2000; Dent et al. 2019) (Fig. 2C) and Serratia
marcescens (Rossi et al. 2003; Biville et al. 2004). These systems play
an important role in heme acquisition and utilization in these
pathogenic species. The Has system compromises four important
components: (i) the hemophore HasA, (ii) the outer membrane
receptor HasR, (iii) the anti-o-factor HasS and (iv) the o-factor
Hasl.

The secreted, extracellular hemophore HasA passively scav-
enges heme from the environment. HasA was shown to form a
heme pocket with two loops, one with a histidine (H*?) residue
and the other with a tyrosine (Y’°) residue in addition to a sta-
bilizing histidine (His®), remarkably in both P. aeruginosa and S.
marcescens (Létoffé et al. 2001; Jepkorir et al. 2010; Yukl et al. 2010).
Binding of heme to the hemophore was described to be caused by
n-m stacking and van der Waals interactions (Kumar et al. 2014).
Heme is then released from this rather high-affinity binding by
HasA to the outer membrane receptor HasR with a lower affin-
ity side (Dent et al. 2019). HasA and HasR are encoded in a single
operon (Ochsner et al. 2000). This transfer of heme to HasR in-
cludes an initial break of the first axial heme coordination in the
hemophore at H*?, followed by steric displacement of heme by a
receptor residue, which ruptures the second axial coordination to
T7° (Krieg et al. 2009). The tyrosine ligand is thereby weakened on
transient protonation by H®* (Dent et al. 2019; Dent et al. 2021).
The HasR receptor receiving heme encompasses a variant of the
known, conserved bacterial heme receptor motif FRAP (W®7-R-P-
P in P. aeruginosa) and NPNL (N®3¢-P-F-Lin P. aeruginosa) with a typ-
ical histidine residue (H%? in P. aeruginosa, H*® in S. marcescens) in
between these motifs (Dent and Wilks 2020). FRAP/NPNL motifs
are conserved bacterial heme receptor motifs, which are known
to be involved in heme binding and transport in several proteins,
but are however hardly to predict due to their high variability (Sto-
jijkovic et al. 1995; Bracken et al. 1999; Nienaber et al. 2001). After
sensing, conformational changes in HasR lead to a capturing of
heme by its N-terminal plug domain, including a crucial H??! in P.
aeruginosa, and H'® in S. marcescens (Dent and Wilks 2020). Upon
heme binding, this plug interacts with the anti-o-factor HasS for
its inactivation. Such an inactivation leads to a release of the ECF
o -factor Hasl, which recruits the core RNA polymerase regulating
the transcriptional activation of the whole hasRA operon. HasS
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therefore represents a typical anti-sigma factor, which is involved
in the activation of HasI (Dent et al. 2019).

In addition to this heme response for heme acquisition, heme is
also transported through the HasR receptor in a TonB-dependent
manner. TonB is an energy-transducing protein, and the acqui-
sition of heme as an alternative iron source has already been
shown to be TonB-dependent in several Gram-negative bacteria
(e.g. (Biswas et al. 1997; Elkins et al. 1998; Occhino et al. 1998)). In
P. aeruginosa, HasR-imported heme is then further translocated
to the cytoplasm by the periplasmic heme import system PhuT-
PhuUV. In this case, it was described that the Has system is mainly
required for heme sensing, while the Pseudomonas heme uptake
(Phu) system is additionally required as major heme transporter
for efficient import into the cytosol (Smith and Wilks 2015; Dent
et al. 2019; Dent and Wilks 2020). Comparing it to S. marcescens,
there is also a non-hemophore heme uptake system (Hem). How-
ever, this system appears to have no significant role in heme
uptake—in contrast to the Pseudomonas system (Benevides-Matos
and Biville 2010; Dent et al. 2019), underlining possible diversity in
regulations among these systems.

In the cytoplasm of P. aeruginosa, heme is bound by the heme
binding protein Phus, which further transfers the porphyrin to the
heme oxygenase HemO, which cleaves the tetrapyrol ring yielding
iron, CO and biliverdin IXg and IX$. The latter two heme metabo-
lites then act as positive feedback regulators of the hemophore
HasA (Mourifio et al. 2016). Apart from biliverdin IXg- and IXs-
dependent regulation of protein level, it was also shown in P. aerug-
inosa that post-transcriptional processing of hasRA mRNA con-
tributes to the Has systems regulation. This processing is sug-
gested to be performed by small regulatory RNAs (sRNAs) and re-
sults in different stabilities for a differentially regulated expres-
sion of the co-transcribed genes hasR and hasA (Dent et al. 2019)
Even further, the hasRA operon is also regulated by Fur (Ochsner
et al. 2000), integrating the utilization of heme in the global iron
network of the cell. However, in S. marcescens, the Has system is
rather regulated at the level of transcription with Hasl regulat-
ing HasS (Biville et al. 2004). In general, when heme levels decline,
HasS is activated and sequesters Hasl again, thereby resulting in
a down-regulation of the Has systems dependent on availability
of heme (Biville et al. 2004; Dent et al. 2019).

RhuR and the sigma factor Rhul in
Burkholderiales

The Gram-negative bacterium Bordetella avium responds to heme
by controlling expression of the bhuRSTUV heme acquisition sys-
tem also via an ECF o-factor system. This three-component sys-
tem includes (i) BhuR, the outer membrane receptor for heme
(Murphy et al. 2002), (ii) RhuR, a membrane bound activator pro-
tein (Kirby et al. 2004) and (i) the ECF o-factor Rhul (Kirby et al
2001). The components of these systems are homolog to the Has
systems of Pseudomonales described in the section before. For
HasR-BhuR, HasS-RhuR and Hasl-Rhul, there are identities above
26% and significant similarities above 40% (NCBIResourceCoordi-
nators 2016). However, no homolog to the hemophore HasA of P.
aeruginosa or S. marcescens is present in B. avium, implying a signifi-
cant difference between these systems not only concerning heme
acquisition but also regulation. However, a HasA homolog with
35% identity to that of P. aeruginosa can be found for B. petrii.

Two promoters, P,z and Py,gstoy control the expression of
the rhulR-bhuRSTUV cluster (King et al. 2005). Overall, this regu-
latory cascade also responds to both iron stress and the presence
of heme and hemoglobin (Kirby et al. 2001; Murphy et al. 2002).

In the presence of iron, transcription of the bhuRSTUV operon as
well as that of rhulR is repressed by Fur, the global iron-dependent
transcriptional repressor (Kirby et al. 2001). Upon iron starvation,
P is derepressed, and in addition to Rhul and RhuR, low levels
of bhuR are expressed supporting recognition of heme at the outer
membrane. It is assumed that this is the result of an incomplete
termination of rhulR transcription. This rare ‘read-through tran-
scription’ allows a fast response if heme becomes available as an
alternative iron source (Kirby et al. 2004; King et al. 2005). In the
presence of extracellular heme, the cascade starts by binding of
heme to the outer membrane receptor BhuR. This receptor also
includes a consensus FRAP- and NPNL motif, with Y¢%4-R-A-P and
N®-P-N-L in B. auium, respectively (Bracken et al. 1999; Ahn et al.
2005; Fusco et al. 2013). However, unlike in other bacterial outer
membrane heme receptors, BhuR does not contain the conserved
histidine between the FRAP and the NPNL domain, but a similar
tyrosine at position 616 (Murphy et al. 2002). Both histidine and
tyrosine were described to be involved in transient heme binding
(Li et al. 2011) (compare section 5). Further, two TonB boxes are
present in BhuR, required for the interaction with TonB for func-
tioning of the heme utilization system (Murphy et al. 2002; Richard
et al. 2019).

BhuR subsequently transduces a signal across the periplasm
to RhuR, which was proposed to contain a C-terminal periplasmi-
cally exposed controller domain for signal interception. The ex-
act mechanism of how the signal is actually transduced is not
yet known, but the signal is further propagated through the cy-
toplasmic membrane to Rhul. Activation of Rhul is achieved by
its interaction with the N-terminal 97-amino-acid region of RhuR
and some conformational changes. Therefore, RhuR represents an
untypical anti-sigma factor, which is involved in the activation
of Rhul instead of simple sequestration and inactivation. Conse-
quently, activated Rhul escorts the RNA polymerase to Py, di-
rectly or indirectly, leading to high transcription levels of bhuR
as well as bhuSTUV encoding for the heme uptake system (Kirby
et al. 2001; Vanderpool and Armstrong 2003; Kirby, King and Con-
nell 2004). Rhul is described as an absolute necessary activator
of BhuR for a respective response to heme utilization (King et al.
2005). When iron requirements are met again, Fur-dependent reg-
ulation allows for a rapid downregulation of heme acquisition.

This three-component signal transduction cascade seems to
be highly conserved among Bordetella species, as similar loci have
been described in the mammalian pathogens B. pertussis and B.
bronchiseptica (hurIR-bhuRSTUV) (Vanderpool and Armstrong 2001;
King-Lyons et al. 2007). These systems resemble the control of the
ferric dicitrate uptake system fecIR-fecABCDE of E. coli (Pressler et al.
1988).

Indirect sensing via Irr in Rhizobiales

In contrast to other model organisms, rhizobia feature a unique
way of controlling iron homeostasis. Their setup is particularly in-
teresting because these bacteria integrate heme and iron home-
ostasis into one regulon and thereby sense ‘functional’ iron pools
in the form of heme instead of free iron (Johnston et al. 2007;
O’Brian 2015).

The iron response regulator protein (Irr) (Fig. 2D) was originally
identified in the nitrogen-fixing, symbiotic bacterium Bradyrhizo-
bium diazoefficiens (former B. japonicum) (Hamza et al. 1998) and
was identified as key transcriptional regulator of iron homeosta-
sis controlling heme biosynthesis, import and utilization (Qi et al
1999). Further Irr orthologues were analyzed in Rhizebium legu-
minosarum (Singleton et al. 2010), Bartonella quintana (Parrow et al.
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2009), and Brucella abortus (Martinez et al. 2005). Irr proteins were
found to have both activator and repressor functions. Upon iron
limitation, Irr accumulates and acts as a repressor for, e.g. hemB,
which encodes the delta-aminolevulinic acid dehydratase of the
heme biosynthesis pathway. Thereby, I1r repression avoids the
accumulation of toxic porphyrin precursors due to lack of iron
(Hamza et al. 1998). Furthermore, Irr serves as an activator of the
hmuVUT operon, encoding a heme-import system, and further
genes responsible for the uptake of ferric iron, to allow fast up-
take when these resources become available (Hamza et al. 1998;
Rudolph et al. 2006). Binding to the respective target DNA depends
on a cis-acting DNA element, called iron control element (ICE) up-
stream of the promoter (Rudolph et al. 2006).

Although Irris a Fur-like protein, it does not bind to iron directly,
but senses the iron pool indirectly via heme. Under iron-replete
conditions, heme directly interacts with Irr at a heme regulatory
motif (HRM) near its N-terminus in B. diazoefficiens (Qi et al. 1999; Qi
and O'Brian 2002). This HRM contains the putative motif G*-C-P-
W-H-D, with C*?P*° belonging to the known CP-motif, was shown
to be essential for binding (Qi et al. 1999). Apart from this high-
affinity binding site at the HRM for ferric (oxidized) heme, further
studies postulated that there is an additional low-affinity ferrous
(reduced) heme-binding site with a histidine-rich motif (H'"/-11)
(Ql et al. 1999; Qi and O’Brian 2002; Yang et al. 2005). Based on
mutational studies, both binding sites were suggested to be re-
quired for rapid turnover (Yang et al. 2005). In order to properly
respond to the iron availability in the cell, it is important that Irr
does not sense the extracellular free heme, but only newly syn-
thesized heme. How can this be accomplished? Qi and O'Brian
showed that there is a direct interaction of Irr and ferrochelatase,
the enzyme catalyzing the terminal step of heme biosynthesis by
inserting an iron into protoporphyrin IX (Qi and O'Brian 2002). This
Irr-ferrochelatase complex is only formed under high iron condi-
tions i.e. when heme is produced. Consequently, complex forma-
tion leads to an inhibition of Irr by the ferrochelatase and allows
interaction of Irr with the ferrochelatase-generated heme (Qi and
O’Brian 2002). Heme binding finally leads to a degradation of Irr
and the consequent derepression of its target genes. This degra-
dation might be accomplished either by changes in the conforma-
tion of Irr upon heme binding in such a way that it becomes ac-
cessible to proteolysis or the binding leads to protein damage due
to the formation of local reactive oxygen species and subsequent
proteolytic degradation (Ql et al. 1999; Yang et al. 2006; Kitatsuji et
al. 2016; Kobayashi et al. 2016).

In Rhodobacter sphaeroides, Irr was found to be involved in the ox-
idative stress response, e.g. repressing the expression of the cata-
lase gene katE under non-stress conditions (Peuser et al. 2012). It is
worth noting that some alphaproteobacteria rely entirely on Irr for
their iron-responsive gene regulation, while Fur possesses a rather
minor role compared to E. coli, where it represents the global reg-
ulator of iron homeostasis (Johnston et al. 2007). These findings
highlight the special role of this Fur-like protein as heme/iron sen-
sor system in Rhizobia.

Fur orthologue Har in Bacteroidales

A recent study has emphasized the heme-associated regulator
(Har) protein as a heme-dependent transcriptional regulator in
Porphyromonas gingivalis—a Gram-negative oral pathogen associ-
ated with the biofilm-mediated periodontal disease. Har is a Fur
orthologue and plays a role in hemin-responsive biofilm develop-
ment. In the presence of heme, Har binds it via a CP-motif (C¥)
triggering structural changes within Har. This consequently af-
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fects the expression of several genes, including hmuY, which is
a hemophore scavenging heme from various hemoproteins, and
the replication initiator dnaA. Overall, Har was described as a pos-
itive regulator of biofilm formation (Butler et al. 2014). However, re-
cent studies claimed that the heme binding cannot be shown for
all Har variants of different P. gingivalis strains (Smiga et al. 2019).
Thus, further experimental clarification is needed to understand
the role of this system in heme-responsive gene expression de-
pending on the strain background.

Heme-responsive two-component systems of
Gram-positive bacteria

In Gram-positive bacteria, two-component systems (TCS) appear
to be the predominant form of heme sensing. Prototypical TCSs
consist of a membrane bound histidine kinase and a cytoplas-
mic response regulator receiving the signal from the sensor ki-
nase (Hoch 2000; Mascher et al. 2006). Upon stimulus perception,
e.g. heme-binding, the histidine kinase undergoes autophospho-
rylation at a conserved histidine residue. The phosphoryl group
is subsequently transferred to a conserved aspartate residue of
the response regulator. Typically, the phosphorylated form of the
Tesponse regulator represents its ‘active’ state, in which it initi-
ates an appropriate cellular output, commonly by binding to the
promoter regions of target genes and thereby acting as a tran-
scriptional regulator (Stock et al. 2000; Mascher et al. 2006; Capra
and Laub 2012). Two different examples of heme sensor systems
based on TCSs are known in Gram-positive bacteria: the HssRS
system and the paralogous systems HrrSA and ChrSA. Similarities
and differences in heme-responsive TCS-signaling are discussed
in the following.

The heme exporter HrtBA is a prevalent target of
heme-responsive TCSs in Gram-positive bacteria
Strikingly, there is one conserved target controlled by all known
heme-responsive TCSs in Gram-positive species: The heme-
regulated ABC transporter HrtBA. This exporter is required to
counteract toxic heme levels and it consists of two components:
the ATPase component HrtA and the permease HrtB. Until now,
it could not be directly shown that heme is the substrate of ex-
port for HrtBA, or if it is rather a toxic intermediate (Stauff et
al. 2008). However, increased levels of intracellular heme in mu-
tants lacking HrtBA (e.g. Staphylococcus aureus as well as Lacto-
coccus lactis) (Joubert et al. 2014; Wakeman et al. 2014), are in fa-
vor of the hypothesis that heme is, indeed, the respective sub-
strate of this exporter. Studies confirmed that the activity of
HrtAB is essential for e.g. Staphylococcus aureus and Corynebac-
terium glutamicum to allow growth at toxic heme levels (Torres
et al. 2007; Stauff et al. 2008; Bibb and Schmitt 2010; Heyer et al.
2012). There are many orthologues of the heme exporter HrtBA
in Gram-positives (Torres et al. 2006; Stauff and Skaar 2009a; Bibb
and Schmitt 2010; Heyer et al. 2012), as well as further efflux sys-
tems, e.g. PefAB or PefRCD in Streptococcus agalactiae (Fernandez
et al. 2010). Therefore, the strategy of efflux to cope with the toxi-
city of heme seems to be conserved, especially among pathogenic
bacteria.

In silico analysis of overall 35096 bacterial genomes revealed
the presence of hrtBA orthologues in 3232 of them, from which
almost 99% belong to the phyla of Firmicutes or Actinobacteria
(Fig. 3A). Among those, overall 4750 genomic hits were found for
the hrtBA locus. In approximately half of the analyzed Actinobac-
teria (443 of 905) even two or more copies of hrtBA orthologues
are present and the same applies for Firmicutes (1000 of 2286).
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Figure 3. Analysis of hrtB synteny. The heme exporter HrtBA is a conserv:
silico analysis revealed 3232 bacterial genomes possessing hrtBA ortholo;

ed target of two-component systems (TCS) in Gram-positive bacteria. (A) In
gues. On the y-axis the phyla are listed. Bars to the left indicate the count of

bacterial genomes having a hit in the respective phylum; bars to the right represent the fraction of genomes of the particular phylum harboring hrtBA
orthologues (B) Analysis of co-occurences of hrtBA and genes encoding transcriptional regulators, including TCSs. Overall 4704 hrtBA loci were found
among 2286 Firmicutes and 905 Actinobacteria genomes. Numbers represent the percentage of the respective transcriptional regulator domain found
5 kb up- and downstream of hrtBA in Actinobacteria and Firmicutes. The analysis confirms a conserved synteny of hssRS with hrtBA in Firmicutes,

while chrSA is predominantly found in vicinity to hrtBA in actinobacteria

1 genomes (C) Genomic organization of the hrtBA loci in different

Gram-positive species. The hrtBA operon is shown in shades of grey, the TCS operons in shades of green and pink.

When inspecting 5 kb up- and downstream of the identified hrtBA
operon using the COG database (clusters of orthologous groups
of proteins (Tatusov et al. 2000)), we found a HssRS-like TCS in
more than 40% of the loci in Firmicutes and a ChrSA-like TCS
in > 50% of the actinobacterial genomes containing a hrtBA lo-
cus (Fig. 3B). Among the 20 most abundant domains found at the
hrtBA locus, we identified three further transcriptional regulator

domains—namely AcrR, MarR and LytT (Fig. 3B). Although being
in close proximity, no conserved pattern in terms of synteny could
be identified, as it is evident for the ChrSA and HssRS TCSs.

A schematic genomic organization of the HrtBA locus and a
respective TCS encoded in close proximity for different species is
shown in Fig. 3C. These two-component systems will be described
in the following sections.
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Two-component system HssRS in Bacillales

The pathogenic species Bacillus anthracis and Staphylococcus aureus
have been the model systems to investigate the function of the
TCS called the heme sensor system HssRS, which plays a crucial
role in the heme-dependent activation of the expression of the
genes encoding the heme exporter HrtBA in these species (Fig. 2E)
(Stauff and Skaar 2009a,b). The TCS is composed of the cytoplas-
mic response regulator HssR and the histidine kinase HssS that is
anchored to the membrane via two transmembrane helices (Tor-
res et al. 2007). The operons of hssRS and hrtAB are divergently
oriented (Torres et al. 2007) (Fig. 3C).

The periplasmic sensing domain of HssS consisting of 132
amino acids is flanked by two transmembrane helices (Stauff and
Skaar 2009a). Nevertheless, the actual heme sensing mechanism
is not yet fully understood—a blind spot for all heme-responsive
TCS so far. No potential heme-binding domain in HssS could
be revealed and its sensing domain does not contain any con-
served heme-binding site found in other heme proteins (Torres
et al. 2007). Interestingly, it was suggested that the S. aureus ki-
nase HssS might not sense heme molecules directly. The applica-
tion of several non-iron metalloporphyrins showed that, instead,
secondary effects of heme toxicity (e.g. heme-induced cell-wall
damage or membrane disruption) might influence the activity of
this system (Stauff and Skaar 2009b; Wakeman et al. 2014). The
presence of heme or its toxic effects triggers autophosphoryla-
tion of a histidine residue (H’* in 8. aureus) in HssS, with con-
sequent phosphotransfer to the aspartic acid residue of the re-
sponse regulator HssR (D2 in S. aureus) (Stauff et al. 2007). HssR
is thereby activated—probably via conformational changes (Bron-
ner et al. 2004)—and binds to the promoter region of hrtAB (Torres
et al. 2007). S. aureus codes for a set of proteins, which are desig-
nated as iron-regulated surface determinants (Isd) as well as the
heme transport system (Hts). These proteins are important for the
utilization of heme as alternative iron source. However, Stauff et
al. claimed that HssRS probably does not regulate the expression
of these genes, but is rather specific for hrtAB (Stauff et al. 2007)

A recent study demonstrated significant cross-talk between
HssRS and a second system called HssRS interfacing TCS (HitRS)
in B. anthracis (Mike et al. 2014; Piet al. 2020). HitRS was shown tore-
spond to compounds, which induce cell envelope stress, and con-
sequently influence the expression of the operon hitPQRS, which
includes a yet unstudied ABC transporter HitPQ (Mike et al. 2014).
HitRS cross-regulates Py, at the transcriptional level, while HssRS
cross-regulates Py at both transcriptional as well as on the level
of phosphorylation. This interaction of HssRS and HitRS nicely
demonstrates an additional integration of cell envelope stress into
the heme-responsive HssRS regulon.

In general, the activation of the transporter by the TCS HssRS
was shown to be highly important for coping with heme stress
as deletion of either component resulted in drastically elevated
heme sensitivity and an attenuated virulence of S. aureus (Stauff
et al. 2007; Torres et al. 2007). Homologous TCSs can be found in
Lactococeus lactis, Staphylococcus epidermidis or Listeria innocua (Stauff
and Skaar 2009a). Notably, hssRS homologs seem to be absent in
non-pathogenic Bacillales like B. subtilis or B. lichenformis and this
was attributed to the higher demand of heme tolerance for bacte-
rial species infecting mammalian hosts (Stauff and Skaar 2009b)
However, the relevance of the HrtBA transporter and its control by
a heme-responsive TCS was also described for the non-pathogenic
actinobacterium Corynebacterium glutamicum, which uses heme as
an important alternative iron source. Here, control is mediated by
a different TCS setup described in the next section.
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Two-component systems HrrSA and ChrSA in
Corynebacteriaceae

A special setup of heme sensor systems can be found in most
members of the Corynebacteriaceae family. Here, two paralogous
TCSs, named HrrSA and ChrSA, represent key players in the con-
trol of heme homeostasis. The interaction and regulons of these
systems have in particular been studied in the human pathogen
C. diphtheriae as well as the biotechnologically relevant soil bac-
terium C. glutamicum (Schmitt 1999; Bibb and Schmitt 2010; Frun-
zke et al. 2011; Heyer et al. 2012; Burgos and Schmitt 2016) (Fig. 2F).
Remarkably, this is one example of two paralogous systems react-
ing to the same stimulus, which is in this case heme; other exam-
ples are the NarX-NarL and NarQ-NarP systems of Escherichia coli,
which both respond to nitrate (Noriega et al. 2010). Nevertheless,
Bott and Brocker also reported several exceptions of Corynebacteri-
aceae possessing only one of those TCS e.g. C. efficiens (only HrrSA)
or C. jeikeium (only ChrSA) (Bott and Brocker 2012).

Since the two TCSs HrrSA and ChrSA share significant se-
quence identity (C. glutamicum Hrr$S versus ChrS: 39%; HrrA versus
ChrA: 57% (Heyer et al. 2012)), cross-talk at the level of phospho-
rylation and regulation of target genes was no surprise for both C.
glutamicum (Hentschel et al. 2014) (Fig. 4) as well as C. diphtheriae
(Bibb et al. 2007).

Both systems, ChrSA and HrrSA, show marked differences with
respect to their regulons in C. glutamicum. While HrrSA acts as a
global regulater of heme homeostasis, the function of ChrSA ap-
pears to be focused on the detoxification of heme (Frunzke et al.
2011; Heyer et al. 2012; Hentschel et al. 2014) (Fig. 4). Recently,
genome-wide mapping of HrrA-binding led to the identification
of more than 200 different genomic targets of HrrA (Keppel et al.
2020). Among these targets are inter alia hmuO encoding the heme
oxygenase, as well as genes involved in heme biosynthesis, the
respiratory chain, oxidative stress response, and cell envelope re-
modeling (Keppel et al. 2020). In contrast, the only target promoter
of ChrA is the operon encoding the HrtBA heme exporter, which
is divergently located to chrSA (Fig. 3C) (Ito et al. 2009; Heyer et al.
2012).

However, in contrast to C. glutamicum, several studies in C. diph-
theriae suggest considerable overlap of the HrrSA and ChrSA regu-
lons in this species (Bibb et al. 2005; Bibb and Schmitt 2010). Here,
ChrSA was proposed to be the major TCS required for hmuO ac-
tivation (80%), with a rather minor contribution of HrrSA (20%)
(Bibb et al. 2007). These examples illustrate the plasticity of heme-
responsive TCS signaling which is continuously adapting to the
genetic environment and the ecological niche of the particular or-
ganism.

Both histidine kinases HrrS and ChrS are embedded into the
cytoplasmic membrane via six e-helices and have been proposed
to sense the hydrophobic heme molecule via an intramembrane
sensing mechanism ([to et al. 2009; Bibb and Schmitt 2010; Kep-
pel et al. 2018). The heme-binding pocket appears to be different
for ChrS and HrrS. For HrrS, the three amino acids Y12 F11° and
F18 were identified to be crucial for heme binding, However, mu-
tation of the respective Y#’-F**-F** motif in ChrS did not abolish
heme sensing but caused only a red shift of the Soret band (Keppel
et al. 2018). This underlines differences of heme signal perception
in both histidine kinases (compare section 5). For transient heme
binding in C. diphtheriae, a conserved tyrosine residue Y! located
in the second transmembrane helix of ChrS was described to be
crucial (Bibb and Schmitt 2010). However, mutation of the analo-
gous region Y7* in HrrS of C. glutamicum did not lead to significant
effects on heme binding (Keppel et al. 2018).
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Figure 4. Heme homeostasis and detoxification is mediated by the two paralogous two-component systems HrrSA and ChrSA in C. glutamicum. The
simplified schematic representation shows the interaction of the two TCS HrrSA (blue) and ChrSA (pink) and their targets hmuO and hrtBA respectively.
HrrSA was recently shown to act as a global regulator of heme homeostasis controlling genes involved in the respiratory chain, heme biosynthesis,
oxidative stress or cell envelope remodeling (Keppel et al. 2020). The histidine kinases Chr$S as well as HrrS undergo autophosphorylation in response
to heme. Both systems display cross-phosphorylation of the respective non-cognate response regulator, but no other TCS of C. glutamicum has been
shown to activate HrrA or ChrA. In contrast, phosphatase activity of the kinases is specific towards the respective cognate response regulator. The
HrrSA-regulated heme oxygenase (HmuO) can degrade heme to release iron for important cellular processes. The released iron can be sensed by DtxR,
which consequently represses the expression of hmuO, hirA and also hmuTUV.

The high similarity between the paralogous TCS provides the
basis for cross-talk. In the case of C. glutamicum ChrSA and HrrSA,
cross-phosphorylation was shown to facilitate a faster onset of
the heme detoxification response upon heme stimulus. Here, the
HrrS kinase appears to contribute as a ‘kickstarter’ by activating
the non-cognate response regulator ChrA, allowing a faster induc-
tion of the hrtBA operon (Keppel et al. 2019).

The fast shut-off of Py,,5, is mediated by the phosphatase activ-
ity of the ChrS kinase upon stimulus decline, which is very specific
to its cognate response regulator ChrA (Hentschel et al. 2014; Kep-
pel et al. 2019). In contrast, both the gene encoding the response
regulator HrrA as well as its target gene hmuO are under direct
control by the global iron regulator DtxR resulting in a delayed
activation of hmuO upon heme stimulus due to the repression by
DtxR (Wennerhold and Bott 2006; Keppel et al. 2019). This hierar-
chy thereby integrates information on iron availability in the reg-
ulation of heme utilization and homeostasis.

For C. diphtheriae HrrS a study proposed only minimal kinase
activity, but it primarily functions as a phosphatase (Burgos and
Schmitt 2016). In summary, several studies have provided insights
in the dynamic interplay between ChrSA and HrrSA at the level
of phosphorylation, dephosphorylation, and cross-regulation. The
interaction with the DtxR regulon provide insights in the home-
ostatic network coordinated by these systems integrating re-
sponses to heme, iron and related stress responses.

Transcriptional regulator HatRT in anaerobic
Clostridia

A new concept of sensing heme in the context of detoxification
was recently reported for the obligate anaerobic pathogen Clostrid-

ioides difficile (Knippel et al. 2018; Knippel et al. 2020) (Fig. 2G).
Clostridioides difficile infection of the host's colon is accompa-
nied by a significant release of heme molecules into the lumen
due to erythrocyte lysis and necrotic cell death (Chumbler et al.
2012). In fact, this bacterium is exposed to increased heme lev-
els during infection and is in demand for efficient detoxifica-
tion strategies. Knippel et al. (2018) identified the heme activated
transporter system (HatRT), which is involved in detoxification
from heme. This includes the TetR family transcriptional reg-
ulator HatR, which binds heme probably transiently (Kp = 9.2
+ 1.8 uM) with H* as critical residue. Formation of the HatR-
heme complex derepresses the hatRT operon, allowing the expres-
sion of the transporter HatT, which functions as a heme efflux
pump. Apart from detoxification, this system was also shown to
be important for full pathogenicity in a murine model (Knippel
et al. 2018).

The same group also identified another heme-sensing
membrane protein system HsmRA in C. difficile also required for
heme tolerance. Heme was shown to bind to the transcriptional
regulator HsmR (Kp = 6.6 &+ 1.1 uM) at a conserved H% residue,
probably placing heme in a cleft between the dimer interfaces
and the DNA-binding domain. HsmR then acts as an activator
of the hsmRA operon. Absorption spectroscopy revealed that the
membrane-bound HsmaA is able to sequester heme with high-
affinity. Heme-bound HsmA then also offers increased resistance
to oxidative stress generating compounds, like the clinically rele-
vant antibiotics vancomycin or metronidazole (Knippel et al. 2020)
providing another example of the diverse strategies of microbes
to deal with elevated heme levels and the resulting oxidative
stress.
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Diversity of transient heme binding in
regulatory proteins

Different heme-responsive sensor systems regulating heme
homeostasis across kingdoms were presented in the previous sec-
tions (summarized in Fig. 2 and Table 1). Here, we will take a closer
look at the necessity of transient binding of regulatory heme, its
general features and challenges and compare the binding mecha-
nisms associated with CP- or non-CP-motifs of the different heme
SEensor systems.

The challenge to sense ‘free’ heme

Heme is a versatile signaling molecule. Due to its hydrophobic and
poorly soluble nature, it can non-specifically bind to lipids, pro-
teins and further macromolecules causing cytotoxicity. Therefore,
it is unlikely that there are large amounts of ‘free’ heme present
in the cell. Recent studies claimed that intracellular ‘free’ heme,
which has been newly synthesized or released from hemoproteins
due to oxidative stress, can only exist transiently in low amounts
and is weakly coordinated with water molecules (Chiabrando et al
2014; Gallio et al. 2021; Walter et al. 2021). In addition to ‘free’
heme and heme bound irreversibly to hemoproteins, further stud-
ies adopted the term ‘exchangeable heme’ for another portion of
total heme present in the cell. This term describes the part of
the heme pool which is transiently bound to proteins or small
molecules, so that it can serve as kind of reservoir for heme re-
flecting its bioavailability (Atamna et al. 2015; de Villiers and Egan
2021; Gallio et al. 2021). These rather low amounts of the free heme
and exchangeable heme can collectively be referred to as regu-
latory heme, which can engage in transient heme-protein inter-
actions and is therefore accessible to the heme sensor systems
discussed in this review (Atamna et al. 2015)

Heme responsive motifs (HRMs)

While heme binding in hemoproteins or oxygen-sensor systems
is well established in terms of structural aspects or sequence fea-
tures (Gong et al. 2000; Schneider et al. 2007; Smith et al. 2010; Li et
al. 2011), the transient binding of heme by regulatory proteins is
less understood, as it becomes evident from the examples covered
by this review (summarized in Table 1).

Unlike in hemoproteins, the described heme sensor systems
do not covalently bind heme moieties or feature high-affinity
heme coordination motifs. They rather display a weak but specific
heme binding on the protein surface for temporary events and
situation-dependent responses with micromolar affinities (e.g.
Kp ~ 13.7 uM for BACH1 (Segawa et al. 2019)), and the ability to
rapidly react to environmental fluctuations (Granick et al. 1975;
Zhang and Guarente 1995; Qi et al. 1999; Shimizu 2012).

Heme-regulatory motifs (HRMs) are structural characteristics
found in several systems. In general, it was described that the cen-
tral iron ion of heme is coordinated by a heteroatom-containing
amino acid side chain at the HRM of the protein. Most often,
this amino acid is cysteine (like in Hap1, BACH1 or Irr), but can
also be histidine or tyrosine (like in HrrS); nonetheless in few
cases it can also be methionine or lysine (Li, Bonkovsky and Guo
2011). However, surrounding amino acids are further contribut-
ing to hydrophobic interactions via non-polar amino acids, 7-m
stacking by the porphyrin ring, electrostatic interactions or hy-
drogen bonds formed with the propionate side chains (Schneider
et al. 2007; Li et al. 2011; Wifsbrock et al. 2019). For example, the
protein-heme interface was shown to be most often dominated
by hydrophobic amino acids, including the aliphatic hydrophobic
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amino acids leucine, isoleucine, methionine, valine and alanine.
The polar amino acids threonine, serine and aspartate are typi-
cally not involved as ligands in observed structures in heme pro-
teins (Reedy and Gibney 2004).

CP-motif heme binding

The most prominent and best-explored HRM encompasses
cysteine-proline (CP) motifs (Lathrop and Timko 1993; Kiihl et al.
2011). In CP motifs, the cysteine residue acts as direct ligand of
the heme-iron ion (Kahl et al. 2011), while the proline supports
the coordination of the cysteine in the thiolate form of the Fe(III)
heme complex by incorporating a bend for mainly alpha helices
and avoiding the formation of hydrogen bonds (Li et al. 2011;
Shimizu 2012). For the systems discussed in this review, CP-motifs
are present in the eukaryotic Hapl and BACH1 as well as in the
prokaryotic Irr protein.

CP-motifs are typically located in hydrophobic protein envi-
ronments, but the heme binding affinities of the particular heme
sensing system is of course strongly influenced by the particular
amino acids configurations (Fig. 5A). The binding affinity of the
particular systemis the result of adaptation to the prevailing envi-
ronmental conditions and the physiological function of the heme
sensor system. This is, for example, mirrored by the heme bind-
ing affinity of human BACH1 (Kp ~ 13.7 uM), which is in the range
of the heme concentration in human blood (~21 uM) (Aich et al.
2015). The binding affinities of the Hapl protein is in a similar,
low-micromolar range (Kp < 20 uM) matching the reported intra-
cellular heme concentration of yeast (Hanna et al. 2018).

The prokaryotic example of a CP-motif discussed in this review
is the rhizobial Irr protein, which is—like BACH1-degraded upon
heme binding. The bulky amino acids tryptophan and histidine
right adjacent to the CP-motif of Irr (Fig. 5A) were described to
assist steric hindrance for preventing hydrogen bond formation
(Ishimori and Watanabe 2014). In contrast to BACH1 and Hap1, Irr
features significantly higher heme binding affinity than the eu-
karyotic systems (oxidized heme in R. leqguminosarum: Kp ~ 0.01
uM) (White et al. 2011). Considering the low iron availability of iron
in the soil (Colombo et al. 2014), this high affinity is likely required
for efficient iron utilization and the establishment of the symbi-
otic relationships with legumes (O'Hara 2001). In fact, symbiotic
legumes were shown to have a higher iron demand for proper nod-
ule initiation and development (Brear et al. 2013).

Remarkably, all of the three described systems show a hetero-
geneous heme binding. Analysis of Soret bands displays broad
peaks suggested a rather unusual heme binding environment and
speaks for multiple configurations of heme binding in BACH1 (Hira
et al. 2007), Hap1 (Zhang and Guarente 1995) and Irr (Ishikawa
et al. 2011). As already described in the sections before, Hap1 con-
tains seven HRMs (Zhang and Guarente 1995), while mammalian
BACH1 has four HRMs (Ogawa et al. 2001). This leads to the remain-
ing question if all HRMs of a protein are of equal relevance for
the respective function, which is rather assessed as unlikely (Lee
etal. 2003). For the regulator BACH1, it was shown that heme bind-
ing to the different HRM varies dependent on the heme concen-
tration. Consequently, this leads to two separate activities: DNA-
binding at low heme concentrations or nuclear export of BACH1
at high heme concentrations (Hira et al. 2007). Interestingly for Irr
there are multiple configurations of low-spin and high-spin heme
binding to the cysteine C? residue of Irr, which could influence
the respective affinities (Ishikawa et al. 2011). This emphasizes
that this labile binding is highly sensitive and shaped by the sur-
rounding amino acid environment as well as the local heme con-
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(A) CP-motifs
Hap1 (S. cerevisiae, HRM7) DQLQKCPVYQDA
BACH1 (Homo sapiens, CP6) YSAADCPLSFLI
Irr (B. diazoefficiens) PALTGCPWHDVN

(B) non-CP-motifs
Irr (B. diazoefficiens) TNVTTHHHYYLEN
HatR (C. difficile) FINKVENIQYN
HsmR (C. difficile) IKLVAHNQELT
HrrS (C. glutamicum) VPVSIYLLFPLEFLYLQ
ChrS (C. glutamicum)* GPEPAYll‘.VE“‘P’MII'E“ll:AVL
ChrS (C. diphtheria) TLGIFYMIGTA

HasR (P. aeruginosa)

BhuR (B. avium)

TYGKGWRPPAVTESLITGRPHGGGAENMYPNPFLSPERS

QYAYGYRAPSASELYTNYGGAGTYLRLGNPNLKPETS

Figure 5. Overview of CP- and non-CP heme-binding motifs. Shown are the heme-responsive motifs of the systems summarized in this review,
including five amino acids up- and downstream of the respective residues. () Most important CP-motif of eukaryotic Hap1 and BACH1 and
prokaryotic Irr proteins. (B) Non-CP-motif like histidine-rich residues in Irr of Rhizobia or HatR and HsmR in Clostridia, tyrosine (and phenylalanine)
motifs of Corynebacteria TCS and FRAP/NPNL like motifs of HasR of Pseudomonales or BhuR of Burkholderiales are shown. Vertical lines between the
two paralogous systems HirS and ChrS emphasize same amino acids. * = in contrast to HrrS, mutations of these residues in ChrS does not fully

abolish heme binding.

centration in the particular microenvironment. In addition to the
S-coordinated CP-motif, an additional histidine residue (H'V7-19)
acts as secondary transient heme binding site of Irr, suggested
with a 6-coordinated heme binding fortifying a rapid turnover
(Yang et al. 2005; Ishikawa et al. 2011).

Non-CP-motif heme binding
Generally, it was reported, that CP motifs are a favored amino acid
arrangement for heme binding, but also other, non-CP motifs were
described, further highlighting the diversity of transient heme
binding modes (Igarashi et al. 2008). The already above-mentioned
second heme binding site of Irr in Rhizobiales, which is described
to be histidine-rich, represents such an example (Yang et al. 2005)
This histidine-rich region is conserved in Irr homologs, while the
CP-motif is not present in all of its representatives (Yang et al
2005). Histidine residues were already early described to be fre-
quently involved in heme binding (Dawson et al. 1982). The shortly
presented C. difficile HatR and HsmRA systems also contain his-
tidine residues important for heme binding (Knippel et al. 2018;
Knippel et al. 2020). Transient heme binding affinities for these
systems are however lower than for Irr (HatR: Kp ~ 9.2 uM, HsmR:
Kp ~ 6.6 uM), which can be explained by the fact that C. difficile is
usually found in the host’s colon, where heme concentrations are
higher than in the soil.

The high diversity in heme binding modes is further under-
lined by the heme-responsive TCS of Gram-positive bacteria. Al-
though the two paralogous histidine kinases HrrS and ChrS of C.

glutamicum share 39% identity, the N-terminal heme sensor do-
mains share only 8.5%. Regarding the histidine kinase HrrS, three
amino acids encompassing tyrosine and phenylalanines (Y12, F115
and F**%) are crucial for heme binding. Here, Y**? was discussed
to be important for the interaction with the iron atom of heme,
which was also shown for several NEAT proteins (nearly to iron
transport) (Andrade et al. 2002; Grigg et al. 2007; Sharp et al. 2007;
Villareal et al. 2008; Keppel et al. 2018). NEAT domains are also
suggested to play important roles in heme binding and transport
probably generating a heme binding-cleft. However, their high di-
versity in sequence makes them hard to predict (Grigg et al. 2007).
The phenylalanine residues F**° and F**® of HrS have been pro-
posed to be involved in aromatic stacking interactions with the
porphyrin ring (Schneider et al. 2007; Smith et al. 2010; Li et al.
2011). By contrast, mutation of the corresponding amino acids
in Y8, F% and F%3 in ChrS did not abolish heme binding (Kep-
pel et al. 2018), although the respective amino acid environment
shows a high degree of similarity (Fig. 5B). While the transcrip-
tional response mediated by ChrSA shows a higher sensitivity to-
wards heme, structural data and the heme-binding affinity are
missing.

Besides cysteine residues in CP motifs and histidine residues,
tyrosine represents a frequently found ligand of proteins in-
volved in transient heme sensing. This is also exemplified by
the RhuR/Rhul heme sensor of Burkholderiales where a tyrosine
residue (T*') is flanked by a FRAP motif and a NPNL motif (Fig. 5B).
In general, histidine residues in between these motifs were de-
scribed in context of heme binding, like it is also the case for the
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herein described HasR of P. aeruginosa (Fig. 5B). These conserved
motifs represent a common structure in heme receptors of sev-
eral proteins found in Gram-negative bacteria, like e.g. HemR of
Y. enterocolitica (Bracken et al. 1999; Murphy et al. 2002; Richard et
al. 2019). However, this type of transient heme binding is less de-
scribed in the context of heme sensor systems, but rather heme
utilization proteins or heme transporters, which do not propagate
a signal but the heme molecule itself. The general mechanism of
transient heme binding and transport around FRAP/NPNL-motifs
is not completely established, as they are also highly variable with
respect to their surrounding protein environment (Bracken et al
1999; Murphy et al. 2002; Fusco et al. 2013).

Comparing heme sensor systems, it is striking, that Gram-
positive bacteria seem to dedicate at least one TCS to heme-
responsive gene regulation, which seems not to be the case for
Gram-negative bacteria. Here, ECF o-factor based systems ap-
pear to present a predominant form of heme sensing, as de-
scribed for the systems found in Burkholderiales (Murphy et al
2002), P. aeruginosa (Dent and Wilks 2020) or S. marcescens (Biville
et al. 2004).

Comparable to CP-motif based transient heme binding it be-
comes evident that for all of these systems structural information
and detailed biochemical data are still missing. In some cases, the
residues involved in heme binding have not yet been identified, il-
lustrating the large number of blind spots in our understanding of
transient heme-protein interactions. However, it can be summa-
rized that there are several similarities as well as variations be-
tween CP-motif and non-CP-motif HRMs in the context of heme
homeostasis shaped by the environmental niche.

Sense and sensitivity—the challenge to predict
transient heme-protein interactions and their
physiological function

Known heme sensor systems already cover astonishing diversity
of heme binding modes and physiological functions. While some
systems act as global regulators of heme homeostasis, like e.g.
corynebacterial HrrS or the mammalian BACH1, other systemns
display a specific control of heme uptake or detoxification. Across
kingdoms, global systems typically integrate further responses,
including responses to oxidative stress, oxygen availability, cell
envelope damage or iron availability (Johnston et al. 2007; War-
natz et al. 2011; Keppel et al. 2020). The example of the paralo-
gous TCS HirSA and ChrSA of C. glutamicum nicely illustrate that
simple prediction of the physiological function based on pure se-
quence homology is not possible—but the context provides more
insights. While the ChrSA system is genetically linked to its proba-
bly only target operon (hrtBA), the expression of the response reg-
ulator hrrA is repressed by the global iron regulator DtxR, thereby
creating a link between iron and heme homeostasis (Keppel et al.
2019)

Can we actually predict heme-protein interactions based on
the amino acid sequence of a protein? The simple answer is: not
with sufficient certainty. For some systems, which do not con-
tain typical heme-binding motifs, the heme-binding ligands have
not yet been identified. However, towards this goal, several heme-
binding proteins were predicted using combinatorial peptide li-
brary screens and database searches or the implemented pre-
diction tool ‘SeqgD-HBM' for heme-binding motifs described by
Wibrock et al. (2019). This includes e.g. bacterial proteins like
FeoB (Schubert et al. 2015), hemolysin C (Peherstorfer et al. 2018)
or the human dipeptidylpeptidase 8 (Kiihl et al. 2013). Specific se-
quence features could be revealed which have positive effects on
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heme-protein-binding, like a positive net charge or hydrophobic
residues (Wisbrock et al. 2019).

However, experimental studies will always be needed for verifi-
cation of transient heme binding and the physiological function of
the respective system. Since binding motifs are highly diverse and
the above described examples probably just represent the tip of
theiceberg, itis almost impossible to predict transient heme bind-
ingbased on sequence information only (Kiihl et al. 2013; Schubert
et al. 2015; Wifdbrock et al. 2019). When it comes to heme-binding
affinities, it becomes even more difficult.

In addition to that, it is also important to note that currently,
we rely on the ‘bulk’ measurements of heme pools, but do account
for the potential spatial differences and gradients within cells and
communities. This is particularly relevant when we consider the
hydrophobic nature of the molecule heme, which can concentrate
in cellular membranes and at hydrophobic protein environments.
In this context, advanced imaging technologies and fluorescent
sensors might bring light into the spatial biclogy of heme sensing
(Song et al. 2015).

From static regulons to dynamic networks

Heme-regulatory systems discussed in this review are controlled
by a transient interaction with the effector molecule heme. This
already emphasizes a dynamic nature in their response to heme
availability. For most systems, however, we only know a limited
number of genomic targets that are controlled by a specific reg-
ulator under defined conditions. In a recent study, Keppel et al.
analyzed the dynamic response controlled by the HrrSA TCS in
response to a heme stimulus in C. glutamicum (Keppel et al. 2020).
Chromatin affinity purification of the response regulator HrrA
followed by sequencing of its bound genomic targets revealed a
dynamic binding to more than 200 different genomic targets in-
volved in heme biosynthesis, respiration, stress responses and cell
envelope remodeling. This genome-wide and time-resolved anal-
ysis provided unprecedented insights in the timing and hierar-
chy of this systemic response coordinated by HrrSA in response
to heme.

Insights gained from these approaches have also the poten-
tial to challenge canonical models of transcriptional regulation
revealing substantial binding of regulatory proteins to regions
outside of promoter regions and the surprisingly high number
of weak and so far unknown binding sites (Galagan et al. 2013).
While some may be considered as experimental artefacts, the
high reproducibility rather suggests that binding of transcrip-
tion factors exits along a continuum of weak, medium and high
affinity sites, raising the question of physiological significance
(Rhee and Pugh 2011). Can we define a proper threshold for
physiological significance, if we appreciate that cells are ana-
log systems? This is especially relevant for binding sites for
which no impact on gene expression has been observed—under
the defined experimental conditions. However, genome-wide ap-
proaches including different transcription factors revealed a high
level of context dependency. Coming back to the example of the
corynebacterial HrrSA system, it is the interplay with the global
iron regulator DtxR which enables a proper integration of iron
and heme regulatory networks fine-tuning the cellular behav-
ior to the actual environmental conditions (including iron/heme
availability, cell envelope and oxidative stress responses) (Kep-
pel et al. 2020). Here, heme-triggered HirA binding to the pro-
moter of hmuO, encoding the heme oxygenase, will not further en-
hance gene expression as long as the iron-bound form of DtxR is
repressing it.
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Importance of heme sensor systems for
medicine and biotechnology

The heme-regulatory systems discussed in this review highlight
the diversity of mechanisms organisms have evolved to respond
to the multifaceted stimulus heme. The study of these systems
not only provides important insights into cellular physiology and
bacterial virulence, but also has a high potential for the develop-
ment of novel antimicrobial drugs. Due to the fact that TCSs are
found in nearly all sequenced bacterial genomes, but are absent
in animals and humans, several studies have emphasized them as
an attractive targets for antimicrobials (Hirakawa et al. 2020; Ma
and Phillips-Jones 2021). As a specific example, decreased clinical
efficacy of metronidazole in patients suffering from a C. difficile in-
fection was recently described to be heme-associated (Gonzales-
Luna et al. 2021; Wu et al. 2021). This further underlines the clinical
relevance of the herein described heme sensor systems as a po-
tential antimicrobial drug target and the importance of a mecha-
nistic understanding of their role in microbial pathogenicity.

However, heme sensor systems are not only important in fight-
ing bacterial diseases, but also for example in cancer progres-
sion. The mammalian heme sensing transcription factor BACH1
was shown to play a role in tumorigenesis as it is involved in
the expression of genes e.g. associated with breast-, colon- or
prostate cancer metastasis (Liang et al. 2012; Shajari et al. 2018;
Zhu et al. 2018; Igarashi et al. 2021). Several studies already sug-
gested BACH1 as a potential therapeutic target for adjuvant can-
cer therapy, e.g. by silencing therapies (Davoudian et al. 2016; Sha-
jariet al. 2018). Recently, BACH1 was also considered to be of inter-
est as target for developing COVID-19 candidate drugs. SARS-CoV-
2 was shown to inhibit NRF2, which could be potentially coun-
teracted by the inhibition of BACH1 leading to a derepression of
Maf proteins and consequent activation of NRF2 (Liu et al. 2019;
Cuadrado et al. 2020; Olagnier et al. 2020). Given the tight link
between iron/heme metabolism and microbial growth and viru-
lence, an integrated view on the function of heme sensor systems
is highly relevant for medical applications and drug development.

Besides medical applications, another example where knowl-
edge about heme sensor systems bear potential for the industry is
the food sector. For instance, the animal-free production of heme
has recently attracted attention as ingredient mimicking the meat
flavor in artificial meat (Fraser et al. 2017; Waltz 2019), which
could contribute to a necessary reduction of meat consumption
(Gonzalez et al. 2020). Hence, engineering of microbial cell facto-
ries is required to achieve high-yield production of animal-free
heme. A recent systems metabolic engineering approach resulted
in the establishment of animal-free heme production using the
biotechnological production strain C. glutamicum (Ko et al. 2021).
Further future metabolic engineering approaches will therefore
strongly benefit from a comprehensive understanding of heme-
regulation to foster efficient development of microbial cell facto-
ries.
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Iron and heme are valuable resources, which are essential for nearly all living organisms, but
paradoxically bear the potential to be toxic at elevated concentrations. Therefore, many
organisms make use of sophisticated regulatory networks maintaining homeostasis. In
Corynebacterium glutamicum, DtxR is the master regulator of more than 60 iron-related genetic
targets, while the global regulator HrrA of the two-component system HrrSA is regulating more
than 200 targets of heme homeostasis. In vitro studies already gave insights into the respective
regulons. Within this study, we provide enlarged and comparative in vivo insights into the
genome-wide binding profiles of these two global transcriptional regulators at iron- or heme-rich
conditions using chromatin affinity purification sequencing (ChAP-seq). Apart from confirmation
of known targets, several yet unknown targets of both DtxR and HrrA could be identified, differing
under varying environmental conditions. Strikingly, our data emphasize a significant anti-
proportional correlation of the ChAP-Seq peak intensity and the impact of the regulator on the
differential gene expression. As an overall trend, weak peak intensities correlated with a higher
sensitivity regarding the regulation by the respective transcription factor. Further, our analysis
revealed several shared targets highlighting the high level of interconnection between these two
global regulatory networks. In the end, this study provides additional important parameters for
comprehensive revealing of the two regulatory networks.

Keywords: DtxR, HrrA, iron, heme, transcription factors, chromatin affinity purification and
sequencing, iron homeostasis

The essential trace element iron is required
for the activity of vital enzymes and
regulatory proteins as cofactors or as part of
cytochromes involved in the respiratory
chain (Andrews et al., 2003; Cornelis et al.,
2011). Thereby, iron is inevitably necessary
for virtually all living organisms. Recently,
iron was even claimed to be involved in the
development of life (Thiel et al., 2019).
Although iron belongs to the most abundant
elements in earth’s crust, it is predominantly
not readily available due to poor solubility
under aerobic conditions (Andrews et al.,
2003). In its reduced state, ferrous iron (Fe?*)
is toxic to the cells at elevated levels, mainly
caused by its reaction with H,O, (Fenton

reaction) generating reactive oxygen species
(Cornelis et al., 2011). Consequently, there is
a need for sophisticated regulatory networks
for coping with iron homeostasis. DNA-
binding transcription factors that sense
intracellular Fe** levels and subsequently
modulate the expression of relevant target
genes  represent  important  factors
coordinating iron homeostatic strategies.

In Gram-positive Corynebacteria the master
regulator of iron is DtxR (diphtheria toxin
repressor) (Brune et al., 2006; Kunkle and
Schmitt, 2005; Wennerhold and Bott, 2006).
Homologs to DtxR in other Gram-positive
organisms have been characterized,
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including |deR in Mycobacterium tuberculosis
(Gold et al., 2001) or MntR in Staphylococcus
aureus (Ando et al., 2003). In the first place,
this protein was found to regulate the
expression of the diphtheria toxin in the
pathogenic strain Corynebacterium
diphtheriae (Boyd et al., 1990; Pappenheimer
and Johnson, 1936). Later, it was also
identified in other Corynebacteria, like also
the herein focused soil bacterium
Corynebacterium glutamicum, and was
further attributed with the regulation of
more than 60 genes involved in iron
acquisition, storage as well as iron-sulfur
cluster assembly (Brune et al., 2006;
Wennerhold and Bott, 2006). DtxR is active
as a dimer in complex with Fe?* in iron
sufficient conditions, while Fe?* dissociates
from DtxR when iron becomes limiting,
rendering the protein inactive (White et al.,
1998). Active DtxR functions as a repressor of
genes involved in iron uptake and utilization,
while also a low proportion of targets related
to iron storage and DNA protection are
activated (Drazek et al., 2000; Wennerhold
and Bott, 2006). Interestingly, DtxR also
represses genes encoding other
transcriptional regulators like ripA or hrrA. By
contrast to DtxR, RipA (repressor of iron
proteins) acts under iron-limited conditions
thereby repressing the expression of non-

essential iron-dependent proteins (e.g.
aconitase or succinate dehydrogenase)
(Wennerhold et al., 2005). HrrA is the

response regulator of the two-component
system HrrSA controlling heme homeostasis
(Frunzke et al., 2011; Keppel et al., 2020).
Notably, heme-related genes like the heme
oxygenase (hmuO) or the heme uptake
system (hmuTUV) are also regulated by DtxR
(Drazek et al., 2000; Wennerhold and Bott,
2006) indicating that there is considerable
overlap of the DtxR and HrrA regulons.

Heme is an iron-bound protoporphyrin IX
and acts as prosthetic group for critical
cellular processes like e.g. electron transfer,
oxygen metabolism or cell respiration (Ajioka
et al., 2006; Ponka, 1999). Depending on the
organism, heme can either be acquired from
the environment and/or synthesized by the

cell itself. Notably, heme can serve as
alternative iron source when acquired from
an iron-scarce environment, relevant for e.g.
pathogens in the human body (Contreras et
al,, 2014), but also for non-pathogenic
bacteria (Andrews et al., 2003; Wilks, 2002).
Similar to iron, elevated levels of heme are
harmful to organisms due to the iron-related
redox potential (Aft and Mueller, 1984;
Kumar and Bandyopadhyay, 2005), but
presumably also due to an iron-independent
toxicity of the porphyrin  structure
(Stojiljkovic et al., 1999). Correspondingly,
heme homeostasis requires sophisticated
mechanisms to be regulated properly.

Among the kingdoms, there are several
diverse  strategies involved in the
maintenance of heme homeostasis (Kriiger
et al., 2022). For Gram-positive bacteria, a
widespread strategy is the regulation of
heme homeostasis by two component-
systems (TCSs) (Frunzke et al., 2008; Schmitt,
1999; Stauff and Skaar, 2009). Focusing on
C. glutamicum, this bacterium possesses
two-paralogous TCSs dedicated to the
stimulus heme: ChrSA and the
aforementioned HrrSA (Frunzke et al., 2011;
Heyer et al., 2012). Strikingly, homologs are
also found in other corynebacterial species,
like C. diphtheriae (Bibb et al., 2007; Schmitt,
1999). In general, a typical TCS is composed
of a membrane-bound histidine kinase (HK)
and a cytoplasmic response regulator (RR).
After sensing of the stimulus, the HK is
autophosphorylated at a conserved histidine
residue. Phosphotransfer to a conserved
arginine residue in the RR typically activates
the RR, which initiates a proper cellular
output - commonly transcriptional regulation
(Capra and Laub, 2012; Mascher et al., 2006;
Stock et al., 2000). In C. glutamicum, ChrSA is
responsible for heme detoxification by the
heme exporter HrtBA, while HrrSA regulates
heme homeostasis. The HKs ChrS and HrrS
interact by intermembrane interactions with
heme and thereby perceive transient
changes in heme levels (Keppel et al., 2018).
ChrA was shown to bind to the intergenic
region of chrSA and hrtBA activating both
operons (Heyer et al.,, 2012). In contrast,
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HrrSA mediates the control of more than 200
target genes involved in heme biosynthesis,
respiration and cell envelope remodeling,
thereby acting as a global regulator of heme
homeostasis (Keppel et al., 2020). Cross-
phosphorylation between these two systems
was observed, while dephosphorylation
remains to be specific to the cognate HK-RR
pair (Hentschel et al., 2014).

Several previous studies focused on the
elucidation of the DtxR regulon or on the
control of single components. Qur current
understanding about the regulation of iron
homeostasis  regulated by DtxR in
C. glutamicum has become quite broad
(Brune et al., 2006; Wennerhold and Bott,
2006). However, this knowledge is mainly
based on in vitro expression data and there is
still a lack of knowledge about detailed in
vivo and genome-wide binding patterns of
this global iron-dependent regulator.
Genome-wide approaches offer a valuable
potential for giving insights into the binding
dynamics as well as structural and regulatory
influence of transcription factors. A
prominent example are several studies
aimed at the systematic mapping of the
binding sites for every transcription factor in
the genome of the human pathogen
Mycobacterium tuberculosis, in order to gain
a deeper understanding about its
pathogenesis (Galagan et al., 2013a; Park et

al., 2014). Using chromatin immuno-
precipitation and sequencing (ChIP-Seq)

binding profiles of 50 transcription factors in
M. tuberculosis could already be assessed
(Galagan et al, 2013b). Combining such
genome-wide binding data with further
expression analyses can even broaden our
knowledge on regulation as demonstrated in
numerous studies across domains of life
(MacPhillamy et al., 2022; Qin et al., 2022;
Rustad et al., 2014).

Within this study, we used chromatin affinity
purification and seguencing (ChAP-Seq)
aiming to compare DtxR and HrrA genome-
wide binding patterns in C. glutamicum
growing in iron- and heme-rich conditions.
Comparative analysis of ChAP-Seq peak

intensities with differential gene expressions
revealed a significant anti-proportional
behavior showing higher changes in RNA
levels in a strain lacking the regulator
especially for targets with a low peak
coverage. Consequently, our genome-wide
studies provided important insights into the
binding  dynamics, interaction and
interference of the two global regulators
orchestrating iron- and heme homeostasis in
Corynebacterium glutamicum.

MATERIAL AND METHODS

Bacterial strains and growth conditions

The bacterial strains used within this study
are listed in Table 1. Escherichia coli strains
were cultivated in Lysogeny Broth (Difco LB,
Heidelberg, Germany) media shaking at 37°C.
If appropriate, 50 pg/ml kanamycin was
added to the media for selection. For general
cultivation, the Corynebacterium
glutamicum ATCC 13032 wild type strain or
its derivatives were cultivated in liquid BHI
(brain heart infusion, Difco BHI, BD,
Heidelberg, Germany), inoculated from a
fresh agar plate. As complex media, CGXII
with 2% (w/v) glucose was used as minimal
media. When hemin was added (throughout
this paper further referred to as heme), no
iron was supplemented to the media. Cells
were cultivated shaking at 30°C.

Recombinant DNA work and cloning
techniques

Standard molecular methods  were
performed according to standard protocols
(Sambrook and Russell, 2001). DNA
fragments were amplified via polymerase
chain reactions (PCR), using chromosomal
DNA of C. glutamicum ATCC 13032 as
template and the oligonucleotides listed in
Table 2. Preparation was performed as
described previously (Eikmanns et al., 1994).

Plasmids were constructed by enzymatically
assembling the generated DNA fragments
into a cut vector backbone using Gibson
assembly (Gibson et al., 2009). Sequencing of
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the final plasmids was performed by Eurofins
Genomics (Ebersberg, Germany).

For the integration of the His-Tag and a linker
(GGGSy) at the C-terminus of DtxR in the
genome of C. glutamicum, the suicide vector
pK19-mobsacB was used (Schafer et al.,
1994). Electrocompetent C. glutamicum cells

Table 1: Bacterial strains and plasmids used in this study

were transformed with the isolated plasmid
by electroporation (van der Rest et al., 1999).
Then, the first and second recombination
events were performed and verified as
described in previous studies (Niebisch and
Bott, 2001). The respective deletion was
reviewed by amplification and sequencing by
Eurofins Genomics (Ebersberg, Germany).

Strain Characteristics Reference
Escherichia coli
DH5a F- ®80lacZAM15 A(lacZYA-argF) U169 recAl endA1  Invitrogen

hsdR17(ri, m*) phoA supE44 thi-1 gyrA96 relA1 \;

for general cloning purposes

Corynebacterium glutamicum

C. glutamicum

ATCC13032

Biotin-auxotrophic wild type strain

Kinoshita et al.

(2004)

C. glutamicum

ATCC13032::dtxR-

C-linker-His
(GGGGSGGGGS).

Derivative of ATCC 13032 encoding a C-terminally

This work

His-tagged version of DtxR (NCgl1845) with a

flexible linker sequence in between

C. glutamicum
ATCC13032::hrrA-

C-twinstrep

Derivative of ATCC 13032 encoding a C-terminally

Keppel et al. (2020)

twinstrep-tagged version of HrrA (NCgl2834).

Plasmids

pK19-mobsacB

Contains negative (sacB) and positive (kan")

Schifer et al. (1994)

selection markers for genomic integration and

deletion, MCS cut with EcoRIl/BamHI

pK19-mobsacB-
dtxR-C-linker-His

between; Kan"

Derivative of pK19mobsacB for C-terminal

This work

integration of a His-Tag and a flexible linker in
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Table 2: Oligonucleotides used in this study provided by Eurofins Genomics (Ebersberg, Germany).

Oligonucleotide Sequence 5’ 2> 3’ Usage
CAGGTCGACTCTAGAGGATCGACGGTCTTGTGCA
A280-leftflank-dtxR-C_fw
CGTCAGC Left flank for tag

A290-|eftflank-dtxR-His-C-

2-rv C(

SATGTGAGCCGCCGCCGCCTGAGCCGC

integration to dtxR

sCCGCCCTCAACCTTTTCTACGC

A291-rightflank-dtxR-His-C-

CGGCTCA

2-fw

CATCATCATCE
"ATTAACACACGATGAAGCTTCT

Right flank for tag

GTARAAACGACGGCCAGTGAATTGCGATGTTTCCG

A283-rightflank-dtxR-C-rv

integration to dtxR

TATGCGCCAGC
A296-dtxR-Tag-C-seq-fw CAGTCCGGCCCAACTGTCAG Sequencing
primers for tag
A297-dtxR-Tag-C-seq-rv ) .
CCGGTTGCTACCTGCAGCAC integration

bold = overlap to backbone, orange = flank overlap

Chromatin affinity purification-sequencing
(ChAP-Seq) — sample preparation

The protocol for obtaining DNA was adapted
to recent studies (Keppel et al., 2020; Pfeifer
et al., 2016). The strains C. glutamicum ATCC
13032:dtxR-C-linker-His and C. glutamicum
ATCC 13032::hrrA-C-twinstrep were
cultivated each in triplicates from a fresh
agar plate in 20 ml BHI in 100 ml shaking
flasks and incubated at 30°C for 8 hin a rotary
shaker. Cells were transferred into a second
pre-culture with 200 ml CGXlIl media
containing 2% (w/v) glucose for further ~16 h
incubation. For the heme condition no iron
was added to this pre-culture to starve these
cells from iron, while for the iron excess
condition the standard amount of iron was
used (36 UM FeSQ4). From this overnight
culture, the main culture was inoculated at
an ODeoo of 3 in 1 | CGXIl with 2% (w/v)
glucose and either 100 pM FeSO. (Fe excess
condition) or 0 UM FeSO4 but 4 pM heme
(heme condition) in 5 | shaking flasks. After
2 h cultivation at 30°Cin a rotary shaker, cells
were harvested (5,000 x g, 4°C, 10 min). The
cell pellets were washed once with CGXII

without MOPS and then the cells were
incubated in 20 ml CGXIl without MOPS and
1% formaldehyde for 20 min at RT to cross-
link the regulator protein to the DNA. To stop
this reaction, incubation with 125 mM
glycine for 5 min followed. Then, cells were
washed three times with either TNI20
(20 MM Tris-HCI, 300 mM NaCl, 20 mM
Imidazol, pH 8) or buffer A (100 mM Tris-HCl,
pH 8; importantly w/o EDTA, to avoid
disturbance of DtxR binding) and the pellets
were stored overnight at -80°C. For cell
disruption and purification, the pellets were
resuspended in approximately 20 ml TNI20
or buffer A with cOmplete protease inhibitor
(Roche, Basel, Switzerland) and 2 mg RNase
A (AppliChem, Darmstadt, Germany) and
disrupted at 40,000 psi using the Multi Shot
Cell Disrupter (I1&L Biosystems, Kdnigswinter,
Germany). To shear the chromosomal DNA
the samples were sonified 2 x 20 s with the
Branson Sonifier 250 (Branson Ultrasonics
Corporation, CT, Connecticut, USA) and
finally supernatant was collected after ultra-
centrifugation (150,000 x g, 4°C, 1 h).
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The DNA, which was bound by the His-tagged
DtxR, was purified using Ni-NTA Agarose
column material (Thermo Fisher Scientific,
Massachusetts, USA) according to
manufacturer’s instructions to the gravity
flow protocol. Washing of the column was
performed using TNI20, while the tagged
protein and the bound DNA were eluted with
TN buffer  with rising  imidazole
concentrations (20 mM Tris-HCI, 300 mM
NaCl, 50/100/200/400 mM Imidazol, pH 8). A
Bradford assay was performed to evaluate
which eluted fractions will be pooled for
further DNA preparation, which were the last
three of TNI50 elution and the first three of
TNI100.

The DNA bound by the twin-Strep-tagged
HrrA was purified using Strep-Tactin XT
Superflow column material (IBA Lifesciences,
Gottingen, Germany) according  to
manufacturer’s instructions to the gravity
flow protocol. Washing of the column was
performed using buffer W (100 mM Tris-HCI,
150 mM NaCl, pH 8) and the tagged protein
and the bound DNA was eluted with buffer E
(100 mM Tris-HCl, 150 mM NacCl, 15 mM D-
biotin, pH 8).

After the purification, 1% (w/v) SDS was
added to the eluted (and pooled) fractions
and incubated overnight at 65°C. Digestion of
the protein was accomplished with the
addition of 400 pg/ml Proteinase K
(AppliChem GmbH, Darmstadt, Germany) at
55°C for 2h. Purification of DNA followed by
adding Roti-Phenol/Chloroform/
Isoamylalcohol (Carl Roth GmbH, Karlsruhe,
Germany) in a 1:1 ratio to the samples and
consequent separation of organic phase
using Phase Lock Gel (PLG) tubes (VWR
International GmbH, Pennsylvania, USA)
according to manufacturer’s instructions.
The aqueous phase was taken off and mixed
with 0.1 of the sample volume of 3 M Na-
acetate and double the amount of ice-cold
EtOH and incubated for 2 h at -20°C.
Centrifugation at 16,000 x g, 4°C, 10 min
followed. The DNA was precipitated by
adding ice-cold 70 %(v/v) EtOH and after
another centrifugation, supernatant was

taken off carefully and DNA was dried for 3 h
at 50°C and eluted in dH,0.

ChAP-Seq — Sequencing and Peak Analysis

The isolated DNA fragments (section 3.4)
were used for library preparation and
indexing with TruSeq DNA PCR-free sample
preparation kit (lllumina, Chesterford, UK)
according to manufacturer’s instructions,
leaving out the DNA size selection steps.
Libraries were quantified using KAPA library
quant kit (Peglab, Bonn, Germany) and
normalized for pooling. These pooled
libraries were sequenced using the MiSeq
device (lllumina, Chesterford, UK) (paired-
end sequencing, read length: 2 x 150 bases).
Data analysis as well as base calling was
performed with the lllumina instrument
software, vyielding fastq output files. Further
data analysis was based and modified
according to Keppel et al. (2020). To remove
PCR amplification artifacts, sequencing data
was collapsed for each sample. The
processed fastq files were mapped to
accession NC_003450.3 as C. glutamicum
reference genome. This was done using
Bowtie2 with the following parameters: --
ignore-quals --local --very-sensitive-local --
rfg 9,5 --rdg 9,5 --score-min L,40,1.2 -k 8 --no-
unal --no-mixed --threads 8 -1 40 -X 800
(Langmead and Salzberg, 2012; Langmead et
al,, 2019). The genomic coverage was
convoluted with second order Gaussian
kernel. The kernel was truncated at 4 sigmas
and expanded to the expected peak width.
The expected peak width was predicted
using the following procedure: (i) All peaks
higher than 3 mean coverage were detected.
(ii) Points at which coverage dropped below
half of the maximal peak height were
detected and the distance between those
was set as peak width. (iii) The estimated
peak width was fixed equal to the median
peak width. Convolution profiles were
scanned to allow identification of the regions
where first derivative changes from positive
to negative. Each of these regions was
determined as a potential peak with an
assigned convolution score (convolution with
second order Gaussian kernel centered at the
peak position). These filtered peaks were
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normalized for inter-sample comparisons
and the sum of coverages of all detected
peaks was negated from the total genomic
coverage. This difference was used as
normalization coefficient and was divided by
peak intensities.

RESULTS

Genome-wide profiling of DtxR and HrrA
DNA-binding

Earlier studies already performed whole-
genome expression analyses via DNA
microarrays and also RT-gPCR approaches
for validating targets of DtxR and HrrA in
Corynebacterium glutamicum in vitro (Brune
etal., 2006; Frunzke et al., 2011; Wennerhold
and Bott, 2006). However, in vivo approaches
would add even more precise information on
a global scale. In order to provide the first
genome-wide binding pattern of the
transcriptional regulator DtxR, and on top
compare it to binding of HrrA, ChAP-Seq
experiments using a tagged variant of the
protein of interest was performed. While this
was already successfully implemented for
HrrA  (Keppel et al., 2020), previous
experiments in our lab demonstrated that
both direct C-terminal and N-terminal
tagging of DtxR led to a disruption of its
function and a growth phenotype resembling
a AdtxR strain (Wennerhold and Bott, 2006)
(data not shown). Therefore, a flexible linker
sequence was added at the C-terminal end of
this protein, to avoid any disturbances by the
tagin the protein’s action (Chen et al., 2013).
Growth analysis of the strain expressing the
C-terminal His-tagged DtxR variant including
the linker showed that there was no growth
disturbance neither on standard conditions,
nor on iron excess conditions (Figure S1A).
Additionally, an N-terminal tagged variant

was tested, which showed a growth defect
on iron excess conditions (Figure S1A).
Notably, also gPCR analysis confirmed that
the C-terminal His-tagged version of dtxR is
expressed at wild-type levels in the presence
of iron (228%,, excess = 1.11 + 0.05;
2BACt  dard = 1.44 + 0.15, Figure S1B).
Analogously to the strain with a His-tagged
DtxR, a strain with a twin-Strep-tagged
variant of HrrA from previous studies was
used (Keppel et al., 2020).

The genome-wide binding of the two
regulators DtxR and HrrA was analyzed once
under iron excess conditions (100 UM FeS0,)
and once with heme as alternative iron
source (4 uM heme). The general procedure
is shown schematically in Figure 1A. The
genome-wide binding profiles are shown for
triplicates of each regulator in Figure 1B and
C.Indirect comparison, it could be confirmed
that HrrA binds to a higher number of
genomic targets in comparison to DtxR.
Overall, a very similar binding pattern was
observed for growth on iron excess and
heme, respectively (Figure 1B and 1C). This is
not surprising and reflects efficient iron and
heme homeostatic processes stabilizing the
intracellular pool of chelatable Fe?* and
heme, i.e. iron excess conditions support
sufficient heme synthesis (Frunzke et al.,
2011; Layer, 2021), while iron-starved but
heme rich conditions lead to the usage of
heme as alternative iron source via heme
oxygenase HmuO (Wilks and Schmitt, 1998).
Pearson correlations confirmed robust
correlation within triplicates of the same
samples, while displaying significant
differences between the growth conditions
that emphasize minor, but substantial
variances with respect to the genome-wide
binding pattern (Figure 2A and 2C).
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Figure 1: Genome-wide profiling of DtxR and HrrA DNA-binding in C. glutamicum (A) Schematic representation
of the ChAP-seq experimental setup for both a DtxR His-tagged and a HrrA twin-Strep-tagged variant. (B-C)
Mapping of ChAP-seq reads for DtxR and HrrA to the C. glutamicum ATCC 13032 genome. DNA was obtained by
affinity purification of DtxR and HrrA from cultures grown under iron excess (B; 100 pM FeSOa) or heme
conditions (C; 4 uM heme).
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For the iron-responsive regulator DtxR,
overall 45 genomic targets were found across
the tested conditions (Figure 2B, Table S1);
almost all located in the upstream region of
open reading frames. Among those, we could
identify 25 out of 54 targets, which were
already described by previous studies using
transcriptome analyses and EMSAs (Brune et
al., 2006; Wennerhold and Bott, 2006). The
most prominent binding peak was found
upstream of NCgl0484, encoding a Fe’*
siderophore transport system and was
already shown be repressed by DtxR in vitro
(Brune et al., 2006). Binding to this target was
shown in both iron excess and heme
conditions. Interestingly, further 21 yet
unknown targets bound by DtxR were found
via ChAP-Seq. Among the peaks with the
highest coverage, we found the gene
NCgl1781 coding for a phage protein,
NCgl0193 for a hypothetical protein, gor3
encoding a putative NADPH:quinone
oxidoreductase, the tyrosine recombinase
xerC and metH encoding the homocysteine
methyltransferase. Regarding the newly
identified targets, ten were detected under
iron excess condition and further 14 targets
were only present during growth on heme.

By contrast, for the heme-sensitive regulator
HrrA, overall 332 targets were identified
(Figure 2D, Table S2), with 269 binding in
upstream regions and 63 inside open reading
frames. 151 out of 231 targets identified by
former studies could be confirmed (Keppel et
al., 2020). As expected, the most prominent
peak for HrrA binding corresponds either to
the repression of the myo-inositol-1 or
4-monophosphatase suhB or polyphosphate
glucokinase ppgK, just as found in previous
studies (Keppel et al., 2020). Additionally,
183 new targets were identified (41% in the
iron excess conditions and 27% found solely
during growth on heme), which will be in the
focus throughout this study. Among the new
targets are for example the central carbon
metabolism related targets aceA, pyc or tkt,
as well as genes involved in signal
transduction, including cgtR2, hrcA, hspR,
pdxR or rbsR. In addition, there are 80 genes,
which are bound by HrrA only in the iron

excess condition, which have not been
detected in previous studies. This includes
the genes rpoB encoding the beta subunit of
the DNA-directed RNA polymerase, ohr
encoding a putative organic hydroperoxide
resistance and detoxification protein, the
universal stress protein encoded by uspA3
and the gene for the translation initiation
factor IF-3 namely infC. These results
demonstrate the potential for the
identification of new targets by sampling
under different growth conditions and
therefore provide valuable insights into the
regulatory role of HrrA.

In relation, the amount of targets between
DtxR and HrrA found within this study are in
line with the respectively predicted 3% and
21% of the regulatory network in
C. glutamicum (relation percentage: 3/21 =
0.143; relation targets: 45/334 = 0.135)
(Escorcia-Rodriguez et al., 2020).

Peaks of DtxR reveal new binding targets
and differences depending on the presence
of surplus iron or heme

Representative extracted peaks for all
genetic targets of DtxR are shown for the iron
excess condition in Figure 3 and for the heme
condition in Figure 4. Regarding the peaks
with the highest coverages in both
conditions, it is striking that the most
prominent targets are present in both
conditions, including NCgl0484 as already
mentioned as the highest peak, but further
irp1, sdhDC, NCgl1781 and NCgl2877. One
new target with high binding intensity is the
hypothetical protein NCgl1781, which is
located in the CGP4 prophage. Interestingly,
some targets, which were predicted to be
regulated by DtxR based on motif search, but
could not yet be shown by in vitro bandshift
assays (Brune et al., 2006), but were now
identified in the ChAP-Seq experiment. These
include genes encoding the putative
membrane protein wzy, the putative
oxidoreductase dehydrogenase oxiB, the
putative transcriptional regulator NCgl0176
and the tyrosine recombinase xerC. The
latter one is especially interesting, showing a
quite intense peak while also being regulated



100

Publications and manuscripts

by HrrA (Table S2). This target is only
regulated by DtxR in the presence of heme
(Figure 4). Another quite intense peak found
only during growth on heme is visible for the
homocysteine methyltransferase metH. By
contrast, the peak corresponding either to
the NADH:quinone oxidoreductase gor3 or
the putative toxin efflux permease cepA
shows a distinct peak only in iron excess
conditions, but not during growth on heme.
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In general, for the heme condition (Figure 4),
there are significantly more new targets
found thanin the iron excess condition, again
highlighting the importance of binding
studies conducted under different
conditions.
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Figure 2: Overview of targets bound by DtxR and HrrA (A) Pearson correlation of identified peaks among all
replicates for DtxR binding at the two different conditions of iron excess (100 uM FeSO.) and heme (4 uM). (B)
Pie chart comparing targets of DtxR that are new, already confirmed by previous studies and predicted from
previous studies (Brune et al., 2006; Wennerhold and Bott, 2006) but not found in this ChAP-Seq splitting up
based on conditions. Total = 78. (C) Pearson correlation of identified peaks among all replicates for HrrA binding
at the two different conditions of iron excess and heme. (D) Pie chart comparing targets of HrrA that are new,
already confirmed by previous studies and predicted from previous studies (Keppel et al., 2020) but not found in
this ChAP-Seq splitting up based on conditions. Total = 414,
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** marks those targets which are shared with HrrA. ‘OR’ indicates that regulator binding could affect
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Figure 4: Genomic targets bound by DtxR during growth under heme conditions Coverage of binding peaks (y-
axis) plotted against the respective genomic regions of C. glutamicum ATCC 13032 (x-axis). Genes are indicated
below with grey arrows. Peaks include known targets, identified under iron excess conditions (dark blue;
Wennerhold and Bott (2006) and Brune et al. (2006)), novel targets identified in this study (light blue), and
predicted targets of previous studies (orange). The number of replicates where a significant peak could be found
is shown in each respective graph as ‘n’. “*' marks those targets which are shared with HrrA. ‘OR’ indicates that
regulator binding could affect expression of both divergent genes.
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Targets with a low peak coverage show
higher differential gene expression

ChAP-Seq experiments always result in a high
amount of peaks with a weak binding
coverage. To adress their physiological
relevance, we correlated peak intensities of
ChAP-Seq experiments with microarray, RT-
gPCR and RNA-Seq data obtained previously
(Brune et al., 2006; Keppel et al., 2020;
Wennerhold and Bott, 2006). Figure 5
represents a comparison of peak intensities
for DtxR binding with the differential gene
expression levels (AdtxR/WT) obtained for
microarray analysis by Wennerhold and Bott
(2006) and the RT-qPCR results performed by
Brune et al. (2006) for the targets identified
in all three studies under iron excess
conditions. Further comparisons of targets
identified in only one of these former studies,
are shown in Figure S5A and B. Interestingly,
this analysis revealed a consistent anti-
proportional correlation of peak intensity
and differential gene expression determined
by different methods. The highest binding
peaks were found in this study for irp1 and
hmuO, where differential gene expression
levels were shown to be rather low when
comparing expression in C. glutamicum wild
type with a mutant lacking dtxR.
Analogously, the differential gene expression
levels were quite high in NCgl0123 encoding
a hypothetical protein and NCgl1646 coding
for a putative secreted hydrolase in the
prophage CGP3 region, which showed rather
low binding peaks.

This is consistent with the pattern observed
for HrrA (Keppel et al., 2020), where there is
also an anti-proportional relation. This is
striking, when comparing the peak for suhB
and hmuO. While the peak for suhB is the
highest, the loga(AhrrA/WT) ratio is one of
the lowest. However, for hmuO, a low peak
intensity correlates with a high differential
gene expression for this target in the absence
of HrrA.

ChAP-Seq analysis provides a huge amount of
binding site sequences. This data also has the
potential to improve motif identification.
Therefore, analysis on the binding motif was
accomplished using the MEME-ChIP tool
(Bailey and Elkan, 1994) for both
transcriptional  regulators and  both
conditions. For DtxR under iron excess, we
found mainly the palindromic consensus
sequence GSCTAACCTAANTW (E-value = 9.5
x 10'%) (Figure 5C). The heme condition led
to the similar motif (AGSCTAACCTAAGY, E-
value = 6.5 x 101?) (Figure S2C). These motifs
are shorter but fit well to the motif identified
for DtxR by Brune et al.
(TAGGTTAG(G/C)CTAACCTAA) and that of
C. diphtheriae (Kunkle and Schmitt, 2003)
and could consequently now be confirmed in
vivo within this study.

For HrrA, the found motif from iron excess
CMAMCDAAAGKTKGA (E-value = 2.4 x 10)
and from heme condition
CAWHCRAAAGDTKKA (E-value = 9.9 x 10°)
also corresponds to the motif found by
(Keppel et al., 2020), with an even more
significant E-value (Figure 5D and S2D).
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Figure 5: Correlation of ChAP-Seq peak intensity and differential gene expression. (A) Peak intensities of the
ChAP-Seq for DtxR under iron excess conditions (dark blue) were compared to the RNA ratios at iron excess
(AdtxR/wild type) from a microarray analysis (Wennerhold and Bott, 2006) (light orange) as well as to the relative
expressions under iron excess in the deletion strain AdtxR compared to wild type analyzed via RT-gPCR (Brune
et al., 2006) (dark orange). (B) Peak intensities of the ChAP-Seq of HrrA in the presence of heme (dark blue) was
compared to the log2(AhrrA/wild type) values obtained from the time-resolved RNA-seq in the presence of heme
(Keppel et al., 2020) (shades of orange). Further, MEME-ChIP prediction of the DtxR (C) and HrrA (D) binding

motif based on ChAP-Seq binding peaks extracted for iron excess conditions is shown (Bailey and Elkan, 1994).
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Shared targets of DtxR and HrrA provide
insights in interference effects

The analysis of the genome-wide profiling of
HrrA and DtxR now, for the first time, enables
the comparison of binding patterns for the
shared targets of these two regulators,
potentially providing insights into regulatory
interference. Overall, 16 targets, which were
regulated by both DtxR and HrrA could be
identified (Figure 6A, Table 3). Examples for
binding peaks found are given in Figure 6C-G
with their genomic context presented
additionally in Figure 6B and Figure S3. An
exemplary target showing clear interference
of DtxR and HrrA is the promoter of the heme
oxygenase hmuO. The locations of DtxR and
HrrA binding for hmuO regulation are in close
proximity to each other with significant
overlap  (Figure 6B-C), hinting for
interference of the two regulators in the
upstream promoter region. While DtxR acts
as a repressor of hmuO, HrrA was shown to
be crucial for activating hmuO expression.
For this particular example, we observed a
higher coverage of HrrA on heme and a
slightly higher coverage of DtxR on iron. A
similar trend — with higher coverage for DtxR
on iron and HrrA on heme - was also
observed for sdhCD (Figure 6D). Here, the
binding sites are separated by ~100 bp
speaking against a direct interference effect.

Regarding peak intensities, a direct
comparison between the conditions might
be difficult due to different regulator
proteins and purification procedures.
Nevertheless, a first comparison of the ratios
of peak intensities of targets that were
bound in both iron and heme conditions
gives hints for a trend towards higher peak
intensities of DtxR binding in iron conditions
than in the presence of heme and

analogously for HrrA a stronger binding at
heme conditions (Figure S4). However, an
overall trend did not establish when
considering all shared targets. For example,
DtxR binding to xerC was only observed in the
presence of heme, while HrrA showed a
higher coverage under heme conditions
(Figure 6E).

Another shared target is the hypothetical
protein NCgl0176 (Figure 6F) encoding a
putative transcriptional regulator. For DtxR,
the peak intensity is low under iron excess
conditions and was not identified at all at
heme conditions. The binding region is
upstream and at the beginning of the gene.
By contrast, HrrA shows a double peak. One
is found upstream of NCgl0176 in close
proximity to the DtxR region, but not
overlapping. The other one is far away inside
NCgl0176. Therefore, this second peak might
rather account for the regulation of
NCgl0177.

Further, we could confirm binding of HrrA to
itself, activating the expression of its own
gene (Keppel et al., 2020) (Figure 6G). The
data suggests that HrrA binding to its own
promoter increases with increased heme
levels. The DtxR binding site upstream of hrrA
is slightly upstream, but with no overlap with
the HrrA motif as for hmuO. Surprisingly, no
significant DtxR binding could be detected
under iron excess, showing the high
sensitivity to slight fluctuations in cultivation
conditions or experimental setups.

Overall, there is no conclusive trend that can
be summarized for the interference of DtxR
and HrrA at the promoter regions of shared
targets demonstrating the complexity of
regulatory networks — beyond potential
interference of two global regulators.
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Table 3: Genes found to be regulated by both DtxR and HrrA
gene gene DtxR Fe excess | DtxR heme HrrA Fe excess HrrA heme
number | peak n U peak n W peak n M peak n
intensity intensity intensity intensity
NCgl0005 | gyrB 2.01 1 n.d. 0 2.80 2 n.d. 0
NCglo176 2.03 1 n.d. 0 2.42 3 3.45 1
NCgl0352 | wzy 1.94 1 n.d. 0 5.44 3 7.71 3
NCgl0353 n.d. 0 2.02 1 n.d. 0 3.38 il
NCgl0359 | sdhC 7.93 3.16 3 50.47 3 72.92 8
sdhCD

NCgl1200 2.24 1 n.d. 0 n.d. 2.50 i
NCgl1395 331 3 2.56 3 3.07 3 3.75 3
NCgl1444 2.23 2 n.d. 0 9.48 3 12.28 3
NCgl1952 | xerC n.d. 0 6.54 3 43.06 3 254.09 3
NCgl2146 | hmuO 16.51 3 15.80 3 3.01 3 4.96 3
NCgl2766 2.29 3 n.d. 0 3.33 2 n.d. 0
NCgl2834 | hrrA n.d. 0 3.19 2 2.99 3 6.29 3
NCgl2842 | uspA3 n.d. 0 2.02 il 3.64 2 n.d. 0
NCgl2902 | gor3 2.53 2 n.d. 0 n.d. 0 A B
NCgl2968 1.89 1 n.d. 0 4.71 3 6.75 g)
NCgl2980 n.d. 0 2.00 il 2.25 2 n.d. 0

K = mean value, n = number of replicates with a peak identified, n.d. = no peak detected, underlined = peak was
annotated for HrrA for the gene into the other direction, i.e. binding potentially not at same site.

DISCUSSION

In this study, we performed a genome-wide
profiling of the global regulators DtxR and
HrrA  coordinating iron and heme
homeostasis in C. glutamicum. The obtained
results provide valuable insights into the
interaction and interference of iron and
heme regulatory networks and demonstrate
the robust homeostasis conferred by the
underlying strategies. Network analysis
under different cultivation conditions,
further led to the identification of a
substantial number of previously unknown
targets for both regulators.

Analysis of known targets in iron and heme
regulation

Among the genetic regions for which peaks
were identified, it is noteworthy that the
siderophore transporter NCgl0484 was the
main target of DtxR with the highest peak
intensity in both iron excess and heme
conditions. DtxR represses this siderophore
transporter in the presence of iron (Brune et
al., 2006). C. glutamicum does not produce
siderophores on its own, but makes use of
those produced by other bacteria. As enough
iron or alternative iron sources are present in
both conditions, this transporter is strongly
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regulated in both conditions avoiding waste
of energy. The same applies for further
siderophore transporters, e.g. irpl and
NCgl0777. Interestingly, NCgl0484 is not the
best matching motif to the identified one,
comparing the three highest peaks, but
rather in the following order: irp1 > hmuO >
NCgl0484 (MAST: Motif Alignment & Search
Tool (Bailey and Gribskov, 1998)). There are
further studies, which also were not able to
correlate peak height with the matching to
the consensus motif (Myers et al.,, 2013).
However, it should be noted, that binding
affinities are further influenced by a wide
range of factors in vivo like inter- and
intramolecular interactions including
electrostatic or hydrophobic ones, DNA
topology or importantly also interference
with other DNA binding proteins (Dorman,
2019; Ponta et al., 1992; Sims et al., 2005).

Moreover, we recognized that the peak
intensity of the ChAP-Seq results does
negatively correlate with the differential
gene expression data, i.e. the highest peaks
shown for NCgl0484 and irpl do not
correspond to highest differential gene
expressions (AditxR/WT) analyzed with
transcriptomics, but rather opposite. The
same applied for the HrrA peak intensity
comparison to RNA-Seq results. This negative
correlation demonstrates that targets bound
with lower peak intensity react more sensible
to changes and it further highlights the
physiological relevance of weak binding sites
in ChAP-Seq experiments. In addition,
previous studies also claimed that peak
enrichment does not necessarily always
correlate with binding strength (Myers et al.,
2013).

Although many known DtxR targets from
literature were confirmed within this in vivo
approach, in total 33 could not be detected,
which were already identified to be bound by
DtxR in vitro via bandshift assays (Brune et
al., 2006; Wennerhold and Bott, 2006). The
absence of these targets might be explained
either by false-positives or by differently
regulation throughout the time, i.e. these
targets are regulated rather earlier or in the

later course of cultivation, and have a
dependency on cultivation time, stimulus
and/or transcription factor concentrations.
Recent ChlP-seq analysis of Fur, which is a
functional homolog to DtxR in many Gram-
negative bacteria, demonstrated a graded
response of this transcriptional regulator in
Bacillus subtilis, caused by different protein-
DNA-binding affinities (Pi and Helmann,
2017), i.e. with decreasing iron
concentrations Fur derepressed its targets
stepwise in ‘three waves’ and not all at once.
Following  studies even determined
additional targets (Pi and Helmann, 2018).
Such a graded response could also be an
issue for the two presented transcriptional
regulators. Overall, this highlights the
importance of binding analyses at different
cultivation conditions to fully characterize
the highly dynamic binding behavior of global
transcriptional regulators. Another reason
could be, that nucleoid-associated proteins
or other transcription factors mask DtxR
binding (Myers et al., 2013; Pfeifer et al.,
2016). However, it can further be imagined
that the other sites are too weak in binding
due to e.g. hardly accessible binding sites and
therefore cannot be detected with this
experimental setup. An option to overcome
this problem might be to overexpress DtxR in
order to increase overall cellular copy
number, like it was achieved for example in
Mycobacterium tuberculosis (Galagan et al.,,
2013b). However, it should be taken into
account that this does not mimic the wild
type conditions and non-physiologically
relevant targets will be bound additionally.

Also in the case of HrrA in total 80 targets, i.e.
more than 30%, which were already
identified in a ChAP-Seq experiment were
not found. Those differences demonstrate
the sensitivity of this experimental setup, e.g.
in terms of cross-linking or affinity-
purification efficiency (Myers et al., 2015;
Myers et al., 2013).

Analysis of new targets in iron and heme
regulation

Overall, 24 new potential targets of DtxR
could be identified. One explanation why
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these targets were not found in the former
studies could be due to conditional
influences as described above, or their
impact was below the applied threshold of
the microarray analyses. Smaller fold
changes in gene expression, which are not
statistically set as threshold in these
experiments, could be of biological
importance (Galagan et al., 2013a). Another
reason could be that these experiments were
performed in vitro. Transcription factors not
always act isolated, but require the
combination of several other factors, e.g. any
unusual DNA conformation, cooperation
with other proteins, etc. (Higo et al., 2012;
Wade et al.,, 2005). To confirm the newly
identified targets of DtxR, further studies are
necessary. Band shift assays could reveal the
binding, but also reporter assays of the
respective target genes in wild type
compared to a AdtxR strain would be an
option giving further hints on their
expression dynamics.

Still, interesting new targets of DtxR were
found, for example NCgl1781. This gene is
present in the prophage region CGP4, which
is located inside the inducible CGP3
prophage region of C. glutamicum
NC_003450.3 (Frunzke et al., 2008; Helfrich
et al., 2015; Pfeifer et al., 2016). Previous
studies already determined targets of DtxR in
CGP3 (Wennerhold and Bott, 2006), while it
was also shown that the induction of this
prophage is triggered by iron-mediated
oxidative stress (Boeselager et al., 2018;
Frunzke et al., 2008), which could possibly
also play a role for CGP4. However, many of
those prophage genes regulated by DtxR
encode hypothetical proteins and need
further investigations for detailed
information.

There are several genes, like the newly
identified targets metH and xerC, that are
only found bound by DtxR in the heme
condition. The gene metH encodes for a
homocysteine methyltransferase catalyzing
the last step of methionine synthesis from
homocysteine and was already known to be
regulated by the methionine and cysteine

biosynthesis repressor McbR (Riickert et al.,
2003). For DtxR of C. diphtheriae, binding to
methionine related genes metA and mapA
was also predicted (Yellaboina et al., 2004),
while Fur, the master regulator of iron in
E. coli, was likewise shown to regulate
methionine biosynthesis via the gene metH
(Stojiljkovic et al., 1994). In endothelial cells,
it has been demonstrated that methionine
promotes the catalytical activity of the heme
oxygenase and ferritin with the purpose to
suppress free radical formation (Erdmann et
al., 2005). As DtxR also represses hmuO in the
presence of iron, repression of metH could
add on that. This would include a graded
response as this regulation only takes place
at the heme condition, but however, this
requires further investigations.

Focusing on HrrA, we further found 183 new
targets. The majority of new targets have
been identified under conditions of iron
excess, which have not been addressed in
previous studies. Most of these targets
correspond to hypothetical proteins as well
as translation-related and central carbon
metabolism targets. Further confirmation of
these targets is inevitably necessary to check
the influence of this huge amount of targets.
The transcriptional regulator AdpA in
Streptomyces  griseus also  influences
manifold genetic targets, with ChIP-Seq
experiments resulting binding peaks for ~
1500 sites. However, only ~25% were shown
to have function in the regulation of gene
expression (Higo et al., 2012). Comparable
results were found for AbrB of Bacillus
subtilis (Chumsakul et al., 2011) or RutR in
Escherichia coli (Shimada et al., 2008). This
effect could speak for e.g. non-functional
DNA sites, and should be analyzed for HrrA.

Apart from the prominent targets, we also
found a number of weak binding sites,
including several potentially new targets.
Extensive weak binding was observed for
manifold ChIP-Seq analyses (Cao et al., 2010;
Galagan et al.,, 2013a; MacQuarrie et al.,
2011; Rhee and Pugh, 2011). Weak
interactions can be hypothesized to be a tool
allowing to be evolutionary prepared for
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fine-tunings (Rhee and Pugh, 2011). It cannot
yet be excluded, that these targets are false-
positives, but still binding motifs can be
found, like e.g. for NCgl0176. Further, the
observed anti-correlation of peak binding
intensity and differential gene expression
highlights that weaker binding can also have
a tremendous influence on gene expression
and promotes a sensitive reaction to
changing conditions. This demonstrates that
future research should also pay attention to
those small peaks, with a potential lower
protein-DNA-binding affinity.

Regarding shared targets of DtxR and HrrA,
there are two different interactions. On the
one hand, the regulators act in many cases in
opposite directions like in the case of hmuO.
In general, such antagonism was described
for other transcriptional regulators like the
DtxR  homolog IdeR with Lsr2 in
Mycobacterium tuberculosis (Kurthkoti et al.,
2015). On the other hand, for fewer targets
these regulators work rather cooperatively in
the same direction, like both activating
sdhCD. Although there is no real pattern
observable for DtxR and HrrA interference,
several examples like hmuO still tend to a
small anti-correlation. Therefore, further
investigations on the mechanisms of
antagonizing as well as synergizing of DtxR
and HrrA should be made to evaluate on the
intersection of iron and heme regulatory
networks.

Conclusion and future perspectives

Overall, our study provides insights into the
genome-wide binding profiles of the two
global transcriptional regulators DtxR and
HrrA. The obtained results emphasize a
strong potential for the identification of new
targets by performing the profiling via the
application of different environmental
conditions (iron or heme as iron source). The
data also demonstrate the well-balanced
homeostasis governed by DtxR and HrrA. The
similar binding pattern observed throughout
different conditions likely reflects a similar
pool of intracellular Fe?* and heme. The fact
that targets with a small peak intensity
(ChAP-Seq) frequently featured a high

sensitivity towards regulation by the
respective transcription factor (high values
for differential gene expression) indicated
that also targets with a low coverage must
not be ignored. In summary, the reported
data add to our understanding of the global
regulatory  network  governing  iron
homeostasis and emphasize that the relation
between binding behavior and functional or
structural impact of prokaryotic transcription
factors exists along a continuum.
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ABSTRACT

Heme is a multifaceted molecule. While serving as
a prosthetic group for many important proteins, el-
evated levels are toxic to cells. The complexity of
this stimulus has shaped bacterial network evolu-
tion. However, only a small number of targets con-
trolled by heme-responsive regulators have been de-
scribed to date. Here, we performed chromatin affin-
ity purification and sequencing to provide genome-
wide insights into in vivo promoter occupancy of
HrrA, the response regulator of the heme-regulated
two-component system HrrSA of Corynebacterium
glutamicum. Time-resolved profiling revealed dy-
namic binding of HrrA to more than 200 different
genomic targets encoding proteins associated with
heme biosynthesis, the respiratory chain, oxidative
stress response and cell envelope remodeling. By
repression of the extracytoplasmic function sigma
factor sigC, which activates the cydABCD operon,
HrrA prioritizes the expression of genes encoding
the cytochrome bcy-aa; supercomplex. This is also
reflected by a significantly decreased activity of the
cytochrome aa; oxidase in the AhrrA mutant. Fur-
thermore, our data reveal that HrrA also integrates
the response to heme-induced oxidative stress by ac-
tivating katA encoding the catalase. These data pro-
vide detailed insights in the systemic strategy that
bacteria have evolved to respond to the versatile sig-
naling molecule heme.

INTRODUCTION

Heme (iron bound protoporphyrin IX) is a versatile
molecule that is synthesized and used by virtually all aer-
obic eukaryotic and prokaryotic cells (1). It serves as the
prosthetic group of hemoglobins, hydroxylases, catalases,
peroxidases and cytochromes (2) and is therefore essential
for many cellular processes, such as electron transfer, respi-
ration and oxygen metabolism (3). Furthermore, salvaged
heme represents the most important iron source for a va-
riety of pathogenic bacteria (4,5), and also non-pathogenic
bacteria can meet their iron demand by degradation of envi-
ronmental heme. This becomes evident from the diverse set
of heme uptake systems and heme oxygenases that catalyze
the degradation of the protoporphyrin ring to biliverdin and
the concomitant release of carbon monoxide and iron (6).

While heme represents an essential cofactor for a variety
of proteins, this molecule also exhibits severe toxicity at high
concentrations. Therefore, organisms have evolved sophis-
ticated regulatory networks to tightly control heme uptake,
detoxification (including export), synthesis and degradation
(4). Several heme-regulated transcription factors have been
described, including the heme activator protein (Hap) 1,
which is an activator of genes required for aerobic growth
of the yeast Saccharomyces cerevisiae (7); the transcription
factor BACH1 (BTB and CNC homology 1), conserved in
mammalian cells (8,9); and the rhizobial Irr protein, which
is a heme-regulated member of the Fur family of transcrip-
tional regulators (10-12).

In Gram-positive bacteria, two-component systems
(TCSs) appear to play a prevalent role in heme-responsive
signaling (13,14), as exemplified by the heme sensor sys-
tem HssRS of Staphylococcus aureus and Bacillus an-
thracis, which controls the expression of the hrt BA operon,
encoding a heme efflux system in both species (15,16). Re-
markably, several members of the Corynebacteriaceae fam-
ily, including the human pathogen Corynebacterium diph-
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theriae and the biotechnological platform strain Corynebac-
terium glutamicum, have two paralogous TCSs, namely,
HrrSA and ChrSA, dedicated to heme-responsive control
of gene expression (17-20). The kinases HrrS and ChrS
were recently shown to perceive transient changes in heme
availability by direct intramembrane interactions with heme
(21,22). Heme binding triggers autophosphorylation of the
sensor kinase, followed by transfer of the phosphoryl group
to the cognate response regulators HrrA and ChrA. In
C. glutamicum, significant cross-phosphorylation was ob-
served between the closely related systems; however, this
crosstalk is proofread by a highly specific phosphatase ac-
tivity of the kinases toward the cognate response regulators
under non-inducing conditions (23). While the ChrSA sys-
tem appears to be mainly involved in rapid activation of
the HrtBA detoxification system (19), previous data suggest
that HrrSA coordinates a homeostatic response to heme
(18). In recent studies, six direct target operons have been
described for HrrA, including genes encoding enzymes in-
volved in heme synthesis (hemE, hemA and hemH), heme
utilization (AmuO, encoding a heme oxygenase) and the
ctaE-qerCAB operon, encoding components of the heme-
containing cytochrome bey-aas supercomplex of the respi-
ratory chain (18). Expression of hirA as well as hmuO is,
furthermore, repressed by the global iron-dependent regu-
lator DtxR in C. glutamicum under conditions of sufficient
iron supply (24,25) thereby linking iron and heme regula-
tory networks in this organism.

The branched electron transport chain of C. glutamicum
consists of the cytochrome bc;-aas supercomplex (encoded
by ctaD, the ctaCF operon, and the cta E-qcrCAB operon)
and the cytochrome bd oxidase, encoded by the first two
genes of the cydABDC operon (26). Although both the cy-
tochrome aas oxidase and the hd oxidase are involved in the
establishment of a proton-motive force, the aa; oxidaseis an
active proton pump that is responsible for the increased pro-
ton translocation number (6 H"/2 e¢7) of the cytochrome
bei-aas supercomplex compared to that of the bd oxidase
(2 H*/2 e7) (26). The presence of the cytochrome bcj-aas
supercomplex is a characteristic feature of almost all acti-
nobacteria, because members of this phylum lack a soluble
cytochrome ¢ and instead harbor a diheme cytochrome ¢;
that directly shuttles electrons from the bc; complex to the
aaz oxidase (27-32). Furthermore, both terminal oxidases
differ in heme content, as the bcj-aa; supercomplex har-
bors six heme molecules, while the bd oxidase harbors only
three. Surprisingly, not much is known about the regulation
of terminal oxidases in C. glutamicum. In addition to the de-
scribed activation of the ctaE-gcr operon by HrrA, the hy-
drogen peroxide-sensitive regulator OxyR was described as
a repressor of the cydABCD operon (33,34). Furthermore,
the ECF sigma factor SigC (c©) activates expression of the
eydABCD operon (33,35). For o€, a speculated stimulus is
a defective electron transfer in the aas oxidase (35) and such
a defect was observed under copper-deprivation or when
heme « insertion was disturbed, which resulted in activation
of the o regulon (36,37).

Interestingly, the regulons of prokaryotic heme regula-
tors described thus far comprise only a low number of di-
rect target genes, which are mostly involved in heme export
(e.g. hrtBA) or degradation (hmuQ). This current picture of

prokaryotic heme signaling, however, does not match the
complexity of the cellular processes influenced by heme.
In this study, we performed a time-resolved and genome-
wide binding profiling of HrrA in C. glutamicum using chro-
matin affinity purification and sequencing (ChAP-Seq) of
HrrA in C. glutamicum showing the transient HrrA pro-
moter occupancy of more than 200 genomic targets in re-
sponse to heme. The obtained results emphasize that HrrSA
is a global regulator of heme homeostasis, which also in-
tegrates the response to oxidative stress and cell envelope
remodeling. Transcriptome analysis (RNA-Seq) at differ-
ent time points after heme induction revealed HrrA to be
an important regulator of the respiratory chain by coor-
dinating the expression of components of both quinol oxi-
dation branches as well as menaquinol reduction. Remark-
ably, HrrA was found to prioritize the expression of operons
encoding the cytochrome bc;j-aa; supercomplex by repress-
ing sigC expression.

MATERIALS AND METHODS
Bacterial strains and growth conditions

Bacterial strains used in this study are listed in Supplemen-
tary Table S1. The C. glutamicum strain ATCC 13032 was
used as wild-type (29) and cultivations were performed in
liquid BHI (brain heart infusion, Difco BHI, BD, Heidel-
berg, Germany), as complex medium or CGXII (38) con-
taining 2% (w/v) glucose as minimal medium. The cells
were cultivated at 30°C; if appropriate, 25 pg/ml kanamycin
was added. Escherichia coli (DH5a and BL21 (DE3)) was
cultivated in Lysogeny Broth (Difco LB, BD, Heidelberg,
Germany) medium at 37°C in a rotary shaker and for selec-
tion, 50 wg/ml kanamycin was added to the medium.

Recombinant DNA work and cloning techniques

Cloning and other molecular methods were performed ac-
cording to standard protocols (39). As template, chromoso-
mal DNA of C. glutamicum ATCC 13032 was used for poly-
merase chain reaction (PCR) amplification of DNA frag-
ments and was prepared as described previously (40). All se-
quencing and synthesis of oligonucleotides was performed
by Eurofins Genomics (Ebersberg, Germany). For ChAP
sequencing, the native sirr4 was replaced with a twin-strep-
tagged version of this gene using a two-step homologous
recombination system. This system is based on the suicide
vector pK19 mob-sacB (41,42), containing 500 bps flank-
ing each site of the targeted sequence inside the C. glutam-
icum genome. The pK19mob-sacB hrrA-C-twinstrep plas-
mid was constructed using Gibson assembly of PCR prod-
ucts (primers indicated in Supplementary Table S2) and the
cut pK19 vector (43).

ChAP-Seq — sample preparation

The preparation of DNA for ChAP sequencing was adapted
from (44). The C. glutamicum strain ATCC 13032::hrrA-C-
twinstrep was used for the time series experiment. A precul-
ture was inoculated in liquid BHI medium from a fresh BHI
agar plate and incubated for 8-10 h at 30°C in a rotary
shaker. Subsequently, cells were transferred into a second
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preculture in CGXII medium containing 2 % (w/v) glucose
and 0 WM FeSOy to starve the cells from iron. Protocate-
chuic acid (PCA), which was added to the medium, allowed
the uptake of trace amounts of iron. From an overnight
culture, six main cultures were inoculated to an ODggy of
3.0in 1 1 CGXII medium containing 4 .M hemin as sole
iron source. For the time point t = 0, the cells were added
to 1 1 fresh CGXII containing no additional iron source.
After 0, 0.5, 2, 4, 9 and 24 h, cells corresponding to an
ODggp of 3.0 in 1 1 were harvested by centrifugation at
4°C, 5000 x g and washed once in 20 ml CGXII. Subse-
quently, the cell pellet was resuspended in 20 ml CGXII
containing 1 % (v/v) formaldehyde to crosslink the regu-
lator protein to the DNA. After incubation for 20 min at
RT, the cross linking was stopped by addition of glycine
(125 mM), followed by additional incubation of 5 min at
RT. After that, the cells were washed three times in buffer
A (100 mM Tris-HCl, 1 mM ethylenediaminetetraacetic
acid (EDTA), pH = 8.0) and the pellets stored overnight
at —80°C. For cell disruption, the pellet was resuspended
in buffer A containing ‘cOmplete’ protease inhibitor cock-
tail (Roche, Germany) and disrupted using a French press
cell (SLM Ainco, Spectronic Instruments, Rochester, NY,
USA) five times at 207 MPa. The DNA was fragmented to
~500 bp by sonication (Branson Sonifier 250, Branson Ul-
trasonics Corporation, CT, USA) and the supernatant was
collected after ultra-centrifugation (150 000 x g, 4°C, 1 h).
The DNA bound by the twin-Strep-tagged HrrA protein
was purified using Strep-Tactin XT Superflow column ma-
terial (IBA Lifesciences, Gottingen, Germany) according to
the supplier’s manual (applying the gravity flow protocol,
1.5 ml column volume). Washing of the column was per-
formed with buffer W (100 mM Tris-HCI, 1 mM EDTA,
150 mM NaCl, pH 8,0) and the tagged protein was eluted
with buffer E (100 mM Tris-HCI, 1 mM EDTA, 150 mM
NaCl, pH 8.0, added 50 mM D-Biotin). After purification,
1 % (w/v) sodium dodecyl sulphate was added to the elu-
tion fractions and the samples were incubated overnight at
65°C. For the digestion of protein, 400 pg/ml Proteinase
K (AppliChem GmbH, Darmstadt, Germany) was added
and incubated for 3 h at 55°C. Subsequently, the DNA was
purified as following: Roti-Phenol/Chloroform/Isoamyl al-
cohol (Carl Roth GmbH, Karlsruhe, Germany) was added
to the samples in a 1:1 ratio and the organic phase was sep-
arated using Phase Lock Gel (PLG) tubes (VWR Interna-
tional GmbH, Darmstadt, Germany) according to the sup-
plier’s manual. Afterwards, the DNA was precipitated by
adding ice-cold ethanol (to a conc. of 70 % (v/v) and cen-
trifugation at 16 000 x g, 4°C for 10 min. The DNA was
washed with ice-cold 70 % (v/v) ethanol, then dried for 3 h
at 50°C and eluted in dH»O.

ChAP-Seq — sequencing and peak discovery

The obtained DNA fragments of each sample (up to 2 ng)
were used for library preparation and indexing using the
TruSeq DNA PCR-free sample preparation kit according
to the manufacturer’s instruction, yet skipping fragmen-
tation of the DNA and omitting the DNA size selection
steps (Illumina, Chesterford, UK). The resulting libraries
were quantified using the KAPA library quant kit (Peqlab,
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Bonn, Germany) and normalized for pooling. Sequencing
of pooled libraries was performed on a MiSeq (Illumina)
using paired-end sequencing with a read-length of 2 x 150
bases. Data analysis and base calling were accomplished
with the Illumina instrument software and stored as fastq
output files. The sequencing data obtained for each sample
were imported into CLC Genomics Workbench (Version 9,
Qiagen Aarhus A/S, Aarhus, Denmark) for trimming and
base quality filtering. The output was mapped to accession
NC_003450.3 as C. glutamicum reference genome (29). Ge-
nomic coverage was convoluted with second order Gaus-
sian kernel. The kernel was truncated at 4 sigmas (that is
all Kernel values positioned further then 4 sigmas from the
center were set to zero) and expanded to the ‘expected peak
width’. The expected peak width was estimated via the fol-
lowing procedure: (i) all the peaks higher than 3-fold mean
coverage were detected. (ii) Points at which their coverage
dropped below % of the maximal peak height were found
and the distance between them was considered as a peak
width. (iii) The ‘estimated peak width’ was set equal to the
median peak width. The convolution profile was scanned in
order to find points where first derivative changes its sign
from positive to negative (Supplementary Figure S1). Each
such point was considered as a potential peak and was as-
signed with a convolution score (that is convolution with
second order Gaussian kernel centred at the peak position).
Furthermore, we explored the distribution of the convolu-
tion scores. It appeared to resemble normal distribution,
but with a heavy right tail. We assumed that this distri-
bution is indeed bimodal of normal distribution (relatively
low scores) representing ‘noise’ and a distribution of ‘sig-
nal’ (relatively high scores). We fit the Gaussian curve to
the whole distribution (via optimize.fit function from SciPy
package; hitp://www.scipy.orgl) and set a score thresholds
equal mean + 4 sigmas of the fitted distribution. Further
filtering with this threshold provided estimated FDR (false
discovery rate) of 0.004-0.013 depending on a sample. Fil-
tered peaks were normalized to allow inter-sample compar-
isons. Sum of coverages of the detected peaks was negated
from the total genomic coverage. The resulting difference
was used as normalization coefficient; that is peak intensi-
ties were divided by this coefficient.

ChAP-Seq — estimation of confidence intervals

To compare peak intensities between the samples, we as-
sessed the significance levels of the detected intensity val-
ues by an extensive in silico simulation of ChAP-seq exper-
iments along with further peak-detection analyses.

The simulation consisted of the following steps: The reads
were artificially generated from C. glutamicum genome
(NC_003450.3) with the error rate (number of nucleotide
mismatches) equal to the average error rate of the real HrrA
ChAP-seq reads (estimated from the mapping statistics).
The reads were taken from randomly selected spots in the
genome (simulation of the non-peak coverage) and from
the regions of the detected HrrA binding peaks with the
probabilities proportional to the original peak intensities.
Thus, we tried to emulate the original binding architecture.
We also added a small amount (10% of the total simulated
reads) of the sequences heavily affected by mismatches (25%

2202 #2900 0} U0 18SN ayjoljqiq[eiusz HAWD yoljenf wniuezsBunyosiod Aq £€09v8S/ LS9/ H/@r/21oHE/IeU/W00"dno"dojwapeoe//:sdny woly papeojumogq



Publications and manuscripts

119

6550 Nucleic Acids Research, 2020, Vol. 48, No. 12

mismatches for the original C. glutamicum sequences), as we
wanted to account for around 10% of the unmapped reads
in the original HrrA ChAP-seq experiments. Finally, the
simulated reads were subjected to the computational peak-
detection pipeline with the same parameters as in the orig-
inal analyses. As a result, we obtained the peak intensity
values for the detected peaks.

In total, we simulated 200 ChAP-seq samples, each con-
taining 1.14M reads (the average amount of reads in the
original samples). For each of the detected peaks we esti-
mated the variation of the reported peak intensity among
all the simulations. That is, for each peak intensity we esti-
mated 0.95 confidence interval, as a difference between 97.5
and 2.5 percentiles. We discovered a strong positive corre-
lation (0.94 Pearson) between the width of the confidence
intervals and mean intensity (Supplementary Figure S2A).
Therefore, we then normalized the width of the confidence
intervals to the mean intensity values. The normalized con-
fidence interval width (NCIW) appears to be a convenient
metric as it is similar for all peaks, weakly dependent on
their intensity. However, for the strongest peaks (peak in-
tensity > 10) the NCIW is limited by 0.2, while for the
weaker ones by 0.28 (Supplementary Figure S2B). Then we
convert NCIW upper limits to the minimum confident fold
changes by the following rule: min_fold = (I+NCIW/2)/(1-
NCIW/2). Thus, we conclude that for the stronger peaks
minimum confident fold change (P-value < 0.05) is ~1.23,
while for the weaker peaks it is ~1.33.

RNA-Seq — sample preparation

For RNA sequencing, C. glutamicum wild-type and the
AhrrA mutant strain were cultivated under the same con-
ditions as described for ChAP Sequencing. Both strains did
not contain any plasmids and, hence, were cultivated with-
out addition of antibiotics in biological duplicates. After 0
(no heme), 0.5 and 4 h, cells corresponding to an ODg of 3
in 0.1 1 were harvested in falcon tubes filled with ice by cen-
trifugation at 4°C and 5000 x g for 10 min and the pellets
were stored at —80°C. For the preparation of the RNA, the
pellets were resuspended in 800 pl RTL buffer (QIAGEN
GmbH, Hilden, Germany) and the cells disrupted by 3 x
30 s silica bead beating, 6000 rt/min (Precellys 24, VWR
International GmbH, Darmstadt, Germany). After ultra-
centrifugation (150000 x g, 4°C, 1 h), the RNA was purified
using the R Neasy Mini Kit (QIAGEN GmbH, Hilden, Ger-
many) according to the supplier’s manual. Subsequently, the
ribosomal RNA was removed by running twice the work-
flow of the Ribo-Zero rRNA Removal Kit [Bacteria] (Illu-
mina, CA, USA) in succession. Between steps, the depletion
of rRNA as well as the mRNA quality was analysed us-
ing the TapeStation 4200 (Agilent Technologies Inc, Santa
Clara, USA). After removal of rRNA, the fragmentation
of RNA, ¢cDNA strand synthesis and indexing was carried
out using the TruSeq Stranded mRNA Library Prep Kit
(Illumina, CA, USA) according to the supplier’s manual.
Afterward, the cDNA was purified using Agencourt AM-
Pure XP magnetic beads (Beckman Coulter, IN, USA). The
resulting libraries were quantified using the KAPA library
quant kit (Peqlab, Bonn, Germany) and normalized for
pooling. Pooled libraries were sequenced on a MiSeq (Illu-

mina, CA, USA) generating paired-end reads with a length
of 2 x 75 bases. Data analysis and base calling were per-
formed with the Illumina instrument software and stored as
fastq output files.

RNA-Seq — analysis

Sequencing reads quality was explored with the FastQC
(https://www.bioinformatics.babraham.ac.uk/projects/
fastqc/) tool. Since reads appeared to be of a good quality
and did not harbor significant fraction of adapters or
over-represented sequences, no pre-processing was under-
taken. Identical reads were collapsed with a custom script
in order to prevent gene levels’ misquantification caused
by PCR overamplification. Reads were mapped to the C.
glutamicum genome (NC_003450.3) with Bowtie2 (45).
Bowtie2 was run with the following parameters: bowtie2 -1
[path to the reads, 1st mate] -2 [path to the reads, 2nd mate]
-S [path to the mappings] —phred33 —sensitive-local —local
—score-min C,90 —rdg 9,5 —rfg 9,5 -a —no-unal -1 40 -X 400
—no-mixed —ignore-quals.

The reads mapped to multiple locations were split pro-
portionally between parental genes. That is, if 3 reads are
mapped to gene A and gene B, expression of gene A is 10
and expression of gene B is 5, then 2 reads will go to gene
A and 1 read to gene B. For each C. glutamicum gene (46)
we assigned an expression value equal to the average read
coverage over the gene region. These expression values were
then normalized to TPM (transcripts per million) values
(47).

Furthermore, we analyzed which genes are significantly
differentially expressed between conditions. We set combi-
natorial thresholds on normalized GEC (gene expression
change) [lexprl-expr2l/(exprl+expr2)] and MGE (mean
gene expression) [log2((exprl+expr2)/2)] where ‘exprl’ is
gene expression for the first condition and ‘expr2’ for the
second. Thresholds were set in a way to achieve maximal
sensitivity while keeping FDR < 0.05. FDR was estimated
as GECintra/(GECintra + GECinter); where GECintra is
a number of genes passed the thresholds based on intrasam-
ple GEC (that is, gene expression change between the repli-
cates for the same condition), GECinter is a number of
genes passed the thresholds based on intersample GEC
(that is, gene expression change between two different con-
ditions). Threshold function for GEC was defined as: 1 | if
MGE < C; 2**(-A*MGE) + B | if MGE > C; where A, B,
C are parameters to be adjusted. Parameters A, B, C were
adjusted with genetic algorithm optimization approach to
achieve maximal sensitivity in discovery of differentially ex-
pressed genes while keeping FDR below 0.05.

Measurement of cell-associated hemin

C. glutamicum was cultivated in 4 pM hemin as described
above (see ChAP-Seq). To measure the cell-associated heme
pool, CGXII minimal medium supplemented with 2%
(w/v) glucose and 4 pM heme was inoculated to an ODgq
of 3.5. Samples were taken 0.5, 2, 4, 9 and 24 h after addi-
tion of heme. Cells were harvested, resuspended in 100 mM
Tris—HCI (pH 8) and adjusted to an ODyggp of 100. Cells cul-
tivated in 4 wM FeSOy supplemented medium were taken

220Z 1240100 01 UO Jasn ¥ayiolqiqienusz HAwo yaljenr wnijuazsbunyosiod Aq £809Y8S//#G9/2 L/8b/al0Ile/Ieu/woo dno-ojwapeoe/:sdiy Wwolj papeojumoq



120

Publications and manuscripts

as a control and harvested at the same time points. Abso-
lute spectra of cells reduced with a spatula tip of sodium
dithionite were measured at room temperature using the
Jasco V560 with a silicon photodiode detector in combina-
tion with 5 mm light path cuvettes. Absorption values at
406 nm were normalized by subtracting the measured ab-
sorption values of Fe-cultivated cells.

Electrophoretic mobility shift assays (EMSA)

The promotor regions of HrrA target genes (100 bp) were
chosen based on the ChAP-Seq analyses and covered the
maximal HrrA peak area (for primers see Supplemen-
tary Table S2). For quantitative measurements, Cy3-labeled
oligonucleotides were used for the generation of the DNA
fragments. Before addition of the DNA, HrrA was phos-
phorylated by incubation for 60 min with MBP-HrrSAl-
248 in a ratio of 2:1 and 5 mM adenosine triphosphate.
Binding assays were performed in a total volume of 20
wl using 15 nM DNA and increasing HrrA concentra-
tions (75 and 375 nM) for the qualitative analyses and 10
nM DNA with increasing HrrA concentrations from 5—
1000 nM for quantitative analyses, respectively. The bind-
ing buffer contained 20 mM Tris-HCI (pH 7.5), 50 mM
KClL, 10 mM MgCl2, 5% (v/v) glycerol, 0.5 mM EDTA and
0.005% (w/v) Triton X-100. After incubation for 20 min at
room temperature, the reaction mixtures were loaded onto
a 10 % native polyacrylamide gel and subsequently sepa-
rated and documented using a Typhoon TrioTM scanner
(GE healthcare). The band intensities of unbound DNA
were quantified using Image Studio Lite (Licor, Bad Hom-
burg, Germany). The band intensities were normalized to
the lane containing no DNA and plotted against the HrrA
concentration in log;o scale. Apparent Ky values were cal-
culated based on at least three gels each using a sigmoidal
fit and the software GraphPad Prism &. For the sigmoidal
fit, Y=0and Y = 1 were set as top and bottom constraints.
The turning point of the curve was defined as the apparent
Ky.

TMPD oxidase assay

C. glutamicum wild-type strain and the Ahrr4 mutant were
cultivated to an ODg of 4 in CGXII minimal with or with-
out the addition of 4 wM hemin. Subsequently, cells were
disrupted in a Precellys® homogenisator (VWR Interna-
tional GmbH, Darmstadt, Germany) using zirconia/silica-
beads (@ 0.1 mm, Roth, Karlsruhe) in 100 mM Tris—HCI
(pH 7.5) buffer. Ultracentrifugation at 200 000 x g for 1
h was used for membrane isolation. The pellet was resus-
pended in 100 mM Trisx HCI buffer and the protein concen-
tration was determined using a BCA assay. The N,N,N’,N’-
Tetramethyl-p-phenylenediamine (TMPD) oxidase activity
in the membrane faction was measured spectrophotometri-
cally at 562 nm in a TECAN Reader (Thermo Fisher Scien-
tific, Massachusetts, US) by injecting 200 nM TMPD (37).
An extinction coefficient of 10.5 mM~" cm~! was used (48).
One unit of activity was defined as 1 pmol of TMPD oxi-
dized per minute. As a control for autooxidation, a sample
containing only 100 mM Tris—HCI buffer was recorded af-
ter TMPD addition and substracted from the actual rates.
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Significance was evaluated by an unpaired t-test with a 95%
confidence interval.

RESULTS
Genome-wide profiling of HrrA promoter occupancy

In previous studies, a number of direct HrrA target operons
were described in C. glutamicum and C. diphtheriae, suggest-
ing an important role of the HrrSA TCS in the control of
heme homeostasis (17-20). It has to be noted, that the mem-
brane embedded HrrS sensor kinase is also activated by en-
dogenously synthesized heme (21) and that the addition of
external heme leads to a boost of the HrrSA response. In
this study, we investigated the genome-wide binding profile
of HrrA using chromatin affinity purification of twin-Strep-
tagged HrrA combined with DNA sequencing (ChAP-Seq).
Importanty, qPCR experiments confirmed wild-type level
expression of the twin-Strep-tagged version of HrrA.

To obtain insights into the stimulus-dependent DNA as-
sociation and dissociation, C. glutamicum cells were grown
in iron-depleted glucose minimal medium, and samples
were obtained before (Ty) and 0.5, 2, 4, 9 and 24 h after the
addition of 4 wM hemin. HrrA was purified, and the bound
DNA fragments were sequenced (Figure 1A). We obtained
substantial enrichment of known HrrA targets in response
to heme (e.g. after 0.5 h: 5-fold hmu O, 54-fold hemE, 105-
fold ctaE; Figure 1B-D, respectively) and identified more
than 200 previously unknown HrrA-bound regions in the
C. glutamicum genome (Supplementary Table S3).

As expected, the highest number of peaks was identi-
fied at the first time point after the heme pulse (0.5 h),
with 199 peaks meeting our applied threshold (distance of
<800 bp to the closest downstream or <200 bp to the clos-
est upstream transcription start site (TSS)). In comparison,
only 15 peaks showed a more than 2-fold enrichment be-
fore hemin addition (T, Supplementary Table S3 and Fig-
ure S3). It has to be noted, that these 15 peaks detected at
Ty appear to be specific HrrA targets, since none of them
was detected in an input control sample. Overall, these data
illustrate the fast and transient DNA binding by HrrA in
response to heme. In general, the majority of the discov-
ered HrrA binding sites were close to TSSs (Supplementary
Figure S4). The binding of HrrA to 11 selected targets was
confirmed by electrophoretic mobility shift assays (Supple-
mentary Figure S5), and a palindromic binding motif was
deduced (Figure 2B and Supplementary Figure S6).

The HrrA binding patterns depicted in Figure 1B-D are
representative of many bound regions. Thirty minutes af-
ter the heme pulse, the average peak intensities increased
~2.5-fold in comparison to those at Ty (Figure 2A). After
2 h of cultivation in hemin, the average peak intensity is de-
clining and is, after 9 h, already below the starting level at
Ty reaching a minimum in stationary phase (24 h). This is
likely the result of the pre-cultivation and main cultivation
under iron starvation conditions leading to a lowered intra-
cellular heme pool. The dissociation of HrrA from its tar-
get promoters is, consequently, caused by rapid depletion
of heme and a switch of HrrS from kinase to phosphatase
state (23). Heme depletion was confirmed by spectroscopy
of C. glutamicum cells (Figure 2A, dashed line) and was also
obvious upon visual inspection (Supplementary Figure S7).
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Figure 1. Genome-wide profiling of HrrA binding in response to addition of external heme. (A) ChAP-Seq analysis of the Corynebacterium glutamicum
strain ATCC 13032::hrrA-C-twinstrep grown in iron-depleted glucose minimal medium before and after addition of 4 pM hemin. The experimental ap-
proach is briefly depicted: cells were harvested at the indicated time points, twin-Strep tagged HrrA was purified and co-purified DNA was sequenced to
identify HrrA genomic targets. This approach resulted in the identification of more than 200 genomic regions bound by HrrA upon addition of hemin
after 30 min. Exemplarily shown is the HrrA binding to regions upstream of operons involved in (B) the respiratory chain (ctaE), (C) heme degradation

(hmuO) and (D) heme biosynthesis (hemE).

Of all peaks, that passed our threshold, 128 were upstream
of genes encoding hypothetical proteins, while 150 could be
assigned to genes with known or predicted function (Fig-
ure 2C). Furthermore, we assessed the significance levels
of HrrA binding changes between samples from different
conditions or/and time-points. It turned out, that for the
stronger peaks (peak intensity > 10) the minimum signif-
icant fold change (P-value < 0.05) is ~1.23, while for the

weaker peaks (peak intensity < 10) it is ~1.33 (see “Materi-
als and Methods’ section).

To analyze the synchronicity in the HrrA regulon, peak
intensities were correlated over time. A relatively high cor-
relation between peak intensities for the time points 0.5, 2
and 4 h (Figure 2D) showed that the system reacted propor-
tionally for a majority of the binding sites and the strength
of HrrA binding changed in response to heme availability.
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Figure 2. ChAP-Seq analysis revealed HrrA as a global regulator of heme homeostasis in Corvnebacterium glutamicum. (A) HrrA binding in response to the
addition of hemin. The bar plot reflects the average peak intensities among detected peaks in ChAP-Seq experiments (<800 bp to the next TSS). The binding
was correlated with the amount of cell-associated hemin (dashed line), measured at corresponding time points by spectroscopy as described in ‘Materials
and Methods’ section. (B) A binding motif was deduced from the sequences of the top 25 peaks (T 5) using MEME v.5 analysis (http://meme-suite.org).
(C) Pie chart presenting HrrA targets, which can be attributed to known functional categories (total of 272 genes, among which 128 encode proteins of
unknown function, e.g. target genes within the CGP3 prophage region were excluded). For a complete overview of HrrA targets, see Supplementary Table
S3. (D) Proportional behavior of the HrrA regulon. For each peak that passed the threshold (distance of <800 bp to the closest downstream or <200 to
the closest upstream TSS) at time point A, the highest peak in the same region (50 nt from the center of the peak) was selected for time point B and vice
versa. Thus, “paired’ peaks for these two time points were obtained, and the Pearson correlation of the intensities of all paired peaks was calculated for all
six time points. (E) Peak intensities of selected HrrA targets over time, as identified by ChAP-Seq.
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Relaxation of the system was observed after 9 h where peak
intensities correlated well with Tj.

The HrrSA TCS coordi heme h is by integrat-
ing the response to oxidative stress and cell envelope remod-
eling

Our dataset confirmed the binding of HrrA to all previ-
ously known targets, including genes encoding components
of heme biosynthesis (hem E, hemH and hem A), degradation
(hmuO) and export (/irt BA) pathways and heme-containing
complexes of the respiratory chain (ctaE-qcrCAB operon
and ctaD). A comprehensive overview of all identified HrrA
targets is presented in Supplementary Table S3; selected
target genes are listed in Table 1. Among the more than
180 novel targets identified in this study, we observed HrrA
binding upstream of czaB, which encodes a protoheme IX
farnesyltransferase that catalyzes the conversion of heme b
to heme o (26) and upstream of c¢tzaC, which encodes subunit
2 of the cytochrome aas oxidase. Remarkably, HrrA bind-
ing was also observed upstream of the cydABDC operon,
which encodes the cytochrome bd oxidase of the respira-
tory chain. Altogether, this set of target genes highlights the
global role of the HrrSA system in heme-dependent coordi-
nation of both branches of the respiratory chain. The HrrA
regulon appeared to cover also the aspect of cofactor sup-
ply for the respiratory chain, as several HrrA targets encode
enzymes involved in menaquinone reduction (sdhCD, l[[dD
and dld).

Besides the known heme biosynthesis targets (hemE,
hemH and hemA), HrrA binding was also observed up-
stream of a gene (hemQ) encoding a putative dismutase-
family protein. However, in actinobacteria, it was proposed
that these proteins do not possess chlorite dismutase activ-
ity but instead are essential for heme synthesis (49). Fur-
thermore, we observed binding of HrrA upstream of the
chrSA operon encoding the second TCS involved in heme-
dependent regulation in C. glutamicum. This finding there-
fore confirmed the previously postulated cross-regulation of
these TCS at the level of transcription (24,50).

Furthermore, HrrA binding was also observed upstream
of several genes involved in the oxidative stress response,
including katA4, encoding catalase, fusG, encoding a tre-
halose uptake system (51), and upstream of gaupA and gapB
(glyceraldehyde-3-phosphate dehydrogenase, glycolytic and
gluconeogenetic, respectively) (52,53). In line with these
findings, the phenotypic analysis of a C. glutamicum hrrA
mutant revealed a significantly higher sensitivity to oxida-
tive stress (treatment with H,O-) in comparison to the wild-
type (Supplementary Figure S8). These findings suggest
that the HrrSA system not only controls heme biosynthesis
and degradation but also integrates the response to heme-
induced oxidative stress.

A further important class of HrrA targets is represented
by genes associated with the regulation or maintenance
of the C. glutamicum cell envelope. The gene products of
these previously unknown HrrA targets are, for instance,
involved in the synthesis of peptidoglycan (murA), the pep-
tidoglycan precursor meso-2,6-diaminopimelate (mDAP),
inositol-derived lipids (inol) and arabinogalactan (aftC).
Furthermore, HrrA binding was revealed upstream of a

number of genes encoding global transcriptional regulators
(e.g. ramA, ramB and amtR), adding a further level of com-
plexity to this systemic response to heme.

Temporal dynamics of promoter occupancy reveal hierarchy
in the HrrA regulon

‘With the time-resolved and genome-wide analysis of HrrA
binding, we were also able to visualize distinct binding pat-
terns of HrrA in response to addition and depletion of
heme. Consequently, we asked whether the binding patterns
(ChAP-Seq coverage) could provide information regarding
the apparent dissociation constant (Ky) of HrrA to specific
genomic targets. We compared the in vivo binding patterns
of HrrA to ctaE, hmuO and cydAB (Figure 1, 2E and Sup-
plementary Table S3). While a comparably high peak was
observed upstream of the cta E promoter—even before the
addition of heme (Tj)—the binding of HrrA to the pro-
moter of imuO occurred with apparently high stimulus de-
pendency and appeared to be rather transient, as HrrA was
fully dissociated from this promoter 9 h after the addition
of hemin (Figure 1B and C).

Subsequently, we determined the in vitro affinity of phos-
phorylated HrrA to the promoter regions of ctaE, cydAB
and hmuO (Table 2 and Supplementary Figure S9). Con-
sistent with the ChAP-Seq data, we measured the highest
affinity of HrrA to P,,gwith an apparent Ky of 125 nM. We
therefore hypothesize that the czaE promoter is a prime tar-
get that is constitutively activated by HrrA (Supplementary
Table S3) to maintain high gene expression of the operon en-
coding the bcj—aas supercomplex. In line with this hypoth-
esis, we also found a high HrrA binding peak upstream of
the other operons encoding components of the bcj—aas su-
percomplex (czaD and ctaCF, Table 1 and Supplementary
Table S3).

In contrast, we measured an almost 3-fold higher appar-
ent Ky (350 nM) for P45, which was consistent with the
relatively transient binding pattern observed for this target.
With an apparent Ky of 196 nM, the in vitro binding affin-
ity of HrrA to the muO promoter was rather high con-
sidering the genomic coverage measured in the ChAP-Seq
analysis. However, in vitro analysis does not account for the
widespread interference among regulatory networks in vivo.
In the particular example of hmuO, the pattern of HrrA
binding was likely the result of interference with the global
regulator of iron homeostasis, DtxR, which has previously
been described to repress imuO expression by binding to
adjacent sites (54). Taken together, these results suggest that
in vivo promoter occupancy is not only influenced by the
binding affinity of the regulator to the particular target,
but also significantly shaped by network interference. Con-
sequently, high in vive promoter occupancy indicates high
binding affinity, but conclusions based on weakly bound re-
gions may be confounded by competition with other bind-
ing factors.

HirrA activates the expression of genes encoding components
of both branches of the quinol oxidation pathway

To evaluate how HrrA binding affects the expression of in-
dividual target genes, we analyzed the transcriptome (RNA-
Seq) of the C. glutamicum wild-type strain (ATCC 13032) as

2202 4890100 0 UO Jasn 3aujoljqiq eiusz Hqws) yolang wniuszsbunyosiod Aq £809¥8G//¥S9/Z L/8F/eIo1e/IBU WO dno-olWwapeoe//:sdly WOl papeojumod



124 Publications and manuscripts

Nucleic Acids Research, 2020, Vol. 48, No. 12 6555

Table 1. Selected target genes of HrrA

loga(AhrrAfwt)® loga(AhrrA/wt)®

Locus tag Gene name Annotation Dist. TSS* Peak intensity” TO5h T4h

Heme homeostasis/metabolism

cg2445 hmuO Heme oxygenase 43 5.4 -3.1 —3.8

cg0516 hemE ‘Uroporphyrinogen decarboxylase 17 54 31 2:2;

c20497 hemA Glutamyl-tRNA reductase —162 13 0.7 1.0

cg0517 hemY Protoporphyrinogen oxidase 429 3.0 2.8 1.6

cg2079 hemQ Putative chlorite dismutase-family 19 2.8 1.8
protein, conserved

cg3156 htaD Secreted heme transport-associated — 108 15 —03 L
protein

cgl734 hemH Ferrochelatase 21 41 4.0 22

cg3247 hrrA Heme-dependent response regulator 108 3.7 n.d n.d

¢g2201 chrS Heme-dependent histidine kinase (chrSA 32 2.5 —0.4 1.3
operon)

cg2202 hrtB Heme exporter (/irtBA operon) 78 25 1.0 43

Respiratory chain

cg2406 ctaE Cytochrome aa; oxidase, subunit 3 307 105 -7 —0.8

cg2780 ctaD Cytochrome aa; oxidase, subunit 1 197 36 -1 -09

cgl301 cydA Cytochrome bd oxidase 192 11 -0.7 -26

cg2409 ctaC Cytochrome aa3 oxidase, subunit 2 47 22 -1.4 -1.0

cgl773 ctaB Protoheme IX farnesyltransferase 667 7.9 0.4 -14

cg0445 sdhC i i idored 83 38 -1.7 -1.6
cytochrome b subunit

€g3226 L-lactate permease, operon with /ldD 533 5.5 -17 0.9

Glucose uptake

cg2121 ptsH Phosphocarrier protein HPr, general —70 21 ) —03
component of PTS

cgl537 pisG Glucose-specific EIIABC component 70 1.6 -1 -0.1
EIIGIc of PTS

cg2091 peG Polyphosphate glucokinase 199 266 0.2 ~0.8

cg0223 iolTl Myo-Inositol transporter 1, alternative 73 2.0 —1.0 -0.7
glucose uptake system

Signal transduction

cg0986 amtR Master regulator of nitrogen control, 366 1.8 0.3 0.1
repressor, TetR-family

Cg2461 benR Transcriptional regulator, LuxR-family 229 5.6 —0.1 -12

cg2761 cpdA ¢AMP phosphodiesterase 309 4.2 0.4 -0.5

cg0309 sigC Extracytoplasmid-function o factor, 29 19 2.1 0.6
control of branched quinol oxidation
pathway

cg0444 ramB Transcriptional regulator, involved in 83 38 -0.7 —0.6
acetate metabolism

cg2831 ramA Transcriptional regulator, acetate —10 2.1 -0.5 0.6
metabolism, LuxR-family

Oxidative stress

cg0310 katA Catalase 132 19 -0.7 -12

cg0831 tusG Trehalose uptake system, ABC-type, -30 1.8 0.0 -02
permease protein

cgl791 gapA Glyceraldehyde-3-phos. dehydrogenase, 86 3.9 -0.3 —-04
glycolysis

cgl069 gapB Glyceraldehyde-3-phos. dehydrogenase, 175 2.4 1.6 —0.1
gluconeogenesis

Cell envelope

cg2077 aftC arabinofuranosyltransferase 271 3.0 -03 -02

cg3323 inol D-myo-inositol-1-phosphate synthase _46 42 1.7 0.6

cg0337 wheA ‘WhiB homolog, role in SigH-mediated =21 2.1 -0.5 -0.7
oxidative stress response

cg0306 IysC Aspartate kinase 32 13 0.7 0.1

cg0422 murA 'UDP-N-acetylenolpyruvoylglucosamine 591 3:5: -0.3 —0.1
reductase

“Distance of the HrrA binding peak., identified via ChAP-Seq, to the start codon (TSS).

bThe corresponding peak intensity.

Relative ratio of the transcript levels of the AhrrA deletion mutant compared to the wild-type (log, fold change). The values are derived from a comparison between the two strains
0.5 and 4 h after hemin addition. The log(A/rrA/wt) value for was not determined for the deleted /irrA4 gene (n.d.).

This table summarizes results from the HrrA ChAP-Seq analysis of the C. glutamicum strain ATCC 13032::hrrA-C-twinstrep and the transcriptome analysis of C. ghetamicum wild-
type and strain AhrrA (complete datasets are provided in Supplementary Tables S3 and 4, respectively). For both experiments, cells were grown on glucose minimal medium and 4
M heme (see ‘Materials and Methods’ section).
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Table 2. Apparent K4 values of HrrA to the promoters of hmuO, ctaE, sigC and cydA

Apparent Ky value

95% confidence Peak intensity after hemin

Promoter Function (nM) interval (nM) R2 addition (ChAP-Seq)
Pimuo Heme oxygenase 196 182-212 0.95 10
Poar Cytochrome aaz oxidase 125 117-132 0.97 53
Pisc ECF sigma factor o€ 271 247-299 0.96 25
Peyaa Cytochrome bd oxidase 350 318-386 0.96 18

The affinity of phosphorylated HrrA to the indicated regions was measured using purified protein in increasing concentrations and its ability to shift 10
nM DNA fragments of ~100 bp size covering the maximal ChAP-Seq peak (for detailed information, see Supplementary Figure S9).

well as a AhrrA mutant (Supplementary Table S4). Analo-
gous to the ChAP-Seq experiments, RNA-Seq analysis was
performed prior to the addition of heme (Ty) as well as 0.5
and 4 h after the heme pulse (in medium containing no other
iron source). The RNA-Seq analysis was performed in two
independent biological replicates (for inter-replicate varia-
tion, see Supplementary Table S5).

At Ty, before the addition of heme, already 212 genes
showed a more that 2-fold altered expression level in AhrrA
cells compared to wild-type cells (A/rrA/wt). Directly af-
ter the addition of heme (0.5 h), the expression of 309 genes
changed more than 2-fold. (Supplementary Table S4 and
Figure 3A, orange dots). Of these genes, 174 were upreg-
ulated and 135 were downregulated in the /rr4 deletion
strain. Four hours after addition of heme, only 167 genes
exhibited a >2-fold increase or decrease (scatter plots for
additional time points are presented in Supplementary Fig-
ure S10).

The /rrA expression decreased after 0.5 h upon the addi-
tion of heme, which was likely caused by DtxR repression
in response to increased intracellular iron levels (Figure 3B)
(24). In contrast, after 4 h of cultivation, sirr4 levels signifi-
cantly increased, reflecting the depletion of heme as an alter-
native iron source and dissociation of DtxR. Furthermore,
differential gene expression analysis revealed HrrA to be an
activator of all genes encoding components of the respira-
tory chain (ctaE, ctaD, ctaF and cydAB) and as a repressor
of heme biosynthesis (hemA, hemE and hemH ) (Figure 3C).
The impact on the cytochrome bc¢j—aa3 supercomplex was
also confirmed by measuring the activity of the aas oxidase,
which was about 2-fold reduced in a hrr4A mutant in com-
parison to the wild-type when grown on heme (Figure 3D).
Additionally, expression of /ldD (L-lactate dehydrogenase)
as well as sdhCD (succinate dehydrogenase) contributing to
the reduced menaquinone pool was downregulated more
than 3-fold upon deletion of hrrA. In addition to these con-
siderable differences between the wild-type and the AhrrA
mutant, we also observed decreased mRNA levels of genes
involved in the oxidative stress response (e.g. katA) or cell
envelope remodeling (e.g. murA) in the Ahrr4 mutant, sug-
gesting HrrA to be an activator of these targets.

In some cases, promoter occupancy by HrrA did not re-
sult in altered expression levels of the particular target gene
in a AhrrA mutant under the tested conditions (Table 1 and
Supplementary Table S3). This finding is, however, not sur-
prising considering the multiplicity of signals and regulators
affecting gene expression. Under changing environmental
conditions, transcription factor binding will not necessar-
ily always be translated in an altered gene expression of the

respective target. When we compare the results obtained
from RNA-Seq and ChAP-Seq analysis, 269 genes out of
309 genes featuring an >2-fold change in gene expression
did not show HrrA binding in their upstream promoter re-
gion. Looking at all HrrA targets (ChAP-Seq analysis) on
a global scale, there is, nevertheless, a significantly higher
impact on gene expression in a strain lacking hrrA for all
targets bound by HrrA in comparison to non-targets (un-
bound, Supplementary Figure S11). Overall, 109 out of 228
HrrA targets featured a significantly altered gene expression
in the iirrA mutant (64 increased and 55 decreased).

HrrA determines the prioritization of terminal cytochrome
oxidases by repression of sigC

The results from ChAP-Seq and RNA-Seq experiments
highlight the important role of HrrA in the control of the
respiratory chain, including cofactor supply. Our data re-
vealed that HrrA activates the expression of genes encoding
the cytochrome bey-aa; supercomplex (cta E-qer CAB, ctaD,
ctaCF) and of ¢ydAB, encoding the cytochrome bd branch
of the respiratory chain (Figure 4 and Supplementary Table
S3). Remarkably, the mRNA profiles of the corresponding
operons exhibited significantly delayed activation of cyd4B
in response to heme, which was abolished in the A/rr4 mu-
tant (Figure 4). In contrast, ctaE expression was signifi-
cantly higher in wild-type cells, even before hemin addition
(Ty), but showed a further induction after stimulus addition
(T 0.5 h, Supplementary Table S4). Notably, we also ob-
served binding of HrrA upstream of sigC, encoding an ECF
sigma factor that was shown to be involved in the activation
of the cydABDC operon (35). The mRNA level of sigC in-
creased more than 2-fold in the Ahrr4 mutant, indicating
HrrA to be a repressor of this gene (Figure 4). Consistent
with this hypothesis, sigC expression was slightly decreased
in response to the addition of heme, which correlated with
increased HrrA peak intensity (Figure 4F). Additionally,
the higher cydAB expression, observed in the AhrrA strain
before addition of stimulus (Figure 4B) is likely the effect
of increased sigC expression (Figure 4C). Dissociation of
HirA from Py,c at a later time point (4 h after heme pulse)
led to derepression of sigC coinciding with an increased ex-
pression of ¢cydAB in the wild-type. Because cydAB levels
were constitutively low in the Akrr4 mutant in response
to heme, we hypothesized that activation by HrrA together
with an additional boost by SigC (Figure 5) leads to delayed
activation of cydAB after the heme pulse. This regulation
enables cells to channel most of the available heme pool
into the more efficient cytochrome bc¢j—aa; supercomplex.
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Figure 3. Differential gene expression analysis of wild-type Corynebacterium glutamicum and a AhrrA mutant. (A) Differential gene expression analysis
(RNA-Seq) revealed 120 upregulated and 154 downregulated genes in the /irr4 deletion strain compared to the wild-type (in transcripts per million, TPM)
after 30 min of cultivation in iron-depleted glucose minimal medium containing 4 uM heme. (B) Expression levels of hirr4 (TPM) 0, 0.5 and 4 h after the
addition of hemin. A scheme depicts HrrA autoregulation and iron-dependent DtxR repression (24). (C) Impact of /rrA deletion on the transcript levels of
six selected target genes at three different time points (0, 0.5, 4 h; orange: HrrA acts as a repressor, turquoise: HrrA acts as an activator). (D) Measurement
of cytochrome aay oxidase activity using the TMPD oxidase assay in C. glutamicum wild-type and AhrrA grown with or without 4 p.M heme.

The lower apparent Ky of HrrA for the ctaE promoter (125
nM) compared to P45 (350 nM) or Pgge (270 M) also
reflects this prioritization of HrrA targets (Table 2). Conse-
quently, this almost 3-fold decrease in affinity (apparent Ky)
increases the threshold for HrrSA activity to control these
targets.

HrrA activates PTS-dependent and -independent glucose up-
take

Besides the activation of all components constituting the
respiratory chain, ChAP-Seq experiments and transcrip-
tome analysis revealed HrrA as a direct activator of genes
encoding components of the phosphotransferase (PTS) sys-
tem (ptsH and ptsG) and of iolTI encoding inositol perme-
ase with a reported function as a PTS-independent glucose
uptake system (55). Remarkably, the gene ppgK, encoding
the polyphosphate glucokinase was among the targets with
the highest HrrA peak and showed reduced expression in
the 4 h sample (Table I and Supplementary Table S4). These
results emphasize that cellular respiration and glucose up-
take is coordinated via the HrrSA system in response to cel-
lular heme levels.

DISCUSSION

In this work, we applied a genome-wide approach to study
the ‘heme-responsive regulator’ HrrA in C. glutamicum and
identified more than 200 genomic target regions of this
response regulator. This intriguingly diverse set of target
genes, encoding enzymes involved in heme biosynthesis,
heme-containing proteins and components of the respira-
tory chain as well as proteins involved in oxidative stress re-
sponse, glucose uptake and cell envelope remodeling, pro-

vided unprecedented insight into the systemic response to
heme coordinated by the TCS HrrSA.

In Gram-positive bacteria, TCSs appear to play a central
role in transient heme sensing, and heme-responsive sys-
tems have been described in several prominent pathogens,
including C. diphtheriae, S. aureus and B. anthracis (15—
18). However, for all prokaryotic heme regulatory systems,
only a small number of target genes have been described
to date, focusing on targets involved in degradation (imuO
(18,56)), heme export (ArtBA (19,57)) or heme biosynthesis
(hemA (18,20)). Systems orthologous to HrrSA are present
in almost all corynebacterial species and the high amino
acid sequence identity shared by the response regulators
(87%, between C. glutamicum and C. diphtheriae HrrA)
suggests that the important role of HrrSA in the control
of heme homeostasis is conserved. In many corynebacte-
ria, including C. diphtheriae, control of heme homeostasis
is shaped by the tight interplay of HrrSA with a second
heme-dependent system, ChrSA. While the present study
emphasized that HrrSA governs a large and complex home-
ostatic response, the only known target of the response reg-
ulator ChrA in C. glutamicum is the divergently located
operon hrtBA encoding a heme export system. There is,
however, also evidence for a cross-regulation between the
TCSs, not only by cross-phosphorylation but also on the
transcriptional level (23,24). In C. diphtheria, evidence for
more overlap between the regulons of the TCSs has been
provided, since both response regulators were shown to con-
trol a common set of target genes including /rtBA, hemA
and hmuO (20,58). Genome-wide analysis of these sys-
tems have, however, not been performed so far and in vitro
protein-DNA interaction studies may not necessarily re-
flect the in vivo promoter preferences of these highly similar
systems.

2202 1940100 01 U0 J8sh Yau1olqiqIenusz HAWs yaldnr wniusezsbunyssiod A £809¥85/L7S9/2 /81 a101e leu/w oo dno dlwapese/:sdny Wwoly papeojumod



Publications and manuscripts 127
6558 Nucleic Acids Research, 2020, Vol. 48, No. 12
A B Genomic position (bp) C
2325500 2326000 2326500 2327000 1202000 1203000 1204000 1205000 273500 273700 273900 274100
ctaE ctaF cydA cg1302 sigC
100| 10| 17.
125 o
60 4 75 Ed
25
- -~ : P
2 I
o ‘G 100f 10| 175
] qc, 125 o
a 2 e 6 «n
23 ;; z
] _:é 20 2 00
Q o
Q- 100 10| 175
125
.
6
60) 75 =
20 i 2 L 23 ‘4‘
o ol 0.0
coverage in wt 6000 2000
400 / .
200 200¢ 000 o
o - o e = o -
& -20000f . 2000/ 1000
(@ -40000 coverage in AhrrA -~ 000
9]
o 3 6000 2000
73 s
0 I g —
; 3 20000] 2000] 1000 =
o ‘(_—B 40000 6000 2000
2 20009 2000 ~
9 — ] o
20000 | 2000 1000 =
40000 6000 2000
D ctaE E cydA F sigC
- HrrA bindi mRNA level . mMRNA level
'§1uo . £ rri ,.'" ing wt _ 4‘220 HrrA binding AhrrA _
g mRNA level  |a00 u%m ~ A 40 = S 120 &
E 5 E
£ 89 bindin N\ " ':_‘ € g / = E’ 100 —
£ indii £ s =
% o / g N 300% x . / b 3 X 80 3
L mRNA level -\, _—- g mRNAlevel N\ [T & <
3 AhrrA N F 2 4 AhrrA 0WZ s MRNA level 2
g 20) 3 |100 € g € g wt 0 E
o 0.5‘ 2 4 0 0.5 . 2 4 0 0.5 . 2
Time (h) Time (h) Time (h)

Figure 4. HrrA prioritizes the expression of genes encoding components of the b¢j—aas supercomplex. Depicted are HrrA binding peaks as identified by
ChAP-Seq analysis (Figures I and 2) in comparison to the normalized coverage of RNA-Seq results (wild-type and the A/rr4 mutant) for the genomic loci

of ctaE (A and D), sigC (B and E) and cydA4 (C and F). D-F: HrrA binding (max. peak intensities measured by ChAP-Seq experiments) and the mRNA
levels (in transcripts per million, TPM) of the respective genes in the AhrrA strain as well as in wild-type Corynebacterium glutamicum cells 0, 0.5 and 4 h

after the addition of hemin.

Coping with heme stress

While being an essential cofactor for many proteins, heme
causes severe toxicity to cells at high levels (4). In mam-
malian cells, the BACHI1 regulator is inactivated by heme
binding and plays a key role in maintaining the balance of
the cellular heme pool (8,59). Heme oxygenases are targets
of various heme-dependent regulators (18,60-61), and con-
sistent with this principle, the mammalian HMOXI gene,
encoding an NADPH-dependent oxygenase, is regulated by
BACHI (59). Other identified BACH] targets are involved
in redox regulation, the cell cycle, and apoptosis as well as
subcellular transport processes (9,62-63).

Although neither the regulator nor the constitution of the
regulon is conserved, the responses of BACHI and HrrSA
share a similar logic. Analogous to eukaryotic BACHI, we

observed HrrA-mediated activation of genes involved in the
oxidative stress response, including kat A4, which appears to
be required to counteract oxidative stress caused by elevated
heme levels (Supplementary Figure S8).

Remarkably, HrrA binding was also observed upstream
of both gapA and gapB, which encode glyceraldehyde-3-
phosphate dehydrogenases (GapDHs) involved in glycol-
ysis and gluconeogenesis, respectively. Previous studies in
baker’s yeast and mammalian cells have revealed that ox-
idative stress may block glycolysis by inhibiting GapDH
(53,64). Furthermore, GapDH of C. diphtheriae was re-
cently shown to be redox-controlled by S-mycothiolation
(65). Slight activation of gapA4 by HrrA may thus counter-
act an impaired glycolytic flux under conditions of heme
stress.
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Figure 5. Model of heme-responsive control of components of the respiratory chain by HrrSA. The results of this study reveal HrrSA as a global regulator
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important sigma factor required for cydAB expression. This regulatory network architecture consequently confers prioritization to the synthesis of the
more efficient proton pump, the cytochrome bej—aas supercomplex. Bordered boxes, b, ¢, a, d: heme b, heme ¢, heme a, heme d.

Furthermore, several HrrA targets play a role in the
biosynthesis and remodeling of the corynebacterial cell en-
velope, including inol, which is required for the synthesis
of inositol-derived lipids (66), lysC, providing the peptido-
glycan precursor meso-2,6-diaminopimelate (mDAP) and
murA (Table 1). Taken together, these insights emphasize
the important role of the HrrSA system in the control of
heme stress responses.

From networks to function

Genome-wide analysis of regulatory networks may provide
important hints toward the physiological function of genes.
An example is provided by the HrrA-dependent regulation
of ¢g2079 (hemQ), described in this study (Table 1). In acti-
nobacteria, it was recently proposed that these proteins in-
herit an essential role in heme biosynthesis (49,67). The
finding that HrrA binds to the promoter of this gene and
represses its expression supports a role of HemQ in heme
biosynthesis in C. glutamicum. Among the direct targets of
HrrA are many further targets encoding proteins of un-
known function, including several ABC transport systems
with a potential role in heme uptake or export. Therefore,
this dataset provides guidance for further functional anal-
ysis of these HrrA targets to decipher their role in heme
homeostasis.

Coordinated control of the respiratory chain

Among the most significantly affected targets in the Ahrr4
mutant were many genes encoding components of the res-
piratory chain (26). These genes comprise all the genes con-
stituting the cytochrome bcj-aas branch of the respiratory
chain (ctaE-gcrCAB, ctaCF and ctaD) (68); genes encod-
ing the cytochrome bd branch (cydAB (26)); ctaA (69) and
ctaB (70), encoding enzymes responsible for heme a synthe-
sis; and /ldD and did, encoding lactate dehydrogenases that
contribute to the reduced menaquinone pool (26) (Figure 4;
Supplementary Figure S12 and Table S3).

In a recent study, Toyoda and Inui described the ECF
sigma factor o€ to be an important regulator of both
branches of the C. glutamicum respiratory chain. The ctaE-
qerCAB operon was shown to be significantly downregu-
lated after o€ overexpression due to binding of the sigma
factor to the antisense strand of the promoter (35). Here,
we demonstrated that this repression is counteracted by
HrrA, which not only represses sigC but also activates ctaE-
gcrCAB expression. While the two proteins have antagonis-
tic effects on the expression of the supercomplex, both o©
and HrrA positively regulate the cyd operon, encoding the
cytochrome bd branch of the respiratory chain (Figure 5).

Interestingly, a hierarchy in the regulon was reflected by
the differences in the apparent Ky values of HrrA with Py
and Pyigc, which were 2-fold lower than those with the pro-
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moter of ctaE. These findings were also consistent with the
ChAP-Seq experiments, where the peaks upstream of ctzaE
and ctaD were among the highest peaks at Ty and after 0.5
h (Figure 4A). These data suggest that under conditions of
sufficient heme supply, production of the cytochrome bc;—
aas supercomplex is preferred, which is highly effective but
requires the incorporation of six heme molecules (in con-
trast to only three molecules for the synthesis of the hd ox-
idase). Repression of sigC by HrrA and the relatively low
affinity to the ¢ydAB promoter results in delayed produc-
tion of the bd branch. Under the applied aerobic conditions,
available heme is thus first channeled to the cytochrome
bei—aaz supercomplex before the cytochrome bd oxidase is
used, which is less efficient but has a higher oxygen affin-
ity. Remarkably, HrrA was also found to activate expression
of genes involved in PTS-dependent (pzsH and ptsG) and -
independent (io/T1) glucose uptake thereby ensuring a high
glucose uptake rate under conditions of active cellular res-
piration.

Interference with other regulatory networks

Deletion of the hrr4 gene led to more than 2-fold upregula-
tion of 174 genes, while 135 genes were downregulated after
the addition of heme. Several other genes were significantly
affected but to a lesser extent. Remarkably, among the di-
rect target genes controlled by HrrA, we identified several
prominent global regulators, including the regulators of ac-
etate metabolism ramA and ramB (71,72), and amtR encod-
ing the master regulator of nitrogen control (73). Further-
more, cpdA encoding a cAMP phosphodiesterase playing
a key role in the control of cellular cAMP levels in C. glu-
tamicum (74) was found to be under direct control of HrrA.
These examples illustrate the profound influence of HrrA
on cellular networks and the systemic response cells have
programmed to respond to heme availability.

CONCLUSION

Genome-wide analyses of targets controlled by prokaryotic
transcription factors will change our view on many systems
we believe to know. In this study, we provide an unprece-
dented insight into the systemic response to heme coordi-
nated by the TCS HrrSA. Given the many properties of this
molecule, the complexity of this response is actually not sur-
prising but paves the way for further functional analysis of
HrrA targets with so far unknown functions in heme home-
ostasis.
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A pseudokinase version of the
histidine kinase ChrS promotes
high heme tolerance of
Corynebacterium glutamicum

Aileen Kriger and Julia Frunzke*

Forschungszentrum Jalich GmbH, Institute for Bio- and Geosciences 1, Julich, Germany

Heme is an essential cofactor for almost all living cells by acting as prosthetic
group for various proteins or serving as alternative iron source. However,
elevated levels are highly toxic for cells. Several corynebacterial species
employ two paralogous, heme-responsive two-component systems (TCS),
ChrSA and HrrSA, to cope with heme stress and to maintain intracellular heme
homeostasis. Significant cross-talk at the level of phosphorylation between
these systems was previously demonstrated. In this study, we have performed
a laboratory evolution experiment to adapt Corynebacterium glutamicum to
increasing heme levels. Isolated strains showed a highly increased tolerance
to heme growing at concentrations of up to 100 wM. The strain featuring
the highest heme tolerance harbored a frameshift mutation in the catalytical
and ATPase-domain (CA-domain) of the chrS gene, converting it into
a catalytically-inactive pseudokinase (ChrS_CA-fs). Reintroduction of the
respective mutation in the parental C. glutamicum strain confirmed high heme
tolerance and showed a drastic upregulation of hrtBA encoding a heme export
system, conserved in Firmicutes and Actinobacteria. The strain encoding the
ChrS pseudokinase variant showed significantly higher heme tolerance than
a strain lacking chrS. Mutational analysis revealed that induction of hArtBA in
the evolved strain is solely mediated via the cross-phosphorylation of the
response regulator (RR) ChrA by the kinase HrrS and BACTH assays revealed
the formation of heterodimers between HrrS and ChrS. Overall, our results
emphasize an important role of the ChrS pseudokinase in high heme tolerance
of the evolved C. glutamicum and demonstrate the promiscuity in heme-
dependent signaling of the paralogous two-component systems facilitating
fast adaptation to changing environmental conditions.

adaptive laboratory evolution (ALE), heme, pseudokinase, two-component system
(TCS), histidine kinase, CA-domain
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Introduction

Heme constitutes 95% of functional iron in the human
body and is a key molecule for almost all living cells
(Ponka, 1999; Andrews et al, 2003) acting as cofactor for
many important proteins, including cytochromes, hydroxylases,
catalases, peroxidases (Ajioka et al, 2006; Layer et al,
2010), and serving as alternative iron source (Anzaldi and
Skaar, 2010). Nevertheless, elevated levels of this iron-bound
protoporphyrin are highly cytotoxic. While this toxicity partially
originates from the redox-active iron, causing the formation
of reactive oxygen species (Kumar and Bandyopadhyay,
2005), a not yet unraveled porphyrin-related toxicity is
furthermore suggested (Stojiljkovic et al,, 1999). Consequently,
organisms have evolved sophisticated mechanisms ensuring
heme homeostasis (Padmanaban et al., 1989; Anzaldi and Skaar,
2010). Among those, systems enhancing heme tolerance play
an important role in both pathogenic and non-pathogenic
prokaryotes. Known strategies include mechanisms of (i)
heme sequestration (e.g, HemS of Yersinia enteroliticia
Stojiljkovic and Hantke, 1994), (ii) heme degradation (e.g.,
IsdG of Bacillus anthracis Skaar et al, 2006), and (iii)
heme export by the HrtBA system (Stauff and Skaar, 2009b;
Heyer et al, 2012; Nakamura et al, 2022). The heme-
dedicated ATP-binding cassette efflux pump HrtBA is a highly
conserved system and predominantly found in Firmicutes
and Actinobacteria (Kriiger et al, 2022). Recent structural
studies shed light on the mechanism HrtBA employs to
sequester and extrude heme from the cytoplasmic membrane
(Nakamura et al., 2022).

In Gram-positive bacteria, two-component systems (TCS)
play a predominant role in the regulation of heme homeostasis
(Bibb et al., 2007; Stauft and Skaar, 2009a; Hentschel et al., 2014;
Keppel et al,, 2019; Kriiger et al,, 2022). The prototypical TCS
consists of a membrane-bound histidine kinase (HK), which
undergoes autophosphorlyation at a conserved histidine residue
upon stimulus perception. Subsequently, the phosphoryl group
is transferred to a conserved aspartate residue of a cytoplasmic
response regulator (RR) resulting in an appropriate output,
eg., altering gene expression (Stock et al., 2000; Mascher et al,,
2006; Laub and Goulian, 2007). HKs may be composed of
multiple domains with a significant architectural diversity, but
typically consist of an N-terminal transmembrane domain and
a C-terminal transmitter domain. The transmitter domain can
be split up in the dimerization and histidine phosphotransfer
(DHp) domain and the catalytical and ATPase (CA) domain
(Dutta et al, 1999; Gao and Stock, 2009). The CA-domain
comprises four sequence motifs, including N, G1, E and G2
boxes, which bind ATP in a pocket using an ATP lid and are
consequently necessary for the autophosphorylation reaction
2001; Wolanin et al, 2002). The DHp-
the H box motif harboring the conserved
which is phosphorylated upon stimulus

(Kim and Forst,
domain possesses
histidine residue
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perception (Dutta et al, 1999), as well as the X box, which
is required for dimerization. The DHp- and CA-domain
are connected via a flexible linker, which probably also
supports keeping the RR in place during the phosphotransfer
reaction (Casino et al, 2009). Many HKs are bifunctional
possessing also a phosphatase motif and subsequently acting
both as kinase and phosphatase for the RR (Perego and
Hoch, 1996; Laub and Goulian, 2007; Hentschel et al., 2014).
Furthermore, also catalytically inactive variants of kinases have
been identified, referred to as pseudokinases, that can act as
important signaling modulators by various mechanisms (Raju
and Shaw, 2015; Kung and Jura, 2019; Kwon et al, 2019;
Mace and Murphy, 2021).

Gene duplication events facilitate the evolution of TCS
signaling enabling the integration of new input signals and
diversification of the gene regulatory network. Members of
the Corynebacteriaceae family, including the Gram-positive
soil bacterium Corynebacterium glutamicum, represent an
interesting example of a recent gene duplication event, encoding
two paralogous two-component systems that both respond
to the multifaceted molecule heme (Figure 1). After sensing
heme availability via intramembrane interaction (Ito et al,
2009; Keppel et al, 2018), the TCS ChrSA acts as an
activator of the hrtBA operon encoding the heme export
, 2012). In contrast, the paralogous
TCS HrrSA is a global regulator of heme homeostasis
controlling more than 200 genomic targets including inter
alia genes involved in heme biosynthesis, respiration as well

system (Heyer et a

as hmuO, encoding heme oxygenase (Keppel et al, 2020).
Strikingly, a high level of cross-phosphorylation between the
systems was observed (Keppel et al,, 2019), while phosphatase
activity of these HKs remains specific to their cognate RR
(Hentschel et al., 2014).

In this study, we addressed the question how this underlying
signaling cascade consisting of two paralogous TCSs facilitates
fast adaptation to high heme levels, such as encountered
by pathogenic species in the mammalian host, using the
non-pathogenic C. glutamicum as a model. Understanding
the mechanisms underlying microbial heme tolerance are
not only important for the control of bacterial infections
but also of biotechnological relevance for the engineering
of a microbial production host demanding high product
tolerance (Ko et al, 2021). Adaptive laboratory evolution
(ALE) of C. glutamicum to increased heme levels resulted
in the isolation of highly heme-tolerant clones bearing
mutations in the CA-domain of ChrS. The Ccatalytically
inactive ChrS pseudokinase was shown to be required for
the efficient activation of ChrA via the paralogous HK
HrrS. Overall, this study demonstrated the potential of
this ALE approach to provide new mechanistic insights in
heme-dependent signaling and highlights the flexibility of
paralogous TCS signaling facilitating the fast adaptation to
enhanced heme levels.
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Interaction between the two heme-responsive two-component systems (TCS) ChrSA and HrrSA in Corynebacterium glutamicum. The
simplified schematic representation shows the interaction of the two TCS ChrSA (orange) and HrrSA (blue) and each one representative target
gene. ChrSA is solely responsible for the detoxification from heme via activating the hrtBA operon and autoregulates its own expression (Heyer
et al, 2012). The HrrSA system was recently shown to act as regulator for heme homeostasis, controlling hmuO as well as more than 200
further genes involved in heme biosynthesis, respiratory chain, oxidative stress, or cell envelope remodeling (Keppel et al., 2020). The histidine
kinases ChrS as well as HrrS undergo autophosphorylation in response to heme, activating the respective response regulator ChrA and HrrA.
Cross-phosphorylation of the non-cognate response regulator has been demonstrated, while the phosphatase activity remains specific for the

respective cognate response regulator (Hentschel et al., 2014).

Materials and methods
Bacterial strains and growth conditions

Bacterial strains used in this study are listed in
Supplementary Table 1. For standard cultivation,
C. glutamicum cells ATCC 13032 (wild type) and derivatives
were streaked on agar plates (17 g/l) containing brain heart
infusion (BHI) (Difco, BD, Heidelberg, Germany) (37 g/l)
and inoculated at 30°C overnight. One single colony was
picked and incubated for approximately 8 h at 30°C in 5 ml
BHI in reaction tubes (for cultivation in shake flasks) or
in 1 ml BHI in deep-well plates (VWR International, PA,
United States) (for microtiter cultivation). This first pre-culture
was used to inoculate the second pre-culture 1:10 in CGXII
minimal medium (Keilhauer et al,, 1993) supplemented with
2% (w/v) glucose but without any iron source to starve the
cells from iron allowing the usage of heme as alternative
iron source in the main culture. CGXII medium without
FeSOy is in the following referred to as “iron-free CGXIL.” If
appropriate, 25 pg/ml kanamycin was added to the medium.
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Incubation followed shaking at 120 rpm over night at 30°C.
For the main experiment, cultures were inoculated to an
ODggp of 1 in iron-free CGXII with 2% (w/v) glucose, and
the respective amount of hemin (Sigma-Aldrich, St. Louis,
United States). For simplicity, hemin is further referred to as
heme throughout this study.

For the ALE experiment, the main culture was grown in
deep-well plates for 1-3 days and then freshly transferred at
an ODygqq of 1 for the next batch. After the 13th inoculation,
glycerol stocks of each population were frozen at —80°C.
This allowed a restreaking of each potentially heterogeneous
population on BHI-agar plates and picking of single evolved
clones. Online monitoring of bacterial growth was performed
using the BioLector® microtiter cultivation system of Beckman
Coulter GmbH (Baesweiler) (Kensy et al,, 2009). Backscatter
(a.u.) was measured in 30 min intervals as scattered light
with a wavelength of 620 nm (gain: 20); YFP-fluorescence
was measured at an excitation wavelength of 508 nm and an
emission wavelength of 532 nm (gain: 80). Specific fluorescence
(au) was calculated by dividing the YFP-signal by the
backscatter signal for each measurement.
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Escherichia DH5a  and
BTH101 (10 g/l
tryptone, 5 g/l yeast extract, 10 g/l NaCl) medium at

coli  strains  including

were cultivated in Lysogeny Broth
37°C in a rotary shaker and if needed for selection,
50 pg/ml kanamycin or 100 pg/ml ampicillin  was

added to the medium.

Recombinant DNA work

Standard molecular methods were performed according
to Sambrook and Russell (2001). For polymerase chain
reactions (PCR) amplification of DNA fragments,
chromosomal DNA of C. glutamicumm ATCC 13032 was
used as template and prepared as described previously
(Eikmanns et al, 1994). Synthesis of oligonucleotides as
well as sequencing was performed by Eurofins Genomics
(Ebersberg, Germany).

Plasmids were constructed by
the

(Supplementary Tables 2, 3) and enzymatically ligated

amplifying DNA
fragments  using respective  oligonucleotides
into a pre-cut vector backbone using Gibson assembly
(Gibson et al., 2009).

For the deletion of genes in the genome of C. glutamicum,
the suicide vector pK19-mobsacB was used (Schiifer et al,, 1994).
Electrocompetent C. glutamicum cells were transformed with
the respective isolated plasmids by electroporation (van der Rest
et al,, 1999). Subsequently, the first and second recombination
events were performed and verified as described in previous
studies (Niebisch and Bott, 2001). The respective deletion was

confirmed by amplification and sequencing.

Whole genome sequencing

‘Whole genome resequencing of C. glutamicum strains
isolated during the ALE experiment was performed using
next generation sequencing (NGS). Genomic DNA was
prepared using the NucleoSpin microbial DNA kit (Macherey-
Nagel, Diren, Germany) according to manufacturers
instructions. Concentrations of the purified genomic DNA
were measured using Qubit 2.0 fluorometer (Invitrogen,
Carlsbad, CA, United States) according to manufacturer’s
instructions. The purified genomic DNA was used for the
preparation for genome sequencing using NEBNext Ultra
IT DNA Library Kit for Illumina (New England BioLabs,
Frankfurt am Main) and MiSeq Reagent Kit v2 (300-cycles)
(Ilumina, San Diego, CA, United States), according to
A MiSeq system (Illumina,
San Diego, CA, United States) was used for sequencing.
Data analysis and base calling were accomplished with
FASTQ output files

were analyzed for single nucleotide polymorphisms using

manufacturer’s instructions.

the Illumina instrument software.

Frontiers in Microbiology

04

10.3389/fmicb.2022.997448

PathoSystems Resource Integration Center (PATRIC) 3.6.12
(Davis et al., 2020).

Gradient plates

For heme gradient plates, the different mutant strains
were cultivated in triplicates as described above using deep-
well plates for the first and second pre-culture. Subsequently,
cultures were harvested and resuspended to an ODgy of
1 in 0.9% NaCl For each spot, 2 pl of the respective
samples were spotted on the gradient plates. The gradient
plates were always prepared freshly. Therefore, 30 ml of
iron-free CGXII with 2% (w/v) glucose, and 17 g/l Bacto
Agar (Difco, BD, Heidelberg, Germany) was poured into a
squared agar plate, which was in inclined position. Then,
after drying of the first layer, the incline was removed and
further 30 ml of iron-free CGXII containing 2% glucose, and
15 pM heme were poured in the plates so that a heme
gradient results.

Bacterial two-hybrid assays

Bacterial two-hybrid plate assays for the
qualitative assessment of protein-protein
interactions

Bacterial two-hybrid assays were performed based on
the BACTH kit according to manufacturers instructions
(Buromedex, This method
is based on the two fragments T25 and TI18 of the
catalytical domain of the adenylate cyclase from Bordetella

Souffelweyersheim, France).

pertussis, which is only active when these two fragments
are physically in close contact. Therefore, T25 and
T18 were each fused once to ChrS, ChrS-Ala245fs,
and HrrS. If the HKs interact with each other, this
allows a functional complementation of T25 and TI8,
leading to cAMP synthesis, which binds to the catabolic

activator  protein  (CAP). ¢AMP/CAP complexes are
pleiotropic regulators of gene transcription in E. coli
and therefore turn on the expression of e.g., the
lac operon.

Therefore, E. coli BTH101, which lack adenylate cyclase
activity, were transformed with two plasmids of heterologous
proteins fused once to T25 and once to T18. This approach
was directly diluted and spotted as 10°, 107!, and 1072
dilutions on LB plates containing 40 p.g/ml X-Gal, 50 jLg/ml
kanamycin, 100 pg/ml ampicillin, and 0.5 mM IPTG and
incubated approximately 24 h at 30°C. Bacteria producing
interacting proteins will form blue colonies. Otherwise,
the colonies remain white. This allowed to check also
for heterogeneity in expression. Additionally, the approach
was also plated on LB plates only with antibiotics, to

frontiersin.org



Publications and manuscripts

137

Krliger and Frunzke

allow picking for further biological replicates for the pB-
galactosidase assay.

Bacterial two-hybrid p-galactosidase
measurements

Transformed E. coli strains (compare 1.5.1) were re-
cultivated in deep-well plates as triplicates in LB media with
50 pg/ml kanamycin, 100 pg/ml ampicillin and 0.5 mM
IPTG. ODggo of the overnight cultures was measured in
a Tecan Reader (Thermo Fisher Scientific, Massachusetts,
United States). The B-galactosidase assay was adapted according
to a previous study for 96-well plates (Griffith and Wolf,
2002). Per sample, 1 ml Z-buffer (60 mM Na;HPO; x
12H,0, 40 mM NaH,PO4 x H;0, 10 mM KCl, 1 mM
MgSO, x 7H0, 50 mM B-mercaptoethanol) was mixed
with 20 pl 0.1% SDS, 40 pl chloroform and 200 pl of
cell culture. The solution was resuspended 15 times for
permeabilization. 100 pl of the permeabilized cells were
put into a microtiter plate, where each 20 pl of 4 mg/ml
o-nitrophenol-83-galactosidase (ONPG) was added. When
a yellowish color was observable (10 min), 50 pl of 1 M
Na,CO3; was added for reaction termination. Using the
Reader (Thermo Fisher Scientific, Massachusetts,
United States), Ago and Assp was measured. The Miller
Unit, representing the standardized amount of PB-Gal
the

Tecan

activity, was calculated using following formula:

(A20 — (Ass0 * 1.75))

1 MU = 1000 %
(t v Agoo)

(1

With A4 being the absorbance of the yellow o-nitrophenol,
Assp the scatter from the cell debris, 1.75 is the factor
which needs to be multiplied with Asso to approximate
scatter observed at 420 nm, t is time in minutes, v is
the volume of the culture employed in the plate and Aggp
for the cell density. The value of Agp was calibrated to
proper ODggo.

DNA microarrays

For the analysis of the transcriptome, C. glutamicum
wild type and C. glutamicum ChrS-Ala245fs were cultivated
in triplicates as described above in 50 ml CGXII medium
containing 2% glucose, no FeSO4 and 4 uM heme in
shake flasks. Cells were harvested after 6 h, when the
wild type reached an ODggy around 2.5 and the mutated
strain around 5. The cell suspension was centrifuged
at 4,250 x g, 10 min, 4°C in falcons filled with ice.
The resulting pellets were frozen in liquid nitrogen
and stored at —80°C. The following RNA preparation,
cDNA

and overall evaluation was performed as described in

synthesis, microchip  hybridization, scanning,

previous studies (Baumgart et al, 2013). The microarray
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data described in this study are available at NCBI’s
under the GEO

Gene Expression Omnibus accession

number GSE206796.

Results

Adaptive laboratory evolution of
Corynebacterium glutamicum toward
tolerance of high heme levels depends
on the heme exporter HrtBA

Previous studies reported a crucial role of the two-
component system ChrSA for heme tolerance of C. glutamicum
(Heyer et al,, 2012). Figures 2A,B show characteristic growth
curves of the C. glutamicum wild type (Figure 2A) and
the deletion mutant AhrtBA (Figure 2B) on increasing
concentrations of heme. Growing on standard conditions with
36 WM FeSO4 as iron source, the wild type displayed a
growth rate of 0.42 & 0.01 h™!. Lower heme concentrations
between 2.5 and 5 pM showed strongly reduced growth rates
of 0.16 £ 0.003 and 0.20 + 0.003 h™!, respectively, and
reduced backscatter levels compared to the cultivation under
non-limiting conditions. Higher concentrations between 10
and 15 uM heme exhibited restored backscatter levels and
growth rates of 0.22 & 0.005 and 0.27 £ 0.012 h~!, but
were accompanied by an elongated lag phase as a result of
heme toxicity. This effect of toxicity was even more evident
for the growth of a strain lacking the operon hrtBA. While
growth on standard conditions and low concentrations of
heme were comparable to the WT, higher concentrations
led to a significantly elongated lag phase of ~35 and
50 h, respectively.

To elucidate mechanisms promoting high heme tolerance,
we performed an ALE experiment applying increasing
concentrations of heme to C. glutamicum wild type and the
AhrtBA strain (Figure 2C). The ALE was accomplished in
CGXII minimal medium, with 13 repetitive batch cultivations
and started from each four independent single colonies,
yielding four evolving populations. Batch cultures were
started on 10 WM heme and were stepwise increased to
finally reach 60 WM heme in the case of C. glutamicum wild
type. From C. glutamicum wild type populations, four single
clones were isolated from agar plates after the 13th batch
cultivation and then further characterized in liquid culture
(Figure 2D). Further analysis on earlier inoculation steps was
also performed (Supplementary Figure 1). Remarkably, all
isolates from the 13th inoculation were able to grow in the
re-cultivation on medium containing up to 100 pM heme
where growth of the parental strain was completely inhibited.
By contrast, heme levels above 15 uM heme remained toxic

to the AhrtBA strain and could not be increased throughout
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FIGURE 2

Adaptive laboratory evolution of C. glutamicum to high heme levels

The C. glutamicum wild type (WT) (A) as well as the AhrtBA strain (B) were

inoculated at a starting-ODggg of 1 in CGXIl medium containing 2% glucose and either 36 .M iron (blue) or increasing concentrations of heme
(2.5-15 pM, shades of orange). Data represent the average of three biological replicates including standard deviations depicted as error bars.
(C) Schematic representation of the adaptive laboratory evolution (ALE) experiment. The heme concentration was increased from 10 to 60 pM
heme for the WT in overall 13 repetitive batch cultures (depicted in the bar graph). For the AhrtBA strain, concentrations > 15 pM remained
toxic throughout the experiment and therefore were not further increased. (D) Growth of each three single clones derived from four different
evolved C. glutamicum wild type populations on 100 uM heme. (E) Growth of each three single clones of the three evolved AhrtBA populations

on 10 uM heme

the ALE experiment without killing the cells. Only three of
the four starting populations survived 13 inoculations and for
these, no significant adaptation was observed throughout the
ALE experiment (Figure 2E). These results already underlined
that HrtBA represents a key factor for the adaptation of
C. glutamicum to high heme levels.

Frontiers in Microbiology

Mutations in the catalytic- and ATPase
domain of ChrS lead to significantly
improved growth on heme

Whole genome sequencing of the four isolated clones from
the ALE experiment revealed that all of them possess a mutation
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in the gene encoding the HK ChrS (Table 1). Remarkably,
in all four cases, the catalytic- and ATPase (CA) domain was
affected. For clone 2, a stop codon was inserted directly at the
beginning of the CA-domain, while clone 3 possesses an amino
acid exchange inside and close to the start of this domain.
Strikingly, clone 1 and 4 (evolved in two independent cell
lines) showed the exact same frameshift mutation for alanine at
position 245, immediately after the dimerization and histidine
phosphotransfer (DHp) domain of ChrS. This mutation also
affects the linker between the CA- and DHp-domain. Since
the strains carrying this mutation showed the highest heme
tolerance, evolved clone number 1, in the following referred to
as 1.fs, was further analyzed within this study.

Reintegration of this mutation into the wild type parental
strain confirmed that this frameshift mutation in chrS led
to highly improved growth on heme (Figure 3A and
Supplementary Figure 2). Protein structure prediction via
AlphaFold2 shows the truncated CA-domain of ChrS-Ala245fs
with additional 60 amino acids caused by the frameshift
resulting in a presumably catalytically-inactive pseudokinase
variant (Figure 3B; Jumper et al,, 2021; Varadi et al,, 2021).

The 1.fs strain showed normal growth under standard
conditions. However, it outcompeted the wild type in the
presence of heme at all concentrations tested, but not under
iron starved conditions (Figures 3C,D and Supplementary
Figure 2). A heme gradient plate experiment further confirmed
the improved heme tolerance of the evolved clone 1.fs,
and showed that this is also the case for the reintegrated
pseudokinase variant ChrS-Ala245fs (Figure 3E).

The ChrS pseudokinase promotes
increased hrtBA expression and is
crucial for the improved growth on
heme

The main known target of ChrA is the hrtBA operon
encoding a heme export system. To unravel the impact of
the frame-shift mutation in chrS on its activation kinetics,
hrtBA reporter assays were performed, using the reporter
plasmid pJC1-Pppa-eyfp (Heyer et al, 2012). In fact, reporter
assays (Figure 4A) showed a > 10-fold elevated expression
of hrtB in the evolved clone 1.fs compared to the WT. This
also applies for strain carrying the reintegrated gene variant
(Supplementary Figure 3A) and was further confirmed
by qPCR (Supplementary Figure 4). Strikingly, hrtBA
expression was constitutively high also during cultivation under
standard conditions, i.e., without external addition of heme
(Supplementary Figure 3).

In the following, we further analyzed the growth and hrtBA
expression of the evolved clone in comparison to different
mutant strains, including the deletion mutants AchrS and
AchrSAhrrS as well as the phosphatase mutant chrS-Q191A
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(Figures 3E, 4A; Hentschel et al,, 2014). Heme gradient plates
showed that the complete deletion of the chrS gene also led
to an improved growth compared to the WT. This is caused
by the abolished dephosphorylation of ChrA by its cognate
kinase/phosphatase ChrS, allowing constant hrtBA expression
due to cross talk with HrrS. The delay in hrtB expression is
explained by the less sensitive response of Hrr$ to heme (Keppel
et al,, 2019). Interestingly, the AchrS deletion strain grew worse
than the evolved strain 1.fs. This is in line with the lower hrtBA
expression level in comparison to 1.fs. These results indicated
that the remaining part of ChrS, which is present in the evolved
clone, must play a crucial role for this high activation. Strikingly,
1fs also significantly outperformed the phosphatase mutant
chr$-Q191A in terms of growth and hrtBA expression.

Considering that the frame-shift mutation in chrS likely
abolished the catalytic activity of the ChrS kinase, we wondered
whether activation of ChrA is solely dependent on HrrS. Cross-
talk between the kinases was previously described (Hentschel
et al, 2014) and might explain the activation of the hrtBA
operon in the evolved clone. To test this hypothesis, the hrrS
gene was deleted in evolved strain 1.fs and compared to a
AhrrS mutant in the parental background. Figure 4B shows
that upon deletion of hrrS, 1.fs grew with an elongated lag
phase of ~50 h, which is even longer than for the WT. This
result was in agreement with reporter assays showing that hrrS
deletion also led to an abolishment of the hrtBA expression
in 1.fs (Figure 4C). These results confirmed our hypothesis
that HrrS is essential for activating hriBA expression in the
evolved clone encoding the catalytically-inactive pseudokinase
of ChrS. Deletion of hrrA in the evolved variant did not
influence its improved heme tolerance, therefore indicating that
this is mainly an effect of HrrS activating ChrA (Supplementary
Figure 5A,B). Overexpression of chrA also improved the
heme tolerance to some extent (Supplementary Figure 5C).
Interestingly, a plasmid-based overexpression of hriBA in
the WT background led to growth defects, probably caused
by severe iron/heme starvation due to the excessive heme
export (Supplementary Figure 6). This is further supported
by comparative transcriptome analyses showing a higher
upregulation in the strain overexpressing hrtBA compared to the
evolved clone. This demonstrates the necessity of a tight balance
between export and intracellular iron availability to maintain
homeostasis while achieving optimal heme tolerance.

To investigate if the truncated version of ChrS still plays
a role in the phosphotransfer to ChrA, we exchanged the
conserved histidine residue at position 186 to an alanine
(Figure 4D). This amino acid exchange did, however, not
significantly influence the heme tolerance of strain 1.fs.
Therefore, it can be assumed that the truncated version
of ChrS does not participate in the phosphotransfer via
autophosphorylation at the histidine 186.

Based on these results, we postulated that a lack of the
catalytic activity of ChrS is beneficial for C. glutamicum heme
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TABLE 1 Key mutations identified in C. glutamicum strains featuring increased heme tolerance.

Clone Type Variance nucleotides
1.fs, 405 Frameshift 733delG
2% Non-sense 862C > T
3. < Missense 916A > C

Variance amino acids Locus
Ala245fs cg2201 Sensor histidine kinase ChrS§
GIn288*
Thr306Pro

The * is the symbol for the insertion of a stop-codon. Similar, the > indicates an amino acid exchange.

tolerance. In line with this hypothesis, an in-frame deletion
of the CA-domain of chrS led to improved growth on heme
compared to the wild type. However, this strain did not reach
comparably high heme tolerance like the 1.fs strain (Figure 4E).
Upon additional deletion of the DHp-domain, this growth
advantage was abolished suggesting the necessity of homo- or
heterodimerization and/or interaction with ChrA.

ChrS and HrrS form heterodimers
in vivo

In general, HKs act as homodimers. However, based on the
fact that the autophosphorylation histidine residue of ChrS in
the evolved mutant 1.fs was not relevant for its growth benefit
on heme (Figure 4D), we aimed to investigate the homo- and
heterodimerization properties of the C. glutamicum HKs ChrS
and HrrS and the pseudokinase ChrS (ChrS_CA-fs).

To assess these protein-protein interactions between the
respective monomers ChrS, HrrS and the truncated HK variant
ChrS_CA-fs, we performed bacterial two-hybrid (BACTH)
assays (Euromedex, Souffelweyersheim, France). The plate
assays in Figure 5A as well as the quantitative $-galactosidase
assay in Figure 5B show that homodimerization for both the
native and the evolved HKs was observed when these fusion
proteins were produced as C-terminal fusions in E. coli. The
assays also revealed heterodimerization of the native HKs,
while there was no significant evidence for heterodimerization
of the truncated ChrS_CA-fs version. Similar results were
observed when the proteins were produced as N-terminal
fusions (Supplementary Figure 7).

In a next set of experiments, we investigated the interaction
between the sensor kinases and the RRs. Here, BACTH assays
confirmed the interaction of ChrS with ChrA and HrrS with
HrrA, as well as the cross-talk between ChrS and HrrA.
Interaction was not observed for ChrS_CA-fs and neither ChrA
nor HrrA within the B-galactosidase assay, although a slight
signal appeared to be visible on plates (Figure 5). However, the
assays did also not reveal the already reported cross-talk between
HrrS and ChrA (Hentschel et al, 2014) demonstrating also the
limitations of the in vivo approach based on the E. coli system.
Therefore, a direct interaction between ChrA and the evolved
ChrS_CA-fs in the C. glutamicum in vivo background should

not be excluded.
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Heme-binding proteins contribute to
heme tolerance

Within this study, we showed the crucial role of the
HrtBA export system for C. glutamicum heme tolerance. To
identify further potentially relevant factors, we performed a
comparative transcriptome analysis of the ChrS-Ala245fs strain
and C. glutamicum wild type (Table 2). As expected, the hrtBA
operon showed significantly increased mRNA levels in the
evolved clone (~150-fold increase). Besides hrtBA, several other
heme-related targets also showed increased expression levels,
including the TCS chr$A itself, hmuO encoding heme oxygenase
and the heme transport system hmuU. Quantitative PCR
confirmed unaltered expression levels of hrrS (Supplementary
Figure 4). Strikingly, all genes encoding known heme-binding
proteins were significantly upregulated. Furthermore, many
targets of the DtxR regulon were upregulated (Wennerhold
and Bott, 2006), while targets of the RipA regulon were
downregulated (Wennerhold et al,, 2005). This indicates that
the evolved clone encounters a strong iron depletion, most
likely caused by the extreme heme export. This is in line
with a growth defect of this strain under iron starvation
conditions (Figure 3C).

To test whether the upregulation of heme-binding proteins
could also contribute to heme tolerance mediated by heme
sequestration, we further analyzed the impact of heme binding
proteins by the construction of serial deletions (Figure 6).
A strain lacking the heme binding proteins hmuT, htaA, htaB,
htaC, and htaD showed wild typic growth at low (4 pM)
and high (20 wM) heme levels. However, at moderate (10
IWM) heme concentrations, the mutant showed a significant
growth defect. These results suggested that heme sequestration
via heme-binding proteins could promote heme tolerance at
moderate levels.

Discussion

In this study, we pursued a laboratory evolution approach
to adapt C. glutamicum ATCC 13032 to high heme levels. This
ALE approach resulted in the isolation of strains harboring a
frameshift mutation in the chrS HK gene yielding a catalytically
inactive pseudokinase, which was shown to promote high heme
tolerance of up to 100 M. This effect could mainly be attributed
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FIGURE 3

The ChrS-Ala245fs pseudokinase promotes heme tolerance. Data represent the average of three biological replicates including standard
deviations depicted as error bars. Cells were inoculated at a starting-ODggg of 1in CGXII medium containing 2% glucose and the indicated
amount of heme or iron. (A) Growth of C. glutamicum carrying the reintegrated ChrS-Ala245fs allele (gray) compared to the evolved clone 1.fs
(orange) and the wild type (WT) (blue). (B) Predicted protein structures of ChrS (blue) and the truncated ChrS-Ala245fs variant (orange, with 60
additional amino acids caused by the frameshift, shown in red). Prediction was performed using AlphaFold2 (Jumper et al,, 2021; Varadi et al.,
2021). Domain arrangements are shown next to the protein structures. TM, transmembrane domain; DHp, dimerization- and
histidine-phosphotransfer-domain; CA, catalytic- and ATPase-domain. (C) Growth of the WT (blue) and the evolved clone 1.fs (orange) on

different heme and iron concentrations; further conditions shown in Supplementary Figure 2. (D) Comparison of growth rates  in h™! of WT
(blue) and 1.fs (orange) at different heme and iron conditions. (E) Different strains were spotted on heme gradient plates. The WT was compared
to the evolved clone (L.fs), the reintegration for the evolved clone (ChrS-Ala245fs), the chrS deletion strain (AchrS), the chrS and hrrS deletion
strain (AchrS AhrrS) and the phosphatase mutant (chrS-Q191A). Photos of plates were taken after 24 and 48 h. A representative experiment out

of three is shown.

to the strong upregulation of the heme exporter HrtBA and was
strictly dependent on phosphotransfer via the non-cognate HK
HirS to the RR ChrA. Further mutational analysis confirmed
that the conserved histidine residue of the ChrS pseudokinase
(ChrS_CA-fs) was not involved in this phosphotransfer reaction.
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Continuously high hrtBA expression levels observed
in our evolved 1.fs strain are in agreement with a defect
in ChrS phosphatase function of this strain. Remarkably,
the evolved strains encoding the truncated pseudokinase
variant ChrS showed significantly higher heme tolerance

frontiersin.org



142

Publications and manuscripts

Kriiger and Frunzke

10.3389/fmicb.2022.997448

A
3 3.
@ @
8 8
2 =
3 8
£ £
s S
=2 =2
I i
° o
£ =
S S
2 -
@ w T T
0 5 10 15 20 25 0 2 4 3
Time (h) Time (h)
= WT == 1fs —— AchrS -+ AchrSAhrrS -e chrSQ191A
transformed with pJC1-P,,,-eyfo
B [
3 30
20 uM heme s }g
s
g
£
5
E}
i
o
=
H
a
2]
0 5 10 15 20 25
Time (h) Time (h)
= WT = 1fs — WTAmrS — 1fs AhiS - WT = 1fs — WTaAhrS — 1fs AIrS
transformed with pJC1-P,, s-eyfp
D E
° 10 M heme
5 200 3 200+
s s
5 150 5 150
s
H £ chrs
§ 1004 g 1004
3 5 — T DHE—CAN—-
& 50 @ 50
. | f I
T T T T T 1
0 60 0 10 20 30 40 50 60
Time (h) Time (h)
—— WT = 1fs — WTchrS-H186A —~ 1fschrS-H186A —— WT = 1fs — AchrS_DHp-CA —~ AchrS_CA

FIGURE 4

Mutational analysis provides insights in the hrtBA activating cascade of the evolved C. glutamicum 1.fs clone. Data represent the average of
three biological replicates including standard deviations depicted as error bars. Cells were inoculated at a starting-ODeggp of 1 in CGXIl medium
containing 2% glucose and the indicated amount of heme or iron. (A) Reporter assays visualizing hrtBA-expression using the plasmid
pJC1-Pyug-eyfp for transformation of the wild type (WT) (dark blue), the evolved clone 1.fs (dark orange), AchrS (light orange), AchrSAhrrS
(mid-blue), and chrS-Q191A (light blue). (B) Growth of the evolved clone (shades of orange) and the WT (shades of blue) natively or with each a
deletion of hrrS. (C) Reporter assays for hrtB-expression using pJC1-Py,g-eyfp upon deletion of hirS in 1.fs (shades of orange) and the WT
(shades of blue). (D) Growth of the wild type strain (shades of blue) and the evolved 1.fs strain (shades of orange) natively or possessing an
amino acid exchange of the autophosphorylation histidine (H!8) of ChrS. (E) Impact of ChrS truncation on growth; ChrS variants lacking only
the CA-domain (light orange) or CA-domain and DHp-domain (dark orange) compared to the WT and 1.fs strain (shades of blue). TM,
transmembrane domain; DHp, dimerization- and histidine-phosphotransfer-domain; CA, catalytic- and ATPase-domain.

hriBA
deficient

and higher expression levels compared to a
phosphatase chrS-QI91A  or
lacking chrS completely (AchrS) (Hentschel et al, 2014).

Consequently, dephosphorylation of ChrA seems to be

strain a  strain

abolished in the mutant clones, but the presence of the
ChrS pseudokinase is apparently further beneficial for
enhancing heme tolerance.

Our results indicate that the catalytically inactive version

of ChrS promotes—directly or indirectly—the efficient
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phosphotransfer reaction from the paralogous HrrS to
ChrA leading to the constitutive activation of hrtBA
(due to the absence of ChrS phosphatase activity). Gene
duplication is a powerful evolutionary driving force and
the presence of paralogs has previously been shown to be
beneficial for adaptations to new environmental conditions
(Gevers et al, 2004; Bratlie et al, 2010). In our study,
the interaction between the two paralogous TCSs HrrSA
and ChrSA enabled fast adaptation and the evolution of novel
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Bacterial two-hybrid assays of interactions between ChrSA and HrrSA. (A) BACTH interactions between the histidine kinases ChrS, HrrS and the
evolved ChrS variant (here ChrS_CA-fs) were analyzed as C-terminal fusions; results for N-terminal variants are shown in Supplementary
Figure 7. Blueish color of the colonies indicate interaction, while white colonies indicate no interaction (Euromedex, Souffelweyersheim,
France). First histidine kinase represents the T25-fusion, the second the T18-fusion. + = pKTN25-zip with pUT18-zip (leucine zipper, positive
control), — = pKTN25 with pUT18 (negative control). (B) Quantitative analysis using a B-galactosidase assay. Triplicates were cultivated and
treated according to Griffith and Wolf (2002) to measure colorimetric f-galactosidase activity (given in Miller units). Gray bars represent the
controls, blue bars show the interaction between the histidine kinases, and orange bars show the interaction of histidine kinase with the
response regulators. Drop assays on top of the bar plots represent the triplicates picked after re-cultivation.

functionality of the signaling cascade based on the pseudokinase
version of ChrS.

Pseudokinases are described as kinases lacking catalytic
functions, but can contribute to signaling via functioning
as allosteric modulators, dynamic scaffolds, or competitors
of protein-protein interactions (Reiterer et al, 2014; Kwon
et al, 2019; Tomoni et al, 2019). An example for a
bacterial pseudokinase is DivL from Caulobacter crescentus.
DivL controls the autophosphorylation of another HK CckA
mediated by the phosphorylation status of the RR DivK. The
direct interaction with DivL is required for maximal kinase
activity of CckA, but this is achieved by a yet unknown
mechanism (Iniesta et al., 2010; Tsokos et al., 2011; Francis and
Porter, 2019). It was shown that neither the ATPase domain
nor the autophosphorylation residue of DivL is necessary
for its function (Reisinger et al, 2007)—which is similar
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to the scenario observed for ChrS in this study. It can
therefore be hypothesized that the catalytically inactive ChrS
pseudokinase has a stimulating effect on HrrS activity, e.g,
by influencing its “on” or “off” states. An alternative or
additional reason for enhanced phosphotransfer could also be
the recruitment of ChrA via the ChrS pseudokinase fostering
phosphotransfer from HrrS by the formation of heterodimers.
In fact, heterodimerization between the native versions of
ChrS and HrrS could be demonstrated using BACTH assays
speaking for a direct signaling between ChrS and HrrS in vivo.
However, interaction could not be observed with the truncated
version of ChrS, but it has to be kept in mind that the E. coli
based BACTH does not perfectly reflect the C. glutamicum
in vivo situation. Here, we also observed high upregulation of
the chrSA operon itself offering also enhanced levels of RR
acceptor protein.
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TABLE 2 Comparative transcriptome analysis of C. glutamicum wild type and C. glutamicum chrS-Ala245fs growing on 4 ;. M heme.

Category and cg gene number Gene designation and description of product mRNA ratio® P-value
Heme-related genes

cg0468 hmuU, hemin transport system, permease protein 16.90 0.05
€g2200 chrA, two-component system, response regulator 8.85 0.01
€g2201 chrS, two-component system, signal transduction histidine kinase 43.60 0.04
€g2202 hrtB, ABC-type transport system, permease component 170.13 0.00
cg2204 hrtA, ABC-type transport system, ATPase component 151.54 0.00
cg2445 hmuO, heme oxygenase 8.30 0.01
Heme-binding proteins

cg0466 htaA, secreted heme-transport associated protein 5.80 0.01
cg0467 hmuT, hemin-binding periplasmic protein precursor 21.23 0.06
cg0470 htaB, secreted heme transport-associated protein 66.64 0.02
cg0471 htaC, secreted heme transport-associated protein 16.87 0.04
cg3156 htaD, secreted heme transport-associated protein 18.64 0.05
DtxR regulon

cg0160 Hypothetical protein cg0160 298 0.00
cgl120 ripA, transcriptional regulator of iron proteins, AraC family 5.76 0.10
cgl4al9 Putative Na* -dependent transporter 4.85 0.01
cgld76 thiC, thiamine biosynthesis protein ThiC 248 0.04
cgl695 Putative plasmid maintenance system antidote protein 0.34 0.05
cgl930 Putative secreted hydrolase 5.68 0.01
cgl930 Putative secreted hydrolase 5.68 0.01
cgl931 Putative secreted protein 9.98 0.05
cgl93l Putative secreted protein 9.98 0.05
cg2311 SAM-dependent methyltransferase 3.47 0.00
cg2444 Hypothetical protein cg2444 4.67 0.01
cg2782 ftn, ferritin-like protein 0.32 0.06
cg2796 MMGE/PRPD family protein 11.01 0.00
€g2962 Uncharacterized enzyme involved in biosynthesis of extracellular polysaccharides 6.69 0.02
RipA regulon

cg0310 katA, catalase 0.14 0.00
cg0445 sdhC, succinate dehydrogenase 0.36 0.02
cg0446 sdhA, succinate dehydrogenase 0.40 0.00
cg0447 sdhB, succinate dehydrogenase 0.45 0.00
cgl343 narH, probable respiratory nitrate reductase oxidoreduct 0.49 0.03
cgl344 narG, nitrate reductase 2, alpha subunit 0.30 0.00
cgl487 leuC, isopropylmalate isomerase large subunit 0.29 0.01
cgl737 acn, aconitate hydratase 0.29 0.01
€g2636 catAl, catechol 1,2-dioxygenase 0.03 0.00
cg3048 pta, phosphate acetyltransferase 0.24 0.00

*Expression of selected genes given as the mRNA ratio of the evolved strain compared to the WT (> 2-fold or < 0.5-fold, p-value < 0.05). Data represent the average of three biological

replicates (for a complete list of up- and downregulated genes, see Supplementary Table 4).

Although only a few reports on heterodimerization of HKs
exist up to date (Capra and Laub, 2012; Willett and Crosson,
2017), studies in e.g., Pseudomonas aeruginosa showed that the
HK RetS$ directly controls the HK GacS on three different levels
by heterooligomerization (Goodman et al, 2009; Jing et al,
20105 Francis et al, 2018), Such pivotal (multiple) regulatory
roles of heterodimers or —oligomers could also play a role in
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the native C. glutamicum system. In previous studies, HrrS was
shown to act as “kickstarter” of the ChrSA-mediated response
and the absence of HrrS led to a delayed promoter activation of
hrtBA (Keppel et al,, 2019). Consistently, heterooligomerization
of HrrS with ChrS could support the fast activation of ChrA
when heme becomes available, e.g., by cross-phosphorylation
on the HK-level. An alternative option could be an indirect
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FIGURE 6

Heme binding proteins contribute to heme tolerance. The C. glutamicum wild type (WT) (blue) and the heme binding deficient mutant
AhmuTAhtaA AhtaBC AhtaD strain (orange) were inoculated at a starting-ODggg of 1 in CGXIl medium containing 2% glucose and either 4, 10,
or 20 pM heme. Data represent the average of three biological replicates including standard deviations depicted as error bars.

communication between ChrS and HrrS via another—yet
unknown—component involved in cross-signaling (Buclow and
Raivio, 20105 Salvado et al., 2012).

Apart from the conserved heme export system HrtBA,
transcriptome analysis gave further hints for additional players
contributing to heme tolerance in C. glutamicum. Here, we
observed a high upregulation of all genes encoding heme-
binding proteins and a deletion mutant showed reduced
tolerance to intermediate heme levels. In fact, heme-binding
proteins could serve a detoxifying role via heme sequestration,
as described throughout the literature for other organisms,
including HbpC of Bartonella henselae (Roden et al.,, 2012),
HemsS of Yersinia enterocolitica (Stojiljkovic and Hantke, 1994)
or HupZ of Group A Streptococcus, which has been recently
hypothesized to function as heme chaperone (Lyles et al., 2022).
Moreover, several transport systems differently
expressed in the evolved strains. Export of further toxic heme-
related products, or even import of neutralizing compounds

are

coping with HyO;, like e.g., described for the ribulose-5-
phosphate 3-epimerase in Escherichia coli or the Mn(II)
uptake system of Neisseria gonorrhoeae importing manganese
(Horsburgh et al,, 2002; Seib et al,, 2004; Sobota and Imlay,
2011), could also aid at tolerating heme. Of special interest is
e.g., the operon cg2675-cg2678, which encodes an ABC-type
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transport system and was found also to be regulated by the
heme-responsive RR HrrA (Keppel et al., 2020). Future studies
on these systems, are however, required to elucidate their role
in heme tolerance or homeostatic processes.

The appearance of a ChrS pseudokinase was not yet
described to occur naturally in corynebacterial strains (Bott
and Brocker, 2012). However, our experimental approach
demonstrated their ability to quickly adapt to high heme
levels, which is for example relevant for virulence conditions
in the mammalian host (Stauff and Skaar, 2009a). In the soil
environment, a constant expression of the hrtBA operon is
likely too costly as reflected by the strong upregulation of
the iron starvation response in the evolved clones, including
the regulon of DtxR (Wennerhold and Bott, 2006) and the
downregulation of RipA targets (Wennerhold et al, 2005).
The native cascade consequently rather facilitates a fast but
transient activation of hrtBA in response to heme levels
(Keppel et al., 2019).

Strains featuring an elevated heme tolerance are also highly
interesting for the biotechnological production of heme, which
is commercially produced for medical uses or the food sector
for artificial meat products. Recent metabolic engineering efforts
resulted in E. coli (Kwon et al, 2003; Zhao et al, 2018)
and C. glutamicum heme-producing strains (Ko et al,, 2021)
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achieving heme yields of about 0.14-0.61 mmol mol~!. In this
context, the pseudokinase variant of ChrS described in this study
might aid future metabolic engineering approaches to promote
efficient heme export and high product tolerance.
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Figures

Figure S1: Analysis of a C. glutamicum strain with a tagged DtxR variant.

Figure S2: Further comparison of ChAP-Seq peak intensities to expression levels and binding motifs.
Figure S3: Peak location along selected shared target genes of DtxR and HrrA.

Figure S4: Ratios of iron and heme peak intensities.

Tables

Table S1: Complete dataset of genome wide DtxR binding (ChAP-Seq) at iron excess (100 uM FeSOa)
and heme (4 uM heme) conditions in triplicates.

Table S2: Complete dataset of genome wide HrrA binding (ChAP-Seq) at iron excess (100 uM FeSQ4)
and heme (4 uM heme) conditions in triplicates.
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Figure S1: Analysis of a C. glutamicum strain with a tagged DtxR variant. (A) The wild type as well as
the strain WT::dtxR-C-linker-His with a C-terminally His-tagged DtxR variant (left) and the strain
WT::dtxR-N-linker-Strep with an N-terminally Strep-tagged DtxR variant (right) were inoculated from a
fresh agar plate in 1 ml BHI in deep-well plates (VWR International, PA, USA) and incubated for 8 h at
30°C, 900 rpm. As a second pre-culture, cells were transferred 1:10 in 1 ml CGXIl with 2% glucose and
incubated for approximately 16 h at 30°C, 900 rpm. As main culture, cells were inoculated at a starting-
ODsoo of 1 in CGXII medium containing 2% glucose and either the standard amount of iron (36 pM
FeSQ,) or iron excess (100 uM FeSQ,) in the BiolLector® microtiter cultivation system of Beckman
Coulter GmbH (Baesweiler) (Kensy et al., 2009). Data represents the average of three biological
replicates including standard deviations depicted as error bars. (B) The WT::dtxR-C-linker-His strain
was further analyzed in a qPCR experiment. Same cultivation as described above was performed,
harvesting cells in ice-falcons at an ODgoo of 5. Using the Luna One-Step RT-gPCR Kit (New England
BioLabs, Frankfurt am Main) according to manufacturer’s instructions, qPCR was performed in the
gTower (Analytik Jena, Jena) and analyzed using gPCRsoft 3.1 (Analytik Jena, Jena). As a reference gene
for normalization, the housekeeping gene ddh (A156-ddh-qPCR-fw CCGGAAAGCAAACCCACAAG; A157-
ddh-gPCR-rv CTCGGAGTCGAAGGTTGCTT) was used (Frunzke et al., 2008), besides the target gene dtxR
(A312-dtxR-qPCR-fw TTGAGCAGTTCCAGGCACTC; A313-dtxR-gPCR-rv. TTTCTACGCGGACTGCATGT).
Data represents two biological and three technical replicates. Fold-change was calculated according to

the 222¢ (Ljvak and Schmittgen, 2001).



Appendix

151

A

Peak intensity

DtxR-iron excess - Brune et al. 2006

2000

| mm ChAP-Seq == ]

N
)
&

- N
(5] o
1 1

Peak intensity
a
T

bits.

>
S \(?

58“

RT-gPCR

DtxR-iron excess - Wennerhold et al. 2006
25

Hm ChAP-Seq E=31 Microarrays

E-value: 6.5 x 10™

229

—Nnimw

o
~

E-value: 9.9 x 10

40
30
Fe]
4
L2 2
2
=
10
Lo

1500

1000

I 500

uoissaidxa anneley

Figure S2: Further comparison of ChAP-Seq peak intensities to expression levels and binding motifs.
Peak intensities of the ChAP-Seq for DtxR under iron excess conditions (dark blue) were compared to
(A) to the relative expression in iron excess in the deletion strain AdtxR compared to wild type obtained
from RT-gPCR (Brune et al., 2006) (dark orange) or (B) the RNA ratio at iron excess between the wild
type and the deletion strain AdtxR from a microarray analysis (Wennerhold and Bott, 2006) (light
orange). (C) Predicted binding motif of DtxR by MEME-ChIP (Bailey and Elkan, 1994) from ChAP-Seq
data of heme conditions. (D) Predicted binding motif of HrrA by MEME-ChIP (Bailey and Elkan, 1994)
from ChAP-Seq data of heme conditions.
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Figure S3: Peak location along selected shared target genes of DtxR and HrrA. The sequences around

the identified peaks corresponding to shared target genes of DtxR and HrrA including (A) hmuO, (B)

sdhCD, (C) xerC and (D) NCgl0176 were extracted using SnapGene software (www.snapgene.com). The

gene of interest, which was identified to be regulated by these transcriptional regulators, is shown in

grey. Further genes in that region are shown in black. The region of the DtxR peak is shown in orange

and for HrrA in blue.
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Figure S3 (continued).
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Figure S4: Ratios of iron and heme peak intensities. The ratio between the peak intensities at the two
different conditions was calculated for those targets where a signal in both conditions could be
identified. Therefore, the mean of peak intensity at the iron condition was divided by the mean of that
in the presence of heme. Taking the logarithm to the basis of 2 allows evaluation with all targets
representing values above 0 to be potentially more regulated in iron conditions, while below 0 more
in heme condition by the respective regulator. (A) Ratios for target binding by DtxR. Shared targets
with HrrA are shown in dark orange. A tendency for stronger iron binding can be suggested. (B) Ratios
for target binding by HrrA. Shared targets with DtxR are shown in light blue. A clear trend for stronger

binding at heme conditions can be drawn.
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55  Supplementary Figures
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60 Figure S1: Schematic overview of the convolution profiling. Read coverage was convolved
61  with negative second order Gaussian kernel. The convolved read coverage was then scanned to

62  discover the local maxima (peaks).
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65 Figure S2: Assessment of significance for the reported peak intensity values. (A) The error
66  of peak intensity value (0.95 confidence intervals width) linearly depends on its absolute value. The
67  stronger the peak the less the confidence in its absolute value. In contrast, the relative error
68  normalized to peak intensity is similar for peaks of various strength, hence can be used as universal
69 measure for significance assessment. (B) Distribution of the normalized confidence intervals width
70 (NCIW) among the detected peaks. The distribution is represented as box plots with box edges at
71 1st and 3rd quantiles and box whiskers at minimum and maximum values. For the weak peaks
72 (peak intensity <10) average NCIW is around 0.2 and limited by 0.28, while for the strong ones the
73 average NCIW is around 0.13 and limited by 0.2. The upper limits were taken for the final
74 estimation, as the most conservative confidence evaluation was pursued.
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Figure S3: Global binding pattern of HrrA in the C. glutamicum genome in response to hemin
addition. Genomic coverage (number of reads covering a particular genomic position) was
normalized to the average coverage of the regions not harbouring binding peaks. Thus, depicted
peak intensities are comparable between different time points. The strain C. glutamicum::hrrA-C-
twinstrep was cultivated in CGXIl minimal medium (lacking FeSO.) supplemented with 2% (w/v)
glucose and 4 pM hemin was added at 0 h. Cells were harvested at different time points as

described in Figure 1.
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88 Figure S4: Distribution of distances from HrrA binding peaks centres to the closest
89 downstream gene start site (transcription start site, TSS). As a background (red color), random
90  peaks of the same width as real ones were generated. Random peak generation was performed
91 100 times and resulting distance distributions were then averaged into a single background
92  distribution. Peaks with a distance of <100 nt can also be found up to 60 nt downstream of the TSS.
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Figure S5: HrrA binding to selected target promotor regions. Protein-DNA interactions were
validated by electrophoretic mobility shift assays (EMSA) using 15 nM DNA fragments covering 50
bp up- and downstream of the maximal ChAP-Seq peak height and an increasing protein monomer
concentration of 0, 75 and 375 nM. The genomic location of the maximal peak height found in the
ChAP-Seq experiments is indicated by an arrow. As control, the promoter regions of hmuO (positive
control) and pck (negative control) were used.
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103
104  Figure S6: Derivation of a HrrA binding motif revealed a weakly conserved palindromic
105 sequence. Sequences of all peaks with at least two-fold increased coverage (To) (A) or 100 bp of
106  the tested EMSA DNA fragments (Figure S5) (B) were used for a MEME v.5 analysis (http://meme-
107 suite.org). (C) Shown is the position of identified motif sequences within the analysed peak
108  sequences used in (B). The majority of HrrA motifs centre at the position of the peak maximum (at
109 50 nt).
110
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111
112

113
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119
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Figure S7: Visual inspection of C. glutamicum cells before and after addition of heme. Iron-
starved C. glutamicum wild type cells were cultivated in CGXIl medium (2 % (w/v) glucose, without
FeSO4) and cells were harvested at different time points before and after the addition of 4 uM heme.
Cell pellets were subsequently resuspended in Tris buffer (100 mM Tris-HCI, 1 mM EDTA, pH 8.0)
and adjusted to an ODgoo of 3.5.
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122 Figure S8: Growth assays revealed an increased sensitivity of C. glutamicum AhrrA against
123 oxidative stress. Iron-starved C. glutamicum wild type as well as the mutant strain AhrrA were
124 inoculated to an ODeoo of 1 in CGXIl medium (2% (w/v) glucose, 4 UM hemin, without FeSO4) and
125  subsequently incubated for 15 min at RT either with 1% (v/v) Hz0z2 or without. This incubation time
126  of 15 min served as avoidance of misleading backscatter measurements due to foam generation.
127  After the incubation, cells were transferred to microtiter plates and cultivated in a microbioreactor
128  cultivation system. Growth curves shown are based on backscatter measurements (expressed in
129 arbitrary units (a.u.)) of three biological replicates. The error bars represent the standard deviation
130 of these replicates.
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Figure S9: Binding affinity of HrrA to selected target promoters. Depicted are representative
images of quantitative EMSAs used for analysis of protein-DNA interaction and the calculation of
HrrA affinities to the different promoters. For the analysis, 10 nM Cy3-labelled 98-105 bp DNA
fragments containing the maximal ChAP-Seq peak height were used with increasing amounts of
HrrA (given as monomers). Determination of unbound DNA in EMSA studies allowed the
calculation of HrrA binding affinities to different target promoters. Quantification of unbound DNA
band intensities was performed using Image Studio Lite (Licor, Bad Homburg, Germany) and
apparent Ky values were calculated using GraphPad Prism 7. The calculation of apparent Ky —
values is based on 3-4 gels each. Black dotted lines represent top and bottom constraints for the
fit. Red dotted lines represent the 95% confidence level. Cl, confidence interval.
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145 Figure S10: Time-resolved differential gene expression analysis. Shown is the logz fold change
146  in gene expression (AhrrA versus wild type) along with a logz mean expression (expression
147  averaged for AhrrA and WT samples) in transcripts per million (TPM). Orange dots represent
148  significantly differentially expressed genes with an empirical FDR <0.05 (see material and
149 methods). Wild type and AhrrA C. glutamicum strains were grown in CGXIl medium (without FeSO4)
150  supplemented with 2% (w/v) glucose and 4 uM hemin (To is prior addition of hemin; for details on
151  cultivation and sample preparation see material and methods).
152
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154  Figure S11: Correlation of HrrA binding and expression change. For the time-points Oh,
155  0.5h, 4h all the C. glutamicum protein-coding genes with decent expression (>10 TPM in
156  AhrrA and WT samples) were split into groups: bound by HrrA (the ones which have an
157  HrrA binding peak within 800 nt region upstream or 200 nt downstream to the
158  transcription start site) and unbound. For these groups mean absolute log2 fold change
159  (AhrrA/WT) was calculated for the time-points Oh, 0.5h, 4 h along with standard error of
160  the mean.
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162
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164
165 Figure S12: HrrA coordinates expression of ctaA and ctaB in response to heme. Shown are
166  the ChAP-Seq (orange) and RNA-Seq (blue) results focusing on the ctaA and ctaB locus in the
167  genome of C. glutamicum. Depicted is the genomic region between mptb (cg1766) and tkt
168  (cg1774). For the cultivation, CGXIl medium supplemented with 2% (w/v) glucose and 4 uM hemin
169  was inoculated with iron starved cells from a stationary culture and adjusted to an ODsoo of 3.5.
170  Samples were analysed at the indicated time points as described in material and methods.
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Supplementary Tables

Table S1: Bacterial strains and plasmids used in this study. Oligonucleotides used for the

construction of the plasmids are listed in Table S2.

Strain Relevant characteristics Reference

Escherichia coli

DH5a fhuA2 lac(del)U169 phoA ginV44 ®80' lacZ(del)M15 Invitrogen
gyrA96 recAT relA1 endAT thi-1 hsdR17; for general
cloning purposes

BL21(DE3) B F- ompT gal dem lon hsdSs(rs=ms~) A(DES [lac/ (1)
lacUV5-T7p07 ind1 sam7 nin5]) [malBk-12(AS);
overexpression of proteins.

Corynebacterium glutamicum

C. glutamicum ATCC 13032 Biotin-auxotrophic wild type strain (2)

C. glutamicum AhrrA Derivative of ATCC 13032 with in-frame deletion of (3)
the hrrA gene (cg3247).

C. glutamicum::hrrA-C- Derivative of ATCC 13032 encoding a C-terminally This study

twinstrep twinstrep-tagged version of hrrA (cg3247).

Plasmids

Name Resistance Source

pK19 mob sacB Kanamycin (4)

pK19 mob sacB_hrrA-C- Kanamycin This study

twinstrep

14
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180  Table S2: Oligonucleotides used in this study.

181
182
# | Name Sequence
Construction of pK19 mob sacB_hrrA-C-twinstrep
1 [ hrrA-LF-twin-strep_fw | CAAGCTTGCATGCCTGCAGGTCGACGCGGAATCGACGTCATCTTG
2 | hrrA-LFtwin-strep_rv | ACCTAAAGCCTTGCAGCAACCCCCGCTATTTTTCGAACTGCGGGTGG
3 |hrrA-RF_fw GAGCCACCCGCAGTTCGAAAAATAGCGGGGGTTGCTGCAAGGC
4 [hrrA-RF_rv ATTCGAGCTCGGTACCCGGGGATCCCCGGAATCAATACACCGGC
Amplification of DNA probes for EMSAs
5 [ Phmuo (EMSA) fw GAGAAATCCTCACGCTCAC
8 | Phmo (EMSA) fw-Cy3 | Cy3-GAGAAATCCTCACGCTCAC
7 | Phmuo (EMSA) rv GGTGGGAGCCCCAAAGTTG
8 | Peac (EMSA) fw CCCAAAGTGGTTTCCGCAGG
9 | Peae (EMSA) fw-Cy3 | Cy3-CCCAAAGTGGTTTCGGCAGG
10 | Peoae (EMSA) rv ACGCCTTTTATTCGGGTTC
11 | Ppex (EMSA) fw CTTTCTATGGAGATGATCG
12 | Ppex (EMSA) v CGATTTAAATGGACCCTAAAC
13 | Prams (EMSA) fw CCTGCGCAAAGTTGCTCCCTG
14 | Prams (EMSA) rv CTCACAGGATACCGATCCGAAC
15 | Pogioso (EMSA) fw CGCTCCTCTGTGGGATTTGTC
16 | Pegioso (EMSA) rv GCCTTCACTCCCTCAAAC
17 | Pyerc (EMSA) fw CTTAGGCTTGCCTCACACAC
18 | Pxerc (EMSA) rv AATGCGGAAATGCCATAAAACC
19 | Pegaaoz( EMSA) fw CATAGGGGTATAGCCTTGAG
20 | Pegaso2(EMSA) rv CAGTGTGCGCAGGTCATGCC
21 | Porac(EMSA) fw GGAATACCTAAAGTCTAGGC
22 | Peac(EMSA) 1v GTAGGAACGTAGGGGGTAAG
23 | Psigokas(EMSA) fw GGTCACCATAAAGGTGTGTAG
24 | Psigokaas(EMSA) fw- Cy3-GGTCACCATAAAGGTGTGTAG
25 g:jo,kam(EMSA) rv GCCACCAAATAATCAGCCC
26 |Pou(EMSA) fw GTTCCCGCTCACAGCTTAAC
27 |Pow(EMSA) fw-Cy3 | Cy3-GTTCCCGCTCACAGCTTAAC
28 [P (EMSA) rv GGTGACTTGTCAACAAGGGG
29 | Pips(EMSA) fw GACTTGTTTACCCAAGCAATAC
30 | Pips (EMSA) 1v CCGGTGAGGCAACATTTACC
31 | Phaa(EMSA) fw GTCATGATGGCGTCTCGGGC
32 | Phaa (EMSA) rv GTAATCAACGCACAAATG
183
184
185
186

15
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Table S3: Complete Dataset of genome wide HrrA binding (ChAP-seq) and time resolved transcriptome analysis of
C. glutamicum wild type and AhrrA (RNA-seq). For ChAP-seq analysis, the strain C. glutamicum::hrrA-C-twinstrep was
cultivated in CGXIl minimal medium supplemented with 2% (w/v) glucose and 4 uM hemin, was harvested at different time
points as described in Figure 1. For RNA-Seq, wild type cells and a AhrrA strain were cultivated accordingly and harvested O h,
0.5 h and 4 h after hemin addition. Column 1 and 2 show the the gene locus (ID) and gene name. Column 3 indicates the
distance of the peak maximum to the translational start site of the gene and column 4 indicates the distance to the
transcription start site. In light grey (510), ChAP-seq peak intensities are indicated at 0 h, 0.5 h, 2 h, 4 h, 9 h and 24 h after
hemin addition. In green (11-13) and red (14-16), the measured mRNA levels of the corresponding genes in the wild type
strain (green) and a AhrrA strain (red) are shown (in transcripts per million, mean of two biological replicates). All further
information can be found in the full table in Keppel et al. (2018).

cg0074 ! . . . I ! J . l b . :
cg0075 79 0.0 2.1 2.2 2.1 0.0 0.0 136.5 65.7 68.4 93.7 40.4 64.3
cg0076 280 0.0 2.3 2.3 2.0 0.0 0.0 22.6 6.0 15.8 12.0 3.8 12.0
cg0113 | ureA 557 0.0 1.8 1.6 0.0 0.0 0.0 408.2 163.9 1183 165. 216.3 93.4
2
cg0128 166 0.0 1.7 e 1.6 0.0 0.0 10.6 6.9 17.4 5.8 12.5 13.0
cg0129 | putA 90 0.0 1.7 1.9 1.6 0.0 0.0 179.4 90.1 179.3 598 113.6 95.6
3
cg0153 | hde 302 0.0 3.8 3.7 2.5 0.0 0.0 20.5 18.0 30.6 21.5 21.4 15.9
cg0163 428 0.0 2.0 1.9 1.6 0.0 0.0 165.9 302.2 181.6 | 56.6 50.7 87.6
cg0204 | iolG 253 0.0 6.4 4.3 3.1 0.0 0.0 213 39.7 59.0 25.7 26.6 37.4
cg0222 410 0.0 3.2 3.1 2.4 0.0 0.0 43.0 28.1 37.7 22.1 25.2 22.0
cg0223 | iolT1 158 0.0 2.0 1.9 1.7 0.0 0.0 18.4 11.8 375 14.9 6.0 23.0
cg0247 180 0.0 2.2 1.7 1.5 0.0 0.0 40.4 21.2 28.5 37.2 34.6 233
cg0251 71 13 1.6 2.3 1.4 0.0 0.0 108.3 67.8 107.3 95.5 80.8 85.0
cg0284 122 0.0 1.8 2.0 0.0 0.0 0.0 95.7 76.4 103.8 109. 85.9 88.3
7
NCglo2 169 13 13 13 13 1.2 1.0 0.0 0.1 0.0 0.0 0.1 0.3
36
cg0296 | dnazX 73 0.0 1.6 1.7 0.0 0.0 0.0 191.0 145.7 237.7 139. 145.4 188.8
6
cg0304 214 0.0 13 11 5.9 0.0 0.0 96.2 39.6 71.9 90.0 67.5 53.8
cg0306 | lysC 32 0.0 13 11 5.9 0.0 0.0 601.5 598.3 692.6 | 722. 970.1 764.5
9
cg0309 | sigC 29 1.5 19 14 8.1 1.7 0.0 39.1 29.2 83.7 79.7 131.6 124.0
cg0310 | katA 175 1.5 19 14 8.1 17 0.0 1980.0 5988.3 1699. 1847 | 3600. 734.7
9 3 9
cg0330 | cgtR1 24 0.0 3.0 2.7 1.9 0.0 0.0 25.8 15.3 19.7 13.8 19.7 16.5
cg0336 | pbpla 533 0.0 21 2.0 1.6 0.0 0.0 4135 2219 224.6 224. 153.7 194.9
0
cg0337 | whcA 133 0.0 2.1 2.0 1.6 0.0 0.0 1195.5 1024.2 1111. 755. 742.4 677.5
(whiB 8 4
4)
cg0341 | phdA 175 0.0 2.6 2.7 2.0 1.5 0.0 5.0 33 9.8 4.5 2.2 3.7
(fadD
1)
cg0390 350 0.0 3.4 3.6 2.0 0.0 0.0 95.4 96.1 55.0 59.1 90.1 43.3
cg0420 641 0.0 7.3 4.9 4.4 0.0 0.0 192.3 99.2 161.1 50.3 62.0 413
cg0420 164 0.0 3.0 2.4 2.3 0.0 0.0 192.3 99.2 161.1 50.3 62.0 41.3
cg0422 | murA 675 0.0 3.5 24 25 0.0 0.0 230.1 157.2 218.4 237. 144.1 205.0
6
cg0424 89 0.0 2.2 1.5 0.0 0.0 0.0 194.0 149.5 254.4 183. 1353 216.8
B
cg0437 | wzy 312 0.0 4.0 3.4 2.7 0.0 0.0 154.8 119.9 212.2 88.7 124.0 160.7
cg0438 35 0.0 2.3 1.7 0.0 0.0 0.0 416.0 360.2 458.3 385. 399.8 263.8
8
cg0438 79 0.0 2.3 1.7 1.8 0.0 0.0 416.0 360.2 4583 385. 399.8 263.8
8
cg0439 326 0.0 23 1.7 0.0 0.0 0.0 194.3 209.8 254.1 169. 227.8 203.2
3
cg0439 281 0.0 23 1.7 1.8 0.0 0.0 194.3 209.8 254.1 169. 227.8 203.2
B
cg0444 | ramB 213 3.1 38 33 16 3.1 0.0 673.0 725.4 470.9 353. 439.9 319.0
7
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cg0a4s | sdhc 298 [FB3NN| 3.1 | 38 33 |16 |31 |00 1917.1 | 29120 | 2339. | 392. | 8846 | 7606
sdhCD 4 3
g0453 4 38 |00 |24 20 |00 |00 |00 2206 | 3122 | 5022 | 438. | 5620 | 4174
4
cg0465 45 45 0.0 2.8 2.3 2.2 0.0 0.0 5.6 1.1 8.6 3.9 1.1 11.3
cg0466 | htaA 185 | 43 |00 | 28 23 |22 |00 |00 19.4 8.6 77730 |30 725
cg0475 370 [370 | 00 | 36 26 |11 |22 [o00 6121 | 709.0 | 1603. | 1108 | 1378. | 1607.
6 8 3 6
cg0495 434 |44 o0 |71 13 [81 [00 |00 39.2 24.8 465 | 309 | 336 | 337
cg0497 | hemA 34 -162 0.0 7.1 13 8.1 0.0 0.0 115.4 487.8 136.3 636. 765.8 274.8
4
cg0500 | gsuR 16 | 40 |00 [ 48 41 [29 [00 [00 38.8 25.7 204 | 222 [201 | 140
cg0501 | gsuA 260 | 80 |00 | 48 41 |29 [00 |00 59.3 85.9 254 | 449 | 504 | 248
cg0505 7 7 0.0 19 1.6 1.4 0.0 0.0 79.4 59.2 81.2 126. 93.2 41.2
7
cg0516 | heme 17 |12 | 00 | 54 38 |19 |26 |00 56.8 348 526 | 281 | 2775 | 2496
2
cg0517 | hemY 624 429 0.0 0.0 3.0 0.0 0.0 0.0 65.7 37.6 96.6 215. 258.1 297.0
2
cg0524 | ccsB 38 | 38 |00 |22 22 |15 [00 |00 95.5 2340 | 2929 | 112. | 3006 | 3755
7
cg0545 | pitA 3 158 [ 00 | 16 14 |00 [14 [o00 1059 | 516 2068 | 138. | 81.9 | 2896
9
cg0557 9 9 00 |30 32 |23 |00 |00 24.4 25.0 283 | 338 | 558 | 427
cg0559 | ispB 154 | 80 | 00 | 3.0 32 |23 [00 |00 2716 | 2309 | 2535 | 213. | 2634 | 2738
1
cg0566 | gabT 748 | 748 | 00 | 3.9 26 | 1.7 |00 |00 32 41 32 30 |34 3.0
cg0614 654 | 654 | 00 |21 15 |16 |00 |00 785 1976 | 537 | 735 | 1431 | 336
cg0630 | rplR 141 | -141 | 00 | 1.8 00 |00 |00 |00 13116 | 7980 | 3689. | 2113 | 2820. | 4967.
9 2 0 9
cg0636 | creB 54 5 0.0 6.6 4.2 4.2 0.0 0.0 50.9 50.2 18.7 42.2 31.1 13.1
cg0636 | creB 451 | 402 | 00 |35 25 |00 |00 [00 50.9 502 187 | 422 [311 | 131
cg0647 | secY 708 595 0.0 1.8 1.4 0.0 0.0 0.0 652.3 537.6 587.1 651. 477.7 563.0
5
cg0656 | rpla 14 | -14 |00 |29 21 [18 [00 [o00 13749 | 7508 | 3061. | 1423 | 1461. | 4076.
1 6 5 1
cg0671 710 710 0.0 3.2 2.6 2.5 0.0 0.0 7.9 1.9 8.9 3.5 4.1 3.2
cg0673 | rpiM 36 | 277 | 00 | 2.0 17 |14 [00 [o00 1752.3 | 1550.6 | 4184. | 2711 | 2511. | 5649.
4 .6 2 7
cg0688 17 |17 |00 [39 38 |27 |14 |00 |494 415 1143 | 655 | 752 | 901
cg0752 504 381 0.0 19 1.5 15 0.0 0.0 111.5 135.6 286.1 158. 186.8 387.3
2
cg0753 250 | 250 | 00 [ 10 63 | 46 | 00 |00 2380 | 3012 | 3281 | 442. | 5311 | 190.0
7
cg0778 65 29 0.0 8.8 7.3 4.2 0.0 0.0 130.6 80.6 111.9 149. 1219 154.5
8
cg0779 | tps 95 |95 |00 |88 73 |42 [00 |00 3330 | 2479 | 5066 | 247. | 3045 | 3156
4
cg0780 140 | -140 [ 00 |20 00 |00 |00 |00 |4595 | 3593 1840 | 211. | 2181 | 1492
0
g0823 | ntaA 32 | 32 |12 [15 12 |12 [11 |12 53 138 5.6 42 |21 3.0
cg0831 tusG 30 -30 0.0 1.8 1.4 0.0 0.0 0.0 146.7 129.7 452.5 130. 128.9 403.2
2
g0842 58 |58 [o00 [17 14 |00 [00 |00 21.8 221 1210 | 358 | 425 | 908
cg0875 54 | 8 00 |45 34 |21 |00 |00 3.8 4.0 35 22 | 32 17
cg0876 | sigh 114 | -2 |00 | 45 34 |21 |00 |00 2086 | 3429 | 347.9 | 249. | 3138 | 2604
1
cg0880 54 54 0.0 7.7 5.0 3.4 0.0 0.0 67.0 45.0 63.2 76.9 70.9 51.2
cg0931 69 |69 |00 [23 16 |15 [12 |10 26.8 17.1 7.7 168 | 125 [ 53
cg0948 | serC 207 147 0.0 2.8 23 1.7 0.0 0.0 800.8 553.5 595.8 662. 839.1 927.2
8
cg0949 | gltA 519 | 240 | 00 [ 28 23 |17 [00 [00 |41256 | 22702 | 2535. | 2959 | 1630. | 3228.
7 2 9 6
cg0950 | fkpA 692 | 630 | 00 | 10 65 | 40 |00 |00 6893 | 547.7 | 1184 | 718. | 9529 | 1436.
1 0 1
cg0951 | accD3 69 -96 0.0 43 1.8 2.2 0.0 0.0 508.0 728.0 395.4 134. 156.3 119.4
3
cg0986 | amtR 407 | 366 | 00 | 1.8 14 |14 [00 [o00 2741 | 2422 | 2336 | 208. | 2953 | 2418
3
g0986 | amtR 460 | 419 | 00 | 0.0 00 |00 |00 |00 2741 | 2422 | 2336 | 208. | 2953 | 2418
3
cg1044 231 [ 431 |00 |20 14 |00 |00 |00 2728 | 1891 | 6783 | 468. | 436.8 | 465.6
8
¢g1050 57 |57 |00 |40 24 |14 |16 |00 |495 265 901 | 102. | 1191 | 1704
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cg1051 149 |48 oo | 28 2.1 1.7 |00 | o0 25.8 28.8 681 | 494 | 69.8 | 63.0
cg1051 102 [ 202 [ 00 | 238 21 |00 [12 o0 25.8 28.8 681 | 494 [ 698 | 630
cgl052 | emt3 277 [[233 |00 | 28 2.1 17 |00 |00 2206 155.6 176.1 | 172. | 2206 | 96.2

6
cglos2 [ emt3 230 [ 186 | 00 | 28 21 |00 [12 [o0 2206 155.6 176.1 | 172. | 2206 | 96.2
6
cg1069 | gapB 295 [ 215 | 00 | 24 2.1 14 [ 00 | o0 75.8 96.1 5382 | 89.4 | 3048 | 503.9
(gapX
)
cg1069 | gapB8 255 [ 175 [ 00 | 24 2.1 14 [ 00 | o0 75.8 96.1 5382 | 89.4 | 304.8 | 503.9
(gapX
)
cgl077 33 33 41 | 47 28 15 24 |00 4.4 2.8 7.2 230 | 256 | 211
cg1080 50 17 41 | 47 28 15 24 |00 26.9 12.1 521 | 130. | 206.2 | 200.5
4
NCglo9 450 [382 [o00 |34 2.3 1.9 [00 [ o0 335 24.2 1002 | 513 [ 442 | 710
14
cg1105 | lysl 553 | 553 | 0.0 [ 38 25 [21 [o00 o0 233 14.4 137 | 203 | 179 [ 112
cgl11l | eno 389 [ 319 |00 |22 17 |00 [00 |o00 22316 | 1416.8 | 3740. | 2553 | 1758. | 3184.
6 3 9 7
cgl14s | fumc 115 | 78 00 |22 13 13 [ 00 | o0 664.9 719.6 1499. | 674. | 1209. | 1530.
(fum) 4 7 2 5
cg1147 | ssul 203 |17 |00 |22 13 13 [00 [ o0 416.4 258.7 159.8 | 255. | 180.0 | 170.9
5
cgl157 | fbp 869 | 767 | 0.0 [ 20 13 [00 [00 [o00 825.0 876.1 8613 | 518. | 842.0 | 903.0
3
cg1179 782 | 740 | 00 | 22 17 |13 [00 |o00 85.5 114.7 858 | 101. [ 105.8 | 60.6
9
cg1288 775 | 666 | 0.0 [ 19 00 [13 o0 |00 25.6 62.2 197 | 166 | 434 | 190
cg1289 534 [ 534 | 00 [ 20 13 1.4 [00 |00 13.2 316 134 | 82 243 | 137
cg1292 1213 [223 [ 00 |30 20 [16 [o00 00 83.4 29.6 3510 | 773 [ 410 | 3257
cg1301 | cydA 192 [292 | 26 | 11 83 |50 |45 |00 30.3 117.6 4468 | 173. | 743 | 745
5
cg1316 443 |383 |00 |18 13 [00 [o00 [o00 94.7 623 1003 | 855 | 682 | 91.2
cg1334 | IysA 114 [ 54 |22 |16 90 |64 |18 [o00 328.0 3305 530.0 | 273. | 3370 | 5888
3
cg1355 | prfA 627 | 495 | 00 [ 17 14 |12 [o00 |o0 503.3 2220 3983 | 442. | 256.2 | 472.0
1
cg1359 176 [ 176 [ 00 | 16 00 [00 [00 |00 158.8 83.5 159.7 | 131. | 1129 | 1393
3
cg1454 274 | 248 | 00 [ 15 00 [00 [00 [o00 84.5 130.3 101.3 | 124. | 1459 | 67.8
8
cg1456 154 | 166 [ 00 | 15 00 |00 |00 |00 110.4 132.3 151.7 | 97.3 | 1044 | 109.8
cg1458 | odx 144 | 244 [ 00 | 21 14 |00 [00 |o00 238.6 153.4 3712 | 212. | 253.8 | 4185
6
cg1467 250 | 126 | 00 [ 19 1.2 11 [o00 |00 16.7 12.1 45 9.8 109 [53
cgl474 138 | -138 [ 00 | 238 13 1.5 [00 [o00 48.2 54.8 708 | 438 [ 403 | 476
cg1484 64 |97 [o00 |31 00 [14 [o00 [o00 100.1 191.4 101.6 | 141. | 1873 | 1075
4
cgl484 20 |53 |o00 |31 19 |14 |00 |oo0 100.1 191.4 101.6 | 141. | 1873 | 1075
4
cg1485 254 | 187 |00 [ 24 1.6 |00 [00 [o00 50.5 40.6 267 | 343 [351 | 223
cg1485 124 |57 00 |31 00 [14 |00 |00 50.5 40.6 267 | 343 [351 | 223
cg1485 80 13 00 |31 19 [14 [o00 [o00 50.5 40.6 267 | 343 [351 | 223
cg1526 46 46 |00 [21 1.7 [14 [o00 [o00 3.1 1.3 2.1 3.3 2.1 1.5
cg1527 83 83 00 |21 1.7 [ 14 [o00 [o00 29.9 28.7 213 | 238 [ 276 | 152
cg1531 | rpsA 409 [ 261 | 00 | 23 17 [ 13 [o00 |oo0 17793 | 18235 | 4049. | 1999 | 2520. | 5095.
0 .6 4 3
cg1537 | ptsG 325 | 70 00 |16 14 |00 [00 |[o00 23933 | 1757.4 | 1855. | 2649 | 825.0 | 1779.
8 0 5
cg1538 | coaE 144 [ 144 | 00 | 37 24 |18 [o00 |00 829.0 534.1 5014 | 693. | 494.2 | 355.0
8
cg1568 | ugpA 228 [ 228 [ 00 | 00 00 [16 [15 |14 27.9 17.6 168 | 232 | 147 |87
cg1583 [ argp 191 [ 291 [ 00 | 15 14 |00 [00 |o00 129.9 110.1 1782 | 401. | 1329. | 356.0
3 5
cg1603 35 35 00 |36 19 |14 |00 |o00 274.0 374.8 3340 [ 213. [ 355.6 [ 309.2
7
cg1628 13 62 |00 |49 29 [20 [o00 o0 60.3 198.4 19.6 | 410 | 3626 | 317
cg1629 | secA2 225 [193 | 00 | 49 29 |20 [o0 o0 119.5 101.9 1644 | 947 | 1271 | 1438
cg1636 14 110 | 00 [ 41 1.7 [13 [o00 [o00 86.6 130.8 1526 | 884 | 167.2 | 132.1
cg1639 56 56 |00 |16 1.0 [12 [o00 [o00 89.2 106.8 1255 | 73.0 | 1164 | 1101
cg1668 155 [ 155 [ 00 | 20 14 [ 12 [o00 |o0 155.9 1233 164.7 | 200. | 2133 | 2380
6
cg1691 | arc 74 74 00 |19 13 [ 00 [00 |o00 4524 360.3 2009 | 361. [ 307.9 | 1616
(mpa) 6
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cg1695 210 [877] o0 | 24 13 |58 |30 |00 3021 | 4344 1726 | 171. | 2114 | 621
1
cg1695 165 [ 80 |32 |24 13 |00 |30 |00 3021 | 4344 1726 | 171. | 2114 | 621
1
cgl701 metH 718 718 0.0 2.2 13 1.4 0.0 0.0 1376.3 1208.0 102.7 1037 859.8 175.3
7
cgl731 126 126 0.0 4.5 2.6 2.0 1.4 0.0 470.8 3249 753.6 401. 493.1 521.4
6
gl734 | hemH 21 |21 |27 |41 18 11 |20 |00 786 68.1 156.0 | 731. | 1086. | 692.5
7 0
cgl736 87 -60 0.0 8.3 4.7 3.1 0.0 0.0 48.2 30.3 37.3 38.3 35.7 26.1
gl737 | acn 267 |59 |00 |83 47 |31 |00 |00 22426 | 3962.9 | 1878. | 1175 | 3469. | 1605.
7 0 1 0
cg1767 27 |27 |00 |21 13 |70 |00 |00 214 16.3 486 | 130. | 1393 | 1296
8
gl773 | ctaB___789 | 667 | 00 | 7.9 18 |00 |00 |00 96.0 73.4 3139 | 738 | 1011 | 1152
gl791 | gapA 269 | 86 | 29 | 3.9 30 |23 |22 |00 6401.7 | 37345 | 6577. | 9354 | 3023. | 5159.
(gap) 6 4 4 7
cgl801 rpe 67 67 0.0 2.6 1.6 1.2 0.0 0.0 350.8 379.0 4453 356. 384.5 414.8
6
cgl841 | asps 189 |79 |00 |17 00 |00 |00 |00 3550 | 2649 | 5504 | 258. | 2684 | 550.7
2
cgl842 43 43 0.0 1.7 0.0 0.0 0.0 0.0 542.0 357.4 234.1 400. 3249 2231
4
cgl1893 act4 462 267 0.0 2.2 1.4 1.3 0.0 0.0 139.7 88.8 103.4 122. 101.9 75.5
9
g1894 124 |-124 | 00 |22 14 |13 |00 |00 2763 | 2461 | 2509 | 213. | 251.2 | 186.7
1
cg1898 743 | 590 |00 |29 19 |17 |00 |00 22 03 1.0 17 |00 038
cg1905 286 139 0.0 2.1 2.0 1.4 0.0 0.0 573.4 901.6 1744. 487. 967.2 1131.
0 4 7
NCgl16 961 | 776 | 00 | 16 11 |00 |00 |00 264 15.5 462 | 254 | 305 | 329
28
cgl1918 682 682 0.0 1.8 1.5 0.0 0.0 0.0 140.4 93.9 103.1 75.1 55.2 70.8
g1923 156 | -156 | 0.0 | 1.9 13 |00 |00 |00 3.1 2.9 238 31 | 32 2.8
cg1925 348 348 0.0 2.4 1.2 1.3 0.0 0.0 118.4 79.7 49.7 95.8 118.5 48.2
g1926 170 [ 170 |00 [ 20 14 |00 |00 |00 47.7 335 296 | 251 | 525 | 234
cgl926 130 130 0.0 2.0 1.4 0.0 0.0 0.0 47.7 33.5 29.6 25.1 52.5 23.4
g1959 | priP 16 | -180 | 0.0 |33 19 |18 |00 |00 438 26 27 36 | 26 2.0
cgl1981 556 556 0.0 2.4 0.0 0.0 0.0 0.0 12.9 7.0 6.1 9.4 5.7 4.4
cg1981 476 | 476 | 00 | 00 15 |16 |00 |00 129 7.0 6.1 94 |57 4.4
cgl1981 438 438 0.0 0.0 1.5 1.6 0.0 0.0 12.9 7.0 6.1 9.4 5.7 4.4
cg1981 47 |47 | o0 |18 15 |00 [00 |00 12.9 7.0 6.1 94 |57 4.4
g2005 340 | 139 [o00 [27 18 |20 |00 |00 15.8 14.8 11.9 | 158 | 142 |91
g2014 78 |78 o0 [12 66 | 49 |00 |00 1097 | 1222 | 541 | 509 [ 572 | 339
g2021 298 | 298 |00 [33 15 |14 |00 |00 14.9 12.8 9.0 120 109 [65
NCgl17 523 | 245 |00 |18 12 |15 |00 |00 16516 | 952.3 737.2 | 1404 | 786.8 | 6206
31 5
cg2031 164 7 0.0 3.0 1.7 1.5 0.0 0.0 91.8 112.3 78.4 96.8 72.4 62.2
g2037 7 44 |00 |33 18 |15 |00 |00 89.9 924 821 | 816 | 985 | 689
NCgl17 43 43 0.0 5.8 2.2 2.0 0.0 0.0 187.9 298.7 148.3 210. 217.9 122.8
55 3
NCgl17 14 -22 0.0 2.8 2.1 1.3 0.0 0.0 83 9.7 17.1 9.7 12.6 9.5
87
NCgl17 260 | 260 | 00 |23 16 |15 |00 |00 15 0.0 05 08 |03 0.0
93
NCgl18 677 507 0.0 1.6 1.2 1.1 1.0 1.1 9.2 5.4 4.1 6.8 4.6 3.4
15
g2077 | aftc 367 | 272 | 00 |30 19 [ 13 [00 |00 2719 | 3314 1305 | 162. | 2637 | 1132
6
g2079 | hemq 133 |13 |20 | 19 11 |69 |17 |00 177.1 1090 | 460.8 | 630. | 7735 | 1641.
7 3
g2080 140 [67 |20 |19 11 |69 |17 |00 6927 | 8821 | 4024 | 448. | 636.8 | 338.1
6
g2085 164 [ 9 |00 |00 15 |14 |00 |00 2818 | 2523 3513 | 259. | 2527 | 257.4
5
g2085 202 | 134 |00 |19 15 |14 [00 |[o00 2818 | 2523 3513 | 259. | 2527 | 2574
5
g20%0 | suhB 129 | -129 | 23 | 266 104 | 70 | 16 |00 166.2 117.0 1817 | 287. | 2422 | 1646
2
cg2091 | ppgkK 199 199 2.3 266 104 70 1.6 0.0 472.0 4439 878.6 494, 502.2 499.5
4
cg121 | ptsH 25 |70 |00 |21 12 |00 |00 |00 2765.7 | 3056.9 | 2443. | 3448 | 1299. | 1981.
1 2 4 3
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g2155 326 |13267] 00 | 50 26 |19 |00 |o00 4643 3715 3967 | 644. | 6405 | 329.9
6
g2181 | oppA 274 | 217 | 22 | 10 72 [ 39 [17 [o00 13047 | 1333 1967. | 433. | 136.2 | 1525.
7 8 0
cg2187 279 279 0.0 2.1 0.0 0.0 0.0 0.0 88.0 55.0 41.6 36.9 39.0 40.4
g2195 284 |50 |00 |25 15 |15 [00 |00 6624.2 | 8846.7 | 1167 | 8905 | 1165 | 11955
9.9 6 1.9 3
g2201 | chrs 4 4 00 |25 14 |10 |00 |00 36.8 490.1 237 | 116 | 3637 | 575
(cgts8
)
cg2202 hrtB 107 107 0.0 2.5 1.4 1.0 0.0 0.0 42.7 5528.5 12.0 4.7 2771. 240.2
7
g2208 | dxr 45 |42 |00 [32 24 |18 [00 |00 48.8 32.4 963 | 513 [ 588 | 721
cg2211 200 | 121 | 00 |32 24 [ 18 [o00 |00 1747.7 | 21141 | 2363. | 808. | 1629. | 1453.
5 6 5 7
cg2224 | xerC 129 26 2.4 78 40 20 1.8 0.0 42.7 26.5 31.3 43.0 42.1 333
cg2311 113 113 0.0 4.2 2.8 2.1 0.0 0.0 99.7 50.0 135.3 47.2 48.7 163.2
cg2343 422 192 0.0 6.3 3.8 3.2 0.0 0.0 84.4 124.2 79.7 103. 115.6 54.7
6
g2398 | pisC 153 [ 75 [ o0 |23 18 | 14 [00 |o00 4414 656.1 3255 | 243. | 2423 | 14738
1
cg2406 ctak 307 307 19 105 63 25 13 23 3935.0 4547.1 1818. 965. 1446. 1039.
0 4 9 4
cg2409 ctaC 233 47 1.9 22 12 6.3 21 0.0 2698.8 3552.2 2684. 1037 1403. 1371.
1 3 6 5
g2409 | ctaC 270 | 84 19 | 22 12 63 | 21 |00 26988 | 35522 | 2684. | 1037 | 1403. | 1371.
1 3 6 5
cg2410 ItsA 286 199 1.9 22 12 6.3 21 0.0 153.0 136.3 203.1 135. 142.7 168.0
0
g2410 | ItsA 249 | 162 | 19 | 22 12 63 |21 |00 153.0 1363 203.1 | 135. | 1427 | 1680
0
g2423 | lipA 127 [33 Joo0 [33 23 [ 19 [o00 [o00 677.5 16757 | 4528 | 678. | 1702. | 4625
3 6
g2445 | hmuo 149 |43 |00 [ 54 28 [ 31 [00 |00 185.3 80.4 2631 | 83 | 9.6 19.1
cg2445 | hmuo 625 | 519 | 0.0 [ 36 17 [20 |00 [o00 185.3 80.4 2631 | 83 |96 19.1
cg2473 acpM 586 586 0.0 6.6 3.7 2.6 0.0 0.0 188.3 140.2 247.5 253. 278.1 175.4
0
g2495 43 |43 |00 [67 43 |34 |00 [o00 90.2 69.8 1040 [ 910 | 703 | 675
82496 &l 56 | 00 | 6.7 43 |34 |00 [o00 1283 109.5 1406 | 122. | 1450 | 1135
9
cg2521 | fadD1 184 -15 0.0 13 1.6 1.5 0.0 0.0 284.8 254.5 209.6 250. 244.5 204.5
5 1
g2523 | malq 84 |74 |00 |13 16 | 15 |00 |00 1629.8 | 1167.4 | 1339. | 1106 | 998.8 | 1039.
1 .0 7
cg2537 brnQ 345 235 0.0 3.9 29 2.0 1.5 0.0 178.7 133.9 150.6 158. 187.0 169.8
3
cg2546 183 162 0.0 8.6 5.3 3.5 1.3 0.0 53 4.0 12.1 3.2 3.7 16.2
g2557 114 |37 o0 |18 13 [00 |00 |00 25.4 20.2 1148 | 155 | 219 | 1257
cg2625 pcaF 219 219 0.0 2.0 1.8 1.6 0.0 0.0 817.0 323.1 19.9 207. 77.2 17.5
6
cg2641 | benR 295 | 229 | 00 [ 56 40 [31 [o00 [o00 24.0 26.5 457 | 223 | 243 | 204
82675 9 9 00 |96 47 |33 |00 |00 571.8 13577 | 180 | 859. | 399.3 | 61.0
1
cg2680 argD2 227 186 0.0 3.5 2.4 1.9 0.0 0.0 163.7 187.2 213.7 111. 133.2 175.3
0
82683 99 |72 o0 [o00 00 |12 [12 [11 3.4 3.0 2.6 21 |19 1.8
cg2685 13 -16 2.8 24 18 10 2.8 0.0 148.4 713 80.6 115. 121.8 129.2
3
82686 120 [120 | 28 | 24 18 10 |28 [o00 369.7 4373 1887 | 427. | 3954 | 128.0
0
g2734 | pncA 31 | 5 11 | 0.0 00 |10 |12 |12 212.4 2223 2402 | 196. | 2121 | 1662
2
cg2761 cpdA 309 309 0.0 4.2 3.4 2.1 0.0 0.0 102.3 170.8 175.7 92.7 2213 122.7
g2780 | ctab 309 | 197 | 35 | 36 27 13 |50 |16 3107.7 | 54520 | 3251. | 1682 | 2653. | 1786.
3 3 4 1
cg2786 nrdE 31 -31 0.0 4.4 2.6 23 0.0 0.0 259.3 313.0 413.0 239. 225.8 407.4
1
g2812 47 |17 [ o0 |24 20 [18 [o00 |00 1232 500.3 206.7 | 149. | 4173 | 1315
8
g2822 278 | 278 | 12 [ 12 00 |12 [13 [o00 6.9 4.1 4.7 52 |24 1.8
cg2831 ramA 64 -10 0.0 2.1 1.6 1.5 1.9 0.0 2319 249.2 136.6 157. 183.8 203.5
4
g2842 | phou 65 |65 | 00 | 25 19 [ 17 [o00 [o00 337.4 364.5 2162 | 232. | 3581 | 1833
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cg2944 | ispF 529 00 | 74 48 |27 |00 |15 198.3 136.8 2093 | 164. | 1785 | 1732
9
82949 113 1.6 |96 72 |42 [o00 |00 726.8 1005.1 | 1597. | 507. | 868.1 | 963.8
1 1
g2952 302 00 |22 18 |16 [00 |o00 648.1 603.4 5420 | 410. | 5445 | 4624
3
g2953 | vah 19 00 [21 00 [00 [o00 |00 59.9 303 1554 | 457 | 506 | 1085
cg3050 523 00 |20 18 [00 [o00 |00 3019 288.8 463.0 | 387. | 501.7 | 3935
4
cg3054 | purT 254 00 |23 18 [18 [o00 |00 194.4 198.6 2242 | 144. | 1404 | 1538
8
cg3068 | fda 6 00 |42 28 |28 [o00 |00 1017.3 | 656.7 1791. | 1350 | 1107. | 1835.
0 1 9 1
83069 148 00 |48 31 [26 [00 |00 241.0 2217 317.2 | 362. | 3174 | 2183
8
cg3100 | dnak 335 00 |28 23 [19 [o00 |00 153.7 1668.7 | 949.8 | 109. | 9655 | 1171.
1 5
cg3101 596 00 |20 23 [ 17 [o00 |00 393.2 430.1 3273 | 106. | 1267 | 1789
2
cg3101 4 00 |28 23 [19 [o00 |00 393.2 430.1 3273 | 106. | 1267 | 1789
2
cg3114 | cysN 558 00 |22 22 |00 [o00 |00 5360.9 | 5660.6 | 40.7 | 3871 | 3522. | 477.9
.6 6
g3118 | cysl 138 00 |20 19 [o00 [o00 [o00 61417 | 66833 | 58.0 | 5086 | 4183. | 498.1
3 2
cg3119 | cys/ 245 00 |20 19 [00 [o00 |00 6749.5 | 62382 | 39.4 | 5613 | 4179. | 453.8
(fer2) 2 1
cg3127 tctC 64 0.0 1.9 2.1 1.8 0.0 1.1 7.6 9.5 27.8 8.6 8.8 14.7
NCgl27 601 00 |24 23 [20 [15 |00 15.1 15.0 159 | 242 | 206 | 122
48
cg3156 | htaD 165 23 [ 14 11 60 [19 [o00 6.6 1.0 509 |28 [os8 24.1
g3173 24 00 |00 21 [ 16 [00 |00 335.5 210.7 3206 | 253. [ 217.7 | 279.7
5
cg3175 231 00 |32 26 |24 [o00 00 63.4 46.9 748 | 591 [ 687 | 630
cg3194 273 00 | 44 41 |27 o0 |00 224 7.9 431 | 164 | 120 | 286
cg3195 108 00 | 44 41 |27 |00 |00 54.8 24.0 3057. | 935 | 153 | 617.3
3
cg3199 181 0.0 3.4 3.7 2.4 0.0 0.0 51.3 29.5 81.5 33.6 43.5 69.9
cg3226 606 00 |34 36 [22 [o00 |00 2579.1 | 569.4 839 | 1161 | 1785 | 1519
8
cg3247 | hrrA 107 00 |37 34 [21 [o00 |00 82.1 52.6 2261 [ 00 |00 0.0
(cgtR1
1)
NCgl28 44 00 |27 24 |18 [o00 |00 779.6 978.2 233 | 474. | 4408 | 207
61 2
cg3317 3 00 |41 34 [27 |00 |00 136.9 2129 2242 | 221. | 3401 | 3683
8
cg3322 199 00 |42 45 [32 |17 |00 19.4 85.8 578 | 184 | 1672 | 723
cg3323 inol 167 0.0 4.2 4.5 3.2 1.7 0.0 449.9 2183 1284. 302. 712.6 1928.
7 3 5
g3332 | gor3 9 00 |19 17 |00 [o00 |00 76.4 107.1 188.0 | 107. | 1825 | 108.7
2
g3336 | gntk 67 00 |20 16 |16 |00 o0 69.1 78.2 477 | 587 | 645 | 407
cg3400 | thiD2 242 00 |33 27 |26 |00 |00 6.3 2.9 3.9 49 |20 2.1
cg3402 9 00 |33 27 |26 [00 |00 14646 | 2591.0 [ 283 | 1863 | 1236. | 24.2
5 0
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Table S4: Filtered dataset of time resolved transcriptome analysis of C. glutamicum wild type and AhrrA with genes showing
at least two-fold alteration in gene expression. Wild type cells and a AhrrA strain were cultivated in CGXII minimal medium
supplemented with 2% (w/v) glucose and 4 uM hemin and harvested 0 h, 0.5 h and 4 h after hemin addition. Column 1 and 2
show the gene locus (ID) and gene name. In green (3-5) and red (6-8), the measured mRNA levels of the corresponding genes
in the wild type strain (green) and a AhrrA strain (red) are shown (in transcripts per million, mean of two biological replicates).
Column 9-11 show the log,-fold change of AhrrA in comparison to the wild type after 0 h, 0.5 h, or 4 h of incubation in hemin
containing medium. The presented genes were filtered for at least two-fold altered fold-change in one of the measured time
points and for a p-value <0.05. All further information can be found in the full table in Keppel et al. (2018).

mRNA wt mRNA AhrrA log2(AhrrAfwt) |

Gene ID Gene name t=0 t=0.5 t=4 t=0 t=0.5 t=4 t=0 t=0.5 t=4

cg0012 ssuR 783.2 319.1 5.9 160.5 103.2 204 | -2.3 1.6 | 18
cg0061 rodA 146.9 344.0 222.8 169.4 166.3 1556 | 0.2 10| -05
cg0160 7.8 2.0 3.6 2.4 0.6 187 | -17 17| 24
cg0161 494.5 397.9 287.3 80.6 88.9 1339 | -2.6 22| 12
cg0162 306.1 327.4 201.3 66.6 50.4 99.2 [ -2.2 27| 10
cg0163 165.9 302.2 181.6 56.6 50.7 876 | -1.6 26| -11
cg0165 316 114.3 88.2 26.0 26.2 436 | -03 21| 10
cg0230 gltD 57.0 427.7 8.4 147.6 96.4 64| 14 21| -04
¢g0256 421 5.4 39.3 9.4 0.3 208 | -2.2 41| -09
cg0314 brnF 37.5 47.5 14.2 29.1 19.8 69 | -04 13| -10
cg0315 brnE 50.5 39.6 16.2 34.2 19.4 11.0 | -06 -1.0| -06
cg0318 arsC1 (arsB2) 39.6 90.2 19.4 29.6 329 152 [ -04 15| -04
cg0319 arsC2 (arsX) 86.2 116.4 34.9 77.2 50.3 255 [ -0.2 ‘12| -05
cg0421 wzx 69.7 36.7 60.2 20.7 14.8 144 [ -18 13| 21
cg0445 sdhC sdhCD 1917.1 | 2911.0 | 2339.4 392.3 884.6 760.6 | -2.3 17| -16
cg0446 sdhA 1156.2 | 2662.4 | 22249 278.2 768.3 7749 | 21 1.8 | -15
cg0447 sdhB 458.1 | 27317 | 25273 229.8 798.8 8393 | -1.0 18| -16
cg0455 634.7 578.7 24.9 364.1 261.3 242 [ 0.8 11| o0
¢g0456 276.6 580.5 17.8 320.0 253.6 194 [ 02 12| o1
cg0463 csoR 537.5 | 3066.3 453 705.1 926.5 399 [ 04 1.7 | -02
cg0464 CopA (ctpA, ctpV) 1863.7 | 44905 27.0 | 14426 | 1033.9 301 [ -04 21| 02
cg0466 htaA 19.4 8.6 77.7 3.0 3.0 725 [ 2.7 -5 | -01
cg0635 creA 48.5 32.8 6.7 18.9 12.7 54| -14 14| -03
cg0676 29.7 17.3 19.7 12.8 7.9 175 [ -12 11| -02
cg0683 873.3 449.8 145.3 850.1 218.0 1484 [ 0.0 10| o0
cg0755 mety 3615.4 | 2977.0 547 | 20885 | 1365.4 304.6 | -0.8 11| 25
cg0793 321.7 183.1 246.2 141.7 83.5 1539 [ -1.2 11| -07
cg0898 paxS 701.1 228.4 772.2 517.3 111.3 907.8 | -0.4 10| 02
g0922 35.6 16.4 43.8 13.6 5.2 106.2 | -1.4 17| 13
cg0923 440.6 466.9 147.2 134.2 124.0 922 | 17 19| -07
cg0926 140.1 27.1 228.7 27.0 12.8 7185 | -2.4 1| 17
cg0927 415.1 29.5 215.7 526 13.6 644.6 | -3.0 11| 16
cg0951 accD3 508.0 728.0 395.4 134.3 156.3 119.4 | -1.9 22| 17
cg1120 ripA 77.0 55.3 105.7 33.8 26.1 3392 | -12 EXT %
cg1225 benk3 (pcak) 1672.9 600.3 422 | 11900 207.5 274 | -05 -15 | -06
cg1226 pobB (pobA) 2600.5 682.1 60.3 | 1874.0 314.8 374 [ -05 11| -07
cg1313 393.1 139.4 77.5 149.2 65.4 334 [ -14 11| 12
cg1405 518.3 297.8 119.3 202.5 97.0 1356 | -1.4 1.6 | 02
cgl411 rbsA 29.9 225 51.6 16.1 10.5 615 [ -0.9 11| o3
cg1412 rbsC 27.8 24.0 50.7 17.9 11.8 69.2 | -0.6 10| o4
cgl424 lysE 613.8 368.3 83 300.9 89.8 91| -10 20| o1
cg1425 lysG 57.5 49.0 17.5 38.9 216 147 | -06 ‘12| -03
cg1537 ptsG 23933 | 1757.4 | 1855.8 | 2649.0 8250 [ 17795 | 0.1 11| -01
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cg1555 127.2 736.5 83.3 120.1 297.6 71.6 -0.1 =il -0.2
cg1695 302.1 434.4 172.6 171.1 211.4 62.1 -0.8 -1.0 =l
cgl705 arsB1 (arsC2) 53.1 112.9 48.8 42.1 54.9 45.0 -0.3 -1.0 -0.1
cgl738 acnR 173.0 368.6 74.8 78.8 171.9 60.3 =il -1.1 -0.3
cgl759 2544.1 4176.3 834.1 3478.9 1899.3 830.8 0.5 -1.1 0.0
cgl760 sufu 3043.1 4005.4 883.6 3669.2 1828.7 869.8 0.3 ikl 0.0
cgl761 sufs 3417.4 3789.5 758.6 3412.6 1567.9 766.3 0.0 =il.3 0.0
cgl762 sufC 4638.9 4619.6 946.1 4230.5 1871.9 954.6 -0.1 =13 0.0
cgl763 sufD 5218.2 4722.5 1051.6 4286.1 2202.4 1067.8 -0.3 -1.1 0.0
cgl778 wf 411.2 728.0 294.8 316.8 321.9 243.7 -0.4 =il.2 -0.3
cgl779 opcA 382.6 823.1 302.5 338.8 3425 267.3 -0.2 =13 -0.2
cgl780 pgi (devB) 184.5 399.9 181.9 208.7 198.5 157.0 0.2 =il -0.2
cgl787 ppc 1217.0 447.6 467.2 735.7 177.9 332.6 -0.7 =13 -0.5
cgl861 rel 494.7 736.1 327.6 305.5 3383 227.1 -0.7 -1.1 -0.5
€g1962 135.4 183.8 90.8 98.1 86.3 63.5 -0.5 -1.1 -0.5
cg2012 20.8 26.5 10.8 14.0 12.7 6.3 -0.6 ikl -0.8
€g2014 109.7 122.2 54.1 50.9 57.2 339 =Ll =Ll -0.7
NCgl1729 22.6 15.1 11.8 13.0 6.6 10.4 -0.8 =12 -0.2
cg2106 1096.6 3586.5 265.7 851.3 1615.4 206.4 -0.4 =iz -0.4
cg2117 ptsl 1629.4 565.0 1067.6 1799.1 204.8 910.0 0.1 =il -0.2
cg2118 fruR 3069.0 1111.2 852.6 3750.8 2513 510.3 0.3 -21 -0.7
cg2119 pfkB (fruK) 2340.6 1037.4 848.4 2908.1 213.2 510.7 0.3 23 -0.7
cg2120 ptsF 2834.9 2472.9 931.9 3460.9 431.2 548.2 0.3 -2.5 -0.8
cg2121 ptsH 2765.7 3056.9 2443.1 3448.2 1299.4 1981.3 0.3 =12 -0.3
€g2204 hrtA 34.7 4329.7 11.2 2.8 2134.6 185.5 -3.7 -1.0 4.0
€g2329 55.3 113.0 27.6 40.7 48.0 14.6 -0.4 =il2 -0.9
€g2381 108.4 196.0 87.6 90.9 97.9 87.7 -0.3 =il 0.0
cg2397 204.1 146.9 135.7 79.5 723 106.6 -1.4 -1.0 -0.3
cg2398 plsC 441.4 656.1 325.5 243.1 2423 147.8 -0.9 -1.4 -1.1
€g2403 qcrB 1531.9 4192.8 2001.6 533.1 1209.8 1227.5 =il -1.8 -0.7
€g2404 qcrA (qerAl) 2308.3 4502.3 1893.6 612.3 1254.2 1153.9 =) -1.8 -0.7
€g2405 qcrC 2729.9 4308.4 1782.9 692.9 1294.4 1034.6 20 =il.7/ -0.8
€g2406 ctaE 3935.0 4547.1 1818.0 965.4 1446.9 1039.4 -2.0 -1.7 -0.8
€g2408 ctaF 1375.0 2402.0 1615.9 575.2 824.0 934.6 =13 =15 -0.8
€g2409 ctaC 2698.8 3552.2 2684.1 1037.3 1403.6 1371.5 -1.4 =il.3 -1.0
€g2438 /i3 475.9 337.4 341.6 138.6 169.3 -0.1 -1.8 -1.0
€g2445 hmuO 185.3 80.4 263.1 8.3 9.6 19.1 -4.5 8l -3.8
€g2559 aceB 295.1 156.7 228.5 145.9 54.2 159.1 SIR0) =il -0.5
€g2560 aceA 61.0 16.9 212.8 13.9 8.4 260.7 -2.1 -1.0 0.3
€g2624 pcaR 616.9 252.4 25.5 190.1 106.2 15.4 =il7/ -1.2 -0.7
€g2625 pcaF 817.0 323.1 19.9 207.6 77.2 17.5 -2.0 -2.1 -0.2
€g2626 pcaD 1150.5 606.2 36.7 349.9 132.0 34.0 =157 =22 -0.1
€g2629 pcaB 2832.7 1115.4 156.2 2377.9 555.3 60.4 -0.3 -1.0 -1.4
€g2630 pcaG 5111.6 2096.4 232.9 5046.4 999.5 933 0.0 -1.1 =13
€g2636 catAl (catA) 1433 298.3 821.6 49.7 62.5 230.6 =il 23 -1.8
€g2638 benB 4.4 6.6 7.3 3.9 1.6 11 -0.2 -2.0 -2.7
cg2639 benC 5.2 6.7 5.9 1.8 15 21 =116 =22 =155
€g2674 349.7 1095.0 285.3 877.5 491.2 225.6 i3 -1.2 -0.3
€g2675 571.8 1357.7 18.0 859.1 399.3 61.0 0.6 -1.8 1.8
cg2676 891.9 1635.4 123 855.5 432.6 63.4 -0.1 =iLg) 2.4
€g2677 1213.2 1710.5 11.0 845.1 438.1 72.0 -0.5 -2.0 2.7
cg2678 1362.4 1661.0 15.7 756.1 465.6 79.0 -0.8 =18 23
€g2697 26.5 20.5 12.0 14.0 9.9 8.1 -0.9 =Ll -0.6
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cg2732 gntV (gntK) 61.2 33.8 6.5 36.9 8.0 106 | 07 21| o7
cg2739 32.7 59.3 9.0 21.7 29.2 9.0 [ -06 10| o0
¢g2780 ctaD 3107.7 | 54520 | 32513 | 16823 | 26534 [ 1786.1 | -0.9 -10 [ 09
52810 cynT 2121 | 9444 26.1 94.1 164.4 357 | 1.2 25| 05
cg2833 cysk 8886.8 | 7276.4 | 611.9 | 42502 | 23722 | 26358 | -1.1 16| 21
cg2836 sucD 45.7 35.7 576.0 87.0 16.6 1712 [ 09 11| 18
52838 283.1 | 12194 86.3 1973 | 579.0 933 | -05 11| o1
82867 mpx 2848 | 4877 311.2 195.9 172.1 2088 | -0.5 15| 06
cg2925 ptsS 3076.8 | 629.6 | 1200.2 | 4006.3 144.1 6748 | 04| 21| -08
cg2939 siaG 35.4 222 36.7 41.0 9.9 268 | 02 12| 05
cg2940 sial 19.8 23.7 335 314 9.4 255 | 0.7 13| 04
cg3101 3932 | 4301 3273 106.2 126.7 1789 | -1.9 18| -09
cg3109 12.4 12.0 4.3 8.2 5.2 26| 06 12| -09
cg3112 cysZ 47474 | 57187 15.8 | 4079.5 | 2666.5 166.0 | -0.2 11| 34
cg3141 hmp 825.6 | 4548 87| 2388 170.1 125 | -18 14| o5
cg3145 7.5 9.4 58 5.7 2.2 22| 04| 21| 14
cg3176 4302 [ 4229 189.2 92.0 98.6 1375 | 2.2 21| 05
cg3213 746 | 2606 15.5 1044 | 1227 9.7 os 11| 07
cg3216 gntP 3835 166.1 1786 | 212.9 60.1 89.0 [ -0.8 15 | -1.0
cg3226 2579.1 | 569.4 83.9 | 1161.8 178.5 1519 [ -1.2 17| o9
cg3227 IldD 41470 [ 9059 1342 | 18087 [ 3111 4089 [ -1.2 15| 16
cg3234 1292 | 557.6 59.9 89.6 | 2627 56.7 | -0.5 11| 01
NCgl2845 15 7.1 10.4 15 2.4 142 | 01 16 | 04
cg3277 181.8 | 804.8 57.2 1986 | 265.1 37| o1 16 | -04
cg3280 14363 | 6136.9 431 | 1447.1 | 2940.8 263 | 00| 11| -07
NCgl2858a 459.2 | 4055.7 220 | 6858 | 17363 130 | 06 ‘12| -08
cg3281 copB 1250.1 | 28823 27.1 647.3 | 11338 160 | 09 13| 08
cg3282 18704 | 24413 310 | 957.1 | 9236 234 | 10| 14| -04
NCgl2861 7796 | 9782 233 | 4742 | 4408 207 | 07 ‘12 | -02
cg3284 copS (cgts9) 15.5 226 22.4 6.2 8.7 107 | -13 14 | 11
cg3285 COpR (cgtR9) 25.0 310 19.7 73 14.2 56 | -1.8 11| 18
cg3286 107.6 | 2125 773 17.8 56.2 594 | -2.6 19| 04
cg3287 copO 455 91.0 37.4 6.6 243 329 | 2.8 19| 02
cg3334 cepA 3108 | 2637 224 17.4 18.8 6.8 | -4.2 38| 17
cg3374 cyel 993.8 [ 1177.7 27.2 610.7 | 554.7 262 | -0.7 11| -01
cg3385 catA3 (rhcD2) 94.1 35.1 493 86.0 16.5 308 | -0.1 11| 07
cg3387 iolT2 127.1 334 56.0 62.0 136 372 | 10| 13| -06
cg3399 11829 | 15215 106 | 6025 | 24138 470 | 10| 27 21
cg3402 1464.6 | 2591.0 283 | 18635 [ 1236.0 242 | 03 ‘11| -02
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187 Table S5: Pearson correlation for the gene expression values (TPM) between the two
188  Dbiological replicates. Transcriptome expression estimates for all the three time-points and both
189 KO and WT conditions show high reproducibility. The genes with low expression (combined
190  expression in replicates < 5 TPM) were not included in this analysis.

191

Time Point | WT KO

0h 0.9987 0.9994

05h 0.9990 0.9984

4h 0.9974 0.9964
192
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4.3 Supplemental material to “A pseudokinase version of the histidine kinase ChrS
promotes high heme tolerance of Corynebacterium glutamicum”

Supplemental material to: A pseudokinase version of the histidine
kinase ChrS promotes high heme tolerance of Corynebacterium
glutamicum

This file includes:

Figure S1: Adaptive laboratory evolution of C. glutamicum to high heme levels.
Figure S2: The ChrS-Ala245fs pseudokinase promotes heme tolerance.

Figure S3: HrtB-reporter assay.

Figure S4: gPCR analysis comparing expression levels of hrtB and hrrS in the C. glutamicum WT in
comparison to the evolved strain.

Figure S5: ChrA is crucial for the activation of hrtBA, while hrrA does not affect the growth advantage
of the evolved clone.

Figure S6: Plasmid-based overexpression of hrtBA does not lead to the same heme tolerance as in the
evolved clone 1.fs due to too excessive heme export

Figure S7: BACTH with N-terminal tagged variants of the HKs ChrS and HrrS.
Table S1: Bacterial strains used within this study.

Table S2: Oligonucleotides used in this study.

Table S3: Plasmids used within this study

Table S4: Comparative transcriptome analysis of C. glutamicum WT and C. glutamicum ChrS-Ala245fs
during growth on 4 uM heme.
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Figure S1: Adaptive laboratory evolution of C. glutamicum to high heme levels. C. glutamicum ATCC
13032 (WT, black) as well as the evolved strain (1.fs, grey) and each two single clones of the different
populations 1 to 3 (blue, orange, green) from the respective inoculation steps in the ALE experiment
were inoculated at a starting-ODsoo of 1 in CGXIl medium containing 2% glucose and 100 uM heme.
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Figure S2: The ChrS-Ala245fs pseudokinase promotes heme tolerance. Data represent the averages
of three biological replicates including standard deviations. Reintegration of the point mutation
Ala245fs in in the parental chrS (blue) gene shows that this single mutation leads to enhanced heme
tolerance of the evolved clone 1.fs (orange) compared to the WT (black) under all tested conditions.
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Figure S3: HrtB-reporter assay. Data represent the averages for three biological replicates including
standard deviations as error bars. Cells were inoculated at a starting-ODggo of 1 in CGXIl medium
containing 2% glucose and the indicated amount of heme or iron. (A) Reporter assays for hrtB-
expression using the plasmid pJC1-Ps.s-eyfp for transformation of the WT (black), evolved clone 1.fs
(orange) and the reintegration strain with Ala245fs in ChrS (light orange). The hrtB expression for the
evolved strain 1.fs and the reintegration strain ChrS-Ala245fs is comparable in the presence of 4 uM
heme. (B) Reporter assays for hrtB-expression using the plasmid pJC1-Ps-eyfp for transformation of
the WT (black), evolved clone 1.fs (orange), AchrS (dark blue), AchrSAhrrS (mid-blue) and chrS-Q191A
(light blue). 1.fs shows an extreme high upregulation of the heme exporter even at standard conditions
(36 UM FeSQs, no presence of added heme).
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Figure S4: qPCR analysis comparing expression levels of hrtB and hrrS in the C. glutamicum WT in
comparison to the evolved strain. The C. glutamicum WT and the imitated strain ChrS-Ala245fs were
cultivated in 50 ml CGXIl medium with 2% glucose and 4 uM heme in 500 ml shaking flasks. After 0,
2.5, 7 and 24 h, a sample was taken in ice-falcons for RNA isolation via the Monarch Total RNA Miniprep
Kit (New England Biolabs, Frankfurt am Main). Using the Luna One-Step RT-qPCR Kit (New England
BiolLabs, Frankfurt am Main) according to manufacturer’s instructions, gPCR was performed in the
gTower (Analytik Jena, Jena) and analyzed using gPCRsoft 3.1 (Analytik Jena, Jena). As a reference gene
for normalization, the housekeeping gene ddh (A156-ddh-qPCR-fw CCGGAAAGCAAACCCACAAG; A157-
ddh-qPCR-rv CTCGGAGTCGAAGGTTGCTT) was used (Frunzke et al., 2008), besides the target genes
hrtB (A269-hrtB-qPCR-fw TCCGATTTAGCCTCACTCGC; A270-hrtB-qPCR-rv AGTGACATCTGTTCGCCCTG)
or hrrS (A463_hrrS_qPCR_fw AGTTCAACCTCGCCTGTAGC; A464_hrrS_gPCR_rv
GATGGAATTGCACGGCGAAG). Data represent two biological and three technical replicates. Fold-
change was calculated according to the 2"24%(Livak and Schmittgen, 2001).
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Figure S5: ChrA is crucial for the activation of hrtBA, while HrrA does not affect the growth advantage
of the evolved clone. Cells were inoculated at a starting-ODsoo of 1 in CGXIl medium containing 2%
glucose and the indicated amount of heme or iron. (A) C. glutamicum WT (dark blue), the strain
encoding the pseudokinase ChrS-Ala245fs (light blue) and strains carrying an additional deletion of
hrrA (shades of orange) were cultivated under standard conditions (36 uM FeSQO.) and with 4 uM heme.
The deletion of hrrA does not significantly affect the growth advantage of the strain encoding the ChrS
pseudokinase. (B) Deletion of chrA abolished the growth of the evolved clone on heme. (C) The WT
strain was transformed with the overexpression plasmid pJC1-Pyc-chrA and cultivated with 20 uM
heme and either without (blue) or with 200 uM IPTG (orange) for induction. Upon chrA overexpression,
the strain shows slightly increased heme tolerance. Data represent the averages of three biological
replicates including standard deviations.
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Figure S6: Plasmid-based overexpression of hrtBA does not lead to the same heme tolerance as in
the evolved clone 1.fs due to too excessive heme export. C. glutamicum WT was transformed with an
empty plasmid pEKEx2 (Eikmanns et al., 1994) (blue) and a hrtBA overexpressing plasmid pEKEx2-/acl-
Piwc-hrtBA (Heyer et al., 2012) (orange). Cells were inoculated at a starting-ODggo of 1 in CGXIl medium
containing 2% glucose, 25 pg/ml kanamycin, 100 uM IPTG for induction and the indicated amount of
heme or iron. Standard refers to 36 UM FeSQs. The overexpression of hrtBA did lead to a growth defect
in every condition tested, probably caused by too excessive heme export leading to a severe iron
starvation phenotype. As comparison, microarrays of WT compared to the evolved clone presented in
this study showed a ~150-fold upregulation of hrtBA (p-value: 0.002), while this overexpressing strain
shows a ~400-fold upregulation (p-value: 0.002) (data not shown).
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Figure S6: BACTH with N-terminal tagged variants of the HKs ChrS and HrrS. (A) Interactions between
the histidine kinases ChrS, HrrS and the ChrS pseudokinase variant (here ChrS_Ala245fs). Blueish color
of the colonies indicates a direct interaction, while white represents no interaction. The first HK
represents a T25-fusion, the second a T18-fusion. + = pKTN25-zip with pUT18-zip (leucine zipper,
positive control), - = pKTN25 with pUT18 (negative control). (B) After transformation, cells were plated,
and for each combination, three single colonies were picked for further quantitative analysis using a
B-galactosidase assay. Triplicates were re-cultivated overnight and treated according to Griffith and
Wolf (2002) to measure colorimetric B-galactosidase activity. Miller units were calculated and are
represented in this bar graph. Black and grey bars represent the controls, blue bars show homodimer
interactions, and orange bars show heterodimer interactions. Significance was evaluated by an
unpaired t-test with a 95% confidence interval.
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Tables
Table S1: Bacterial strains used in this study.
Strain Characteristics Reference
C. glutamicum ATCC Wild type (WT), biotin auxotroph Kinoshita et
13032 al. (2004)
AhrtBA ATCC 13032 derivative with deletion of hrtBA Heyer et al.
(2012)
1.fs ATCC 13032 evolved on heme, frameshift mutant, This work
chrS-730delG
chrS-Ala245fs ATCC 13032 derivative with 730delG leading to This work
frameshift at Ala245, Imitation of 1.fs
AchrS ATCC 13032 derivative with deletion of chrS Hentschel
et al. (2014)
AchrSAhrrS ATCC 13032 derivative with deletion of chrS and Hentschel
hrrS et al. (2014)
chrs-Q191A ATCC 13032 derivative with amino acid exchange Hentschel
Q191Ain chrS, phosphatase mutant et al. (2014)
AhrrS ATCC 13032 derivative with deletion of hrrS Hentschel
et al. (2014)
1.fs AhrrS Evolution clone 1.fs derivative with deletion of hrrS  This work
chrS-H186A ATCC 13032 derivative with amino acid exchange This work
H186A in chrS, affects autophosphorylation
histidine
1.fs chrS-H186A Evolution clone 1.fs derivative with amino acid This work
exchange H186A in chrS, affects
autophosphorylation histidine
AchrS_DHp-CA ATCC 13032 derivative with deletion of the whole This work
DHp and CA domain of chrS
AchrS_CA ATCC 13032 derivative with deletion of the whole This work
DHp and CA domain of chrS
AhmuTAhtaAAhtaBCAhtaD ATCC 13032 derivative with deletion of hmuT, htaA, This work
htaBC and htaD
E. coli DH5a F~ 80lacZAM15 A(lacZYA-argF)U169 recAl endAl Invitrogen
hsdR17(rK~ mK*) phoA supE44 thi-1 gyrA96 relA1 \;
for general cloning purposes
E. coli BTH101 F-, cya-99, araD139, galE15, galK16, rpslL1 (Str'), Euromedex
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Table S2: Oligonucleotides used in this study.

Oligonucleotide Sequence 5’ = 3’ Use

Construction of deletionplasmid pK19-mobsacB-chrS-Ala245fs
A250-chrS-730delG- Left flank
If_fw CAGGTCGACTCTAGAGGATCGACCGGAGCCTGCGTATTTGG
A251-chrS-730delG-If-
rv
A252-chrS-730delG-rf- Right flank
fw
A253-chrS-730delG-rf-
rv GTAAAACGACGGCCAGTGAATTGCATCATCTGGGGTGCCCACC

Sequencing
A260-chrS-seq GGATGATCCGCAGGCGTTAAGC chrS region
Construction of deletionplasmid pK19-mobsacB-AhrrS

A303-DhrrS- Left flank
leftflank_fw CAGGTCGACTCTAGAGGATCGATTGGTGAACACGATGACCGCG
A304-DhrrS-leftflank-rv CTAGGCTTGACTGCATGCGTCG
A305-DhrrS-rightflank- Right flank

fw

GGCGAGGTTGAACTAAGTTCTCC

A306-DhrrS-rightflank-
rv

GTAAAACGACGGCCAGTGAATTGGGGTGACAGTGTGGAGTCACC

A307-DhrrS-seq3-fw

CCATGGGTGTCCACACTGATG

A308-DhrrS-seq4-rv

GTTCACGTGGGGTGAGTGAGG

Sequencing of
hrrS region

Construction of plasmid pK19-mobsacB-chrS-H186A for amino acid exchange

A322-chrS-H186A-If_fw

CAGGTCGACTCTAGAGGATCGACCATCGCCCGAATTGAGAGAG

A323-chrS-H186A-If-rv

Left flank

A324-chrs-H186A-rf-fw

A325-chrS-H186A-rf-rv

GTAAAACGACGGCCAGTGAATTGCGGAAATTCCAGTTCCCGATCCG

Right flank

A326-chrS-HIS-seq_fw

GTACGACCAAAGTCGGATTCGCG

A327-chrS-HIS-seq_rv

GCGCGAACAACGGGATGATCATC

A328-chrS-HISclose-
seq_rv

CTCCGCCAAATTATCAGCTGTCG

Sequencing of
chrsS region

Construction of deletionplasmids for the deletion of ChrS regions

A298-DchrS- Left flank for
CAdomain-leftflank_fw CAGGTCGACTCTAGAGGATCCACCGCTGAAATCCGCGATCATC deletion of
A299-Dchrs- CA-domain
CAdomain-leftflank-rv TCTGCCTCCATCGCATCAGGTAA

A300-DchrS- Right flank for
CAdomain-rightflank- deletion of
fw CCGCCCGTTTTCCCTATCCAC CA-domain

A301-DchrS-
CAdomain-rightflank-rv

GTAAAACGACGGCCAGTGAATTGCGCCACCAAGGACAGCACTTC

A314-DchrS-DHp-

Left flank for

leftflank_fw CAGGTCGACTCTAGAGGATCCTAGCCAAGCGACCATCGCC deletion of
A315-DchrS-DHp- DHp- and CA-
leftflank-rv TGCCTGCTCGCCAGCGCTTT domain
A300-DchrS- Right flank for
CAdomain-rightflank- deletion of
fw CCGCCCGTTTTCCCTATCCAC DHp- and CA-
A301-Dchrs- domain

CAdomain-rightflank-rv

GTAAAACGACGGCCAGTGAATTGCGCCACCAAGGACAGCACTTC

A265-ChrS-CA-fw

CAGTGTTGATCACGACACCGC

A266-ChrS-CA-rv

GACTTTTCACCGTGGCCTCAG

Sequencing of
chrS

Construction of plasmids for deletion of heme binding proteins

A160-htaA-leftflank_fw

CAGGTCGACTCTAGAGGATCCCATGTGGCGTCGACGAACC

A161-htaA-leftflank-rv

GCTCCTCATCCGCATACGAGG

Left flank for
deletion of
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htaA and
hmuT

A185-hmuT-rightflank- Right flank for
fw GTCGCCGCAGCGTTCCATTGC deletion of
A186-hmuT-rightflank- htaA and
rv GTAAAACGACGGCCAGTGAATTGCACAACCATCTACTCGCCGCC hmuT
A051-seqg-hmuhtaA-2- Sequencing of
fw GTGTCTGAGCCATGGGATCGC htaA and
A188-hmuT-seq-rv CGGTCCGACGCTTAGCTATAGC hmuT
A165-htaB-leftflank_fw CAGGTCGACTCTAGAGGATCGTCCCGTGTCCTTGCTCAGC Left flank for
deletion of
A166-htaB-leftflank-rv GTGAGAGCAACGAGCGCACG htaB and htaC
A173-htaC-rightflank- Right flank for
fw GCTGAGTGGTTCTACAGGTCGG deletion of
A174-htaC-rightflank- htaB and htaC
rv GTAAAACGACGGCCAGTGAATTGGAAGCCGCACAGTAAAGAGCGC

A169-htaB-seq-fw
A176-htaC-seq-rv

CCGCCACCTCGGTATCGCAC
GCATCAACGTCACCCTGACCG

Sequencing of
htaB and htaC

A177-htaD-leftflank_fw CAGGTCGACTCTAGAGGATCGTTCGATTCCCGTCACCGGC

Left flank for

deletion of
A178-htaD-leftflank-rv CAGCGGTCAGTACTGCGAAAGC htaD
A179-htaD-rightflank- Right flank for
fw GGGCCAGCTGAACTACGAAGG deletion of
A180-htaD-rightflank- htaD
rv GTAAAACGACGGCCAGTGAATTGCCTTCACCAAACGTGGTCTGC

GCGCCACC ACACTGCCG
CCAGAGAAACCGTCACCACGG

A181-htaD-seq-fw
A182-htaD-seq-rv

Sequencing of
htaD

Sequencing primers for pK19-constructs

M13_fw CGCCAGGGTTTTCCCAGTCAC

M13_rv AGCGGATAACAATTTCACACAGGA

Sequencing of
plasmid

Construction of plasmid for overexpression of chrA

1545-lacl-Ptac_fw AGCGACGCCGCAGGGGGATCCTCAAGCCTTCGTCACTGGTCCC

Piac and lacl as

inducible
J546-lacl-Ptac_rv GGATCCTCTAGAGTCGACCTGC promoter
A523-ChrA_oex_fw GTGATCCGTATTCTGTTGGCTG chrA insert

A524-ChrA-oex_rv AAAACGACGGCCAGTACTAGCTAGATAATTCCGCGCTGTCTG

Sequencing primers for pJC1-constructs

pJC1-MCS-fw CAGGGACAAGCCACCCGCACA Sequencing of
pJC1-MCS-rv GGAAGCTAGAGTAAGTAGTTCGC plasmid
Bacterial two-hybrid assays

Note: for pKTN25 and pUT18 constructs, the same primers were used only backbone varied
A380-BACTH-NT25- Insert ChrS
ChrS-If_fw GCATGCCTGCAGGTCGACTGTGAAAACTAGCCAAGCGACCA and ChrS_CA-
A381-BACTH-NT25- fs -> Differing
ChrS-rf_rv GCTCGGTACCCGGGGATCCTTATCTTGGTCCTTTTGTGGATAG Template
A382-BACTH-NT25- Insert HrrS
HrrS-If_fw GCATGCCTGCAGGTCGACTATGCAGTCAAGCCTAGATCG
A383-BACTH-NT25-
HrrS-rf_rv GCTCGGTACCCGGGGATCCTCATCGTCAGTTGGAGAACTTAG
A455-BACTH-NT25- Insert ChrA
ChrA-If_fw GCATGCCTGCAGGTCGACTGTGATCCGTATTCTGTTGGCTG
A456-BACTH-NT25-
ChrA-rf_rv GCTCGGTACCCGGGGATCGATAATTCCGCGCTGTCTGGCT
A457-BACTH-NT25- Insert HrrA
HrrA-If_fw GCATGCCTGCAGGTCGACTATGATTCGCGTGCTGCTTGC

A458-BACTH-NT25-

HrrA-rf_rv GCTCGGTACCCGGGGATCCAGCAGCCCCTGCTCACGTG
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A357-pUT18seq_fw GGTGTCGGGGCTGGCTTAAC Sequencing
pKTN25
M13_rv AGCGGATAACAATTTCACACAGGA constructs
M13_fw CGCCAGGGTTTTCCCAGTCAC Sequencing
pUT18
M13_rv AGCGGATAACAATTTCACACAGGA constructs

Bold = overlap to backbone; o

= overlap of inserts
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Table S3: Plasmids used in this study.

Plasmid Characteristics Reference
pK19-mobsacB Contains negative (sacB) and positive (Kan") selection Schafer et al.
markers for genomic integration and deletion, MCS (1994)
cut with EcoRIl/BamHI
pK19-mobsacB-chrs- Derivative of pK19mobsacB deletion of a single This work

Ala245fs

guanine at position 730 in chrS, leading to a frameshift
after Ala245; Kan'

pK19-mobsacB-AhrrS

Derivative of pK19mobsacB for partial hrrS gene

Hentschel et al.

deletion; Kan" (2014)
pK19-mobsacB-chrS- Derivative of pK19mobsacB for amino acid exchange This work
H186A at the autophosphorylation histidine (H186A) in chrS;

Kan'
pK19-mobsacB- Derivative of pK19mobsacB for partial deletion of This work
AchrS_DHp-CA chrS, deletion of DHp and CA-domain; Kan"
pK19-mobsacB-AchrS_  Derivative of pK19mobsacB for partial deletion of This work
CA chrS, deletion of CA-domain Kan'
pK19-mobsacB-AchrA  Derivative of pK19mobsacB for partial chrA gene This work

deletion; Stop Codon included; Kan"

pK19-mobsacB- AhrrA

Derivative of pK19mobsacB for partial hrrA gene
deletion; Stop Codon included; Kan'

(Frunzke et al.,
2011)

pJC1-venus-term-BS

E. coli-C. glutamicum shuttle vector; derivative of

Baumgart et al.

pJC1 (Cremer et al., 1990), containing the terminator ~ (2013)
sequence of Bacillus subtilis behind venus; oriVe.
oriVeg; Kan'
pJC1-Phqs-eyfp Derivative of pJCl-venus-term-BS, containing eyfp Heyer et al.
under the control of the promoter Py.s (2012)
pJC1-Pyc-chrA Derivative of pJCl-venus-term-BS, containing chrA This work
under the control of the promoter Pycand lacl
pPKTN25 C-terminal T25 protein fusion plasmid, pSU40 Euromedex
derivative, MCS cut with Xbal/BamHI; Kan"
pUT18 C-terminal T18 protein fusion plasmid, pUC19 Euromedex
derivative, MCS cut with Xbal/BamHI; Amp"
pKT25-zip Derivative of pKT25, leucine zipper of GCN4 fused to Euromedex
T25, serves as positive control; Kan"
pUT18C-zip Derivative of pUT18C, leucine zipper of GCN4 fusedto  Euromedex
T18, serves as positive control; Amp’
pKTN25-chrS Derivative of pKT25 for ChrS with T25 N-terminally This work
fused; Kan"
pKTN25-chrS_CA-fs Derivative of pKT25 for ChrS-Ala245fs (evolution This work
variant) with T25 N-terminally fused; Kan"
pKTN25-hrrS Derivative of pKT25 for HrrS with T25 N-terminally This work
fused; Kan"
pUT18-chrS Derivative of pUT18C for ChrS with T18 N-terminally This work
fused; Amp’
pUT18-chrS_CA-fs Derivative of pUT18C for ChrS-Ala245fs (evolution This work
variant) with T18 N-terminally fused; Amp"
pUT18-hrrS Derivative of pUT18C for HrrS with T18 N-terminally This work
fused; Amp’
pKTN25-chrA Derivative of pKT25 for ChrA with T25 N-terminally This work

fused; Kan"
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pUT18-chrA Derivative of pUT18 for ChrA with T18 N-terminally This work
fused; Amp’
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Table S4: Comparative transcrip lysis of C. gl icum WT and C. glutamicum chrS-Ala245fs during growth on
4 pM heme.
Gene Average p-value Annotation
cg2202 170.13 0.00 hrtB, ABC-type transport system, permease component
cg2204 151.54 0.00 hrtA, ABC-type transport system, ATPase component
cg0470 66.64 0.02 htaB, secreted heme transport-associated protein
cg2201 43.60 0.04 cgtS8, two-component system, signal transduction histidine kinase
cg0467 21.23 0.06 hmuT, hemin-binding periplasmic protein precursor
cg3369 21,13 0.00 Rieske-type iron-sulfur protein
cg3156 18.64 0.05 htaD, secreted heme transport-associated protein
cg0468 16.90 0.05 hmuU, hemin transport system, permease protein
cg0471 16.87 0.04 htaC, secreted heme transport-associated protein
cg0771 15.90 0.05 secreted siderophore-binding lipoprotein
cgl4a18 12.64 0.06 secreted siderophore-binding lipoprotein
cg279%6 14501 0.00 MMGE/PRPD family protein
cgl931 9.98 0.05 putative secreted protein
€g2200 8.85 0.01 cgtR8, two-component system, response regulator
cg2445 8.30 0.01 hmuO, heme oxygenase | hmuO, heme oxygenase
uncharacterized enzyme involved in biosynthesis of extracellular
cg2962 6.69 0.02 polysaccharides
cg0466 5.80 0.01 htaA, secreted heme-transport associated protein
cgli20 5.76 0.10 ripA, transcriptional regulator of iron proteins, AraC family
cg0927 5.76 0.02 siderophore ABC transporter, permease protein
cg0924 5.75 0.01 secreted siderophore-binding lipoprotein
cgl1930 5.68 0.01 putative secreted hydrolase
cg3404 5.24 0.00 secreted siderophore-binding lipoprotein
cg0926 5.05 0.02 siderophore ABC transporter, permease protein
putative Na*-dependent transporter | putative Na*-dependent
cgld19 4.85 0.01 transporter
cg2444 4.67 0.01 hypothetical protein cg2444 | hypothetical protein cg2444
cg0360 4.43 0.02 putative phosphatase
cg0590 4.24 0.00 siderophore ABC transporter, permease protein
secreted siderophore-binding lipoprotein | secreted siderophore-binding
cg0922 4.19 0.12 lipoprotein
cg0768 4.08 0.00 siderophore ABC transporter, ATP-binding protein
cg2311 3.47 0.00 SAM-dependent methyltransferase
cg0589 3.42 0.03 siderophore ABC transporter, ATP-binding protein
cg2283 3.40 0.02 hypothetical protein cg2283
ABC-type dipeptide/oligopeptide/nickel transport systems, secreted
cg2678 3.33 0.13 component
cg2061 3.16 0.00 psp3, putative secreted protein
cg0769 3.07 0.00 siderophore ABC transporter, permease protein
cgl1327 3.06 0.03  bacterial regulatory proteins, Crp family
pbp, penicillin-binding protein, putative D-alanyl-D-alanine
cg2199 3.05 0.08 carboxypeptidase
cg3219 3.03 0.01 [dhA, NAD-dependent L-lactate dehydrogenase
cgros 3.02 0.05 23Sribosomal RNA | genelD:3345511
putative secreted or membrane protein | putative secreted or membrane
cg0752 2.98 0.02 protein
cg0160 2.98 0.00 hypothetical protein cg0160 | hypothetical protein cg0160
cgl966 2.97 0.03 hypothetical protein cg1966
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cg0282 2.97 0.03 hypothetical protein cg0282
cgl514 2L 0.02 secreted protein
cg3254 2.88 0.03 hypothetical protein cg3254 | hypothetical protein cg3254
cg3218 2.87 0.00 pyruvate kinase
cg2052 2.76 0.00 putative secreted protein
cg0528 2.76 0.06 putative secreted protein
cg4005 2871 0.01 putative secreted protein
cgtRNA_3542 2.68 0.09
cgl291 2.65 0.01 hypothetical protein cg1291 | hypothetical protein cg1291
cg0780 2.65 0.05 membrane protein ribonuclease BN-like family
tnp23a(ISCg23a), transposase-fragment | tnp23a(1SCg23a), transposase-
cgl513 2.48 0.17 fragment
cgl476 2.48 0.04  thiC, thiamine biosynthesis protein ThiC
ABC-type dipeptide/oligopeptide/nickel transport system, permease
cg2677 2.47 0.06 component
cg2833 2.40 0.02 c¢ysK, O-acetylserine (thiol)-lyase
cg2777 2.39 0.00 hypothetical protein cg2777
cg3192 2:31 0.00 putative secreted or membrane protein
cgl744 2:31 0.01 pacl, cation-transporting ATPase
cg3169 2.30 0.01 pck, phosphoenolpyruvate carboxykinase (GTP)
cg3100 2.30 0.04 dnak, molecular chaperone Dnak
cg0704 2.29 0.07 hypothetical protein cg0704
cg2793 2.29 0.00 hypothetical protein cg2793
cgl884 2205, 0.01 hypothetical protein cg1884 | hypothetical protein cg1884
cg2431 22.27) 0.02 putative transcriptional regulator
cg2613 2.21 0.00 mdh, malate dehydrogenase | mdh, malate dehydrogenase
cg3099 2.20 0.05 grpE, molecular chaperone GrpE (heat shock protein)
cg0683 2.16 0.05 permease
ykoC, transmembrane component YkoC of energizing module of thiamin-
cgl229 2015 0.01 regulated ECF transporter for hydroxymethylpyri
cg2794 211 0.03 hypothetical protein cg2794
cgl1883 22313l 0.00 putative secreted protein
cg3008 25040 0.01 porA, main cell wall channel protein
cgl917 2.10 0.06 hypothetical protein cg1917
cgl881 2.06 0.01 predicted iron-dependent peroxidase, secreted protein
cg3073 2.05 0.02 sseAl, probable thiosulfate sulfurtransferase protein
cgl942 2.05 0.09 putative secreted protein | putative secreted protein
cgl328 2.04 0.01 putative copper chaperone
cg2845 2.03 0.17  pstC, ABC-type phosphate transport system, permease component
cg3103 2.01 0.16 hypothetical protein cg3103
cg0759 0.50 0.06 prpD2, 2-methycitrate dehydratase
cg3047 0.50 0.02 ackA, acetate/propionate kinase
cg0706 0.49 0.02 conserved hypotetical membrane protein
cg3327 0.49 0.06 dps, starvation-induced DNA protecting protein
tusF, ABC transporter, membrane spanning protein, trehalose uptake
cg0832 0.49 0.01 system
tusE, bacterial extracellular solute-binding protein, trehalose uptake
cg0834 0.49 0.05 system
cgl3i4 0.49 0.02 putP, proline transport system
cgl343 0.49 0.03 narH, probable respiratory nitrate reductase oxidoreduct
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cg3282

cg0472
cg3212
cgl1052
cg2887
cg0447
cg3283
cg0046
cgl603
cg3386
cg0404
cg0798
cg1090
cg0446
cg0899
cg0898

cgla34
cgllod
cg0936
cg0518
cgl066
cg2953
cg0915
cg0445
cg0444
cg3096
cgl341
cgl377
cg2631
cgl695
cgl132
cgla52
cgl376
cgl1380
cg2782
cglel2
cg3107
cg2778
cgl342
cgl379
cgl344
cg2307
cgl737
cgl1487

0.48
0.48
0.47
0.46
0.45
0.44
0.44
0.43
0.42
0.42
0.41
0.41
0.40
0.39
0.39

0.39
0.38
0.38
0.37
0.36
0.36
0.36
0.36
0.35
0.35
0.35
0.35
0.34
0.34
0.34
0.34
0.34
0.33
0.32
0.31
0.31
0.31
0.31
0.31
0.30
0.30
0.29
0.29

0.01
0.00
0.00
0.13
0.00
0.01
0.09
0.01
0.06
0.01
0.25
0.07
0.00
0.00
0.00

0.12
0.01
0.02
0.02
0.01
0.02
0.01
0.02
0.06
0.00
0.01
0.04
0.00
0.05
0.12
0.27
0.01
0.01
0.06
0.04
0.01
0.01
0.01
0.02
0.00
0.05
0.01
0.01

cation transport ATPase
hypothetical protein cg0472 | hypothetical protein cg0472 | hypothetical
protein cg0472

putative carboxymuconolactone decarboxylase subunit
cmt3, corynomycolyl transferase

phoS, two component sensor kinase

sdhB, succinate dehydrogenase | sdhB, succinate dehydrogenase
hypothetical protein predicted by Glimmer

probable ABC transport protein, ATP-binding compon
hypothetical protein cg1603

tcbF, maleylacetate reductase

nitroreductase family

prpCl1, 2-methycitrate synthase

ggtB, probable gamma-glutamyltranspeptidase precursor PR
sdhA, succinate dehydrogenase

pdxT, pyridoxine biosynthesis enzyme

pdxS, pyridoxine biosynthesis enzyme

yggB, small-conductance mechanosensitive channel | yggB, small-
conductance mechanosensitive channel | yggB, small-conductance
mechanosensitive channel

porC, putative secreted protein | porC, putative secreted protein
rpf1, resuscitation promoting factor

hemlL, glutamate-1-semialdehyde 2,1-aminomutase

urtk, ABC-type urea uptake system, ATP binding protein

xylC, benzaldehyde dehydrogenase | xyl/C, benzaldehyde dehydrogenase
ftsX, putative cell division protein

sdhC, succinate dehydrogenase

ramB, transcriptional regulator, involved in acetate metabolism
ald, alcohol degyhdrogenase

narli, respiratory nitrate reductase 2 gamma chain

ssuC, aliphatic sulfonates transmembrane ABC transporterprotein
pcaH, protocatechuate dioxygenase beta subunit

putative plasmid maintenance system antidote protein

coaA, pantothenate kinase

hypothetical protein cg1452

ssuD1, alkanesulfonate monoxygenase

ssuA, aliphatic sulfonate binding protein

ftn, ferritin-like protein

acetyltransferase | acetyltransferase

adhA, Zn-dependent alcohol dehydrogenase

hypothetical protein cg2778

narJ, nitrate reductase delta chain

ssuB, aliphatic sulfonates ATP-binding ABC transporterprotein
narG, nitrate reductase 2, alpha subunit

hypothetical protein cg2307

acn, aconitate hydratase

leuC, isopropylmalate isomerase large subunit
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ABC-type dipeptide/oligopeptide/nickel transport system, secreted
component | ABC-type dipeptide/oligopeptide/nickel transport system,

cg2610 0.27 0.00 secreted component
pcaB, ?-carboxy-cis,cis-muconate cycloisomerase | pcaB, ?-carboxy-cis,cis-
€g2629 0.26 0.00 muconate cycloisomerase
ABC-type dipeptide/oligopeptide/nickel transport system, secreted
component | ABC-type dipeptide/oligopeptide/nickel transport system,
secreted component | ABC-type dipeptide/oligopeptide/nickel transport
cg2937 0.26 0.14 system, secreted component
cgl109 0.24 0.03 porB, anion-specific porin precursor
cg1153 0.24 0.02 seuC, monooxygenase for sulfonate ester utilization
cg3048 0.24 0.00 pta, phosphate acetyltransferase
cg0961 0.23 0.00 homoserine O-acetyltransferase
cgl156 0.22 0.02 ssuD2, monooxygenase for sulfonate utilization
cgl152 0.21 0.02 seuB, monooxygenase for sulfonate ester utilization
ssul, FMN-binding protein required for sulfonate and sulfonate ester
utilization | ssul, FMN-binding protein required for sulfonate and
cglla7 0.20 0.01 sulfonate ester utilization
cg2182 0.19 0.01 ABC-type peptide transport system, permease component
cg0228 0.19 0.07 sensor histidine kinase of two-component system, fragment
cg3195 0.18 0.00 flavin-containing monooxygenase (FMO)
cg0310 0.14 0.00 katA, catalase | katA, catalase
cg3303 0.08 0.03 transcriptional regulator PadR-like family
benkK1, putative benzoate transport protein | benk1, putative benzoate
cg2642 0.06 0.00 transport protein
cg2636 0.03 0.00 catAl, catechol 1,2-dioxygenase | catAl, catechol 1,2-dioxygenase
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4.4 Supplemental material to section “2.7 Evolution towards the production of heme”

Experimental work on this topic was conceptualized by Julia Frunzke and Aileen Kriiger and conducted
by Janik Goddecke in the context of his master thesis supervised and mainly planned by Aileen Kriiger.
HPLC measurements were performed with the help of Astrid Wirtz from the research group of Dr. Tino

Polen at the Forschungszentrum Jilich.

Table S1: Bacterial strains used in this study

Table S2: Plasmids used in this study

Table S3: Oligonucleotides used in this study

Method 1: Acetonitrile extraction for HPLC sample preparation

Method 2: High performance liquid chromatography (HPLC) for heme measurements

Table S1: Bacterial strains used in this study

Strain Characteristics Reference
C. glutamicum ATCC Wild type (WT), biotin auxotroph Kinoshita et
13032 al. (2004)
WT::Phrg_pfkA Integrated HrtB-biosensor construct (terminator, This work

chrS-hrtB intergenic region and first 30 bp of hrtB
followed by a stopcodon, RBS and linker) upstream of
pfkA in C. glutamicum
E. coli DH5a F ¢80lacZAM15 A(lacZYA-argF)U169 recAl endAl Invitrogen
hsdR17(rk- mK*) phoA supE44 thi-1 gyrA96 relAl \~;
for general cloning purposes

Table S2: Plasmids used in this study

Plasmid Characteristics Reference
pJCl-venus-term-BS E. coli-C. glutamicum shuttle vector; derivative of pJC1 Baumgart et al.
(Cremer et al., 1990), containing the terminator (2013)

sequence of Bacillus subtilis behind venus; oriVg.
oriVeg; Kan'

pJC1-Purs-eyfp Derivative of pJC1-venus-term-BS, containing eyfp Heyer et al.
under the control of the promoter Pp.s (2012)

pK19-mobsacB Contains negative (sacB) and positive (Kan') selection  Schéfer et al.
markers for genomic integration and deletion, MCS (1994)
cut with EcoRI/BamHI

pK19-mobsacB- Derivative of pK19mobsacB for integration of the This study

Phrts_pfkA HrtB-biosensor construct upstream of pfkA
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Table S3: Oligonucleotides used in this study
Oligonucleotide Sequence (5’ = 3’) Use Template
Plasmid construction of integration plasmid pK19-mobsacB-Ph.s_pfkA
A414_pfkA_ CCTGCAGGTCGACTCTAGAGAGAGTCG Left flank for Genomic DNA
leftflank_fw CCCCGATAAGTTT integration in C. glutamicum
A415_pfkA_ TCTICTCTCATCCGCCARAATCTIGACC  rontof pfkA
leftflank_rv ATCTTATTTAATCGCCA
A416_term_fw TTTTGGCGGATGAGAGAAGA Terminator pJC1_venus_
A417_term_rv CAAAAGAGTTTGTAGAAACGCA sequence Term-BS
A418 IR _hrtB_ GTTTCTACAAACTCTTTTGGCCACCACG Intergenic region  Genomic DNA

fw

ATAGATCAACT

(IR) between chrS

C. glutamicum

and hrtB, first

A419 IR_hrtB_ ATGATATCTCCTTCTTAAAGTTCATGCG

30 bp of hrtB,
rv GTGAGTTCTTTTAGTC Stop, RBS and

linker
A420_pfkA_righ TGAACTTTAAGAAGGAGATATCATATGC Right flank for Genomic DNA
tflank_fw GAATTGCTACTCTCACG integration in C. glutamicum
421 pfkA_righ TTGTARAACGACGGCCAGIGATACCTGC ot of KA
tflank_rv GTGCAGAGCAAT

Sequencing primers

JG1_pfkA_fw CGCGCTCAGCAAGGCATAAG Sequencing of pfkA region
JG2_pfkA_rv GCGCACGTGGATCTCATCAG
M13_fw CGCCAGGGTTTTCCCAGTCAC Sequencing of pK19 plasmids
M13_rv AGCGGATAACAATTTCACACAGGA

bold = overlap backbone, blue = overlap terminator (start), orange = overlap terminator (end), underlined = Stop, ribosomal
binding site (RBS), linker

Method 1: Acetonitrile extraction for HPLC sample preparation

This method was used to prepare extracts from cell pellets, which can be further analyzed in regards
to total heme content using high performance liquid chromatography (HPLC). For this purpose, cells
were cultivated for ~24 h in CGXIl supplemented with 2% glucose and 100 uM FeSOs. After
centrifugation at 12000 x g for 5 minutes of cell suspension corresponding to an ODggo of 100, the
supernatant was discarded and the cell pellet was resuspended in 100 pL acidic acetonitrile
preparations (acetonitrile : 1.6M HCIl), as modified from Espinas et al. (2012) and Fyrestam and
Ostman, (2017). For the extraction, samples were shaken in a vortex (IKA, Kénigswinter, Germany) for
20 minutes. After another centrifugation, the resulting supernatant was sterile filtered using a 0.2 um
filter (AcroPrep™ Advance, 96-well plate with 0.2 um PTFE membrane, VWR, USA) and could finally be
used for further HPLC analysis.
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Method 2: High performance liquid chromatography (HPLC) for heme measurements

In this method, heme was separated from its cell sample in a reversed phase chromatography.
Simultaneously, standards were used to properly identify and quantify heme contents. HPLC samples
were prepared as described in Method 1, while hemin standards (0 pM — 20 pM) were diluted in
acetonitrile, to fit the extraction method. Overall, the HPLC method was developed based on several
previous studies (Fyrestam and Ostman, 2017; Wakamatsu et al. 2009). The substance specific
adsorption was measured at 400 nm in a diode array detection unit (DAD). For separation, an Agilent
1260 Infinity Il Prime LC System (Agilent Technologies, Inc., Santa Clara, US) with the Ascentis Express
Peptide ES-C18 reversed phase column (Sigma Aldrich, St. Louis, US) was employed. A sample volume
of 10 pl was injected. The filtered sample was separated at 50°C using a linear gradient of two solvents
(A: 200 mM ammonium acetate buffer; B: methanol) with a volume flow of 0.5 ml/min and a total
analysis time of 20 minutes. The measurement started with a stationary ratio of 80% solvent A in
solvent B for 2 minutes and changed to 10% solvent A in solvent B in a linear gradient over 10 minutes.
After a total analysis time of 16.5 min, the initial situation of 20% solvent A in solvent B was restored.
A heme peak could be identified after about 12.5 minutes. Consequently, the data obtained was
analyzed using OpenlLab CDR software (Beckman Coulter GmbH, Baesweiler, Germany), Excel
(Microsoft, US) and Graph Pad Prism 9 (Graphpad Software, Inc., California), quantifying heme content

from a standard curve based on peak areas.
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ABSTRACT The pyruvate dehydrogenase complex (PDHC) catalyzes the oxidative
decarboxylation of pyruvate, yielding acetyl coenzyme A (acetyl-CoA) and CO,. The
PDHC-deficient Corynebacterium glutamicum AaceE strain therefore lacks an impor-
tant decarboxylation step in its central metabolism. Additional inactivation of pyc,
encoding pyruvate carboxylase, resulted in a >15-h lag phase in the presence of
glucose, while no growth defect was observed on gluconeogenetic substrates, such
as acetate. Growth was successfully restored by deletion of ptsG, encoding the
glucose-specific permease of the phosphotransferase system (PTS), thereby linking
the observed phenotype to the increased sensitivity of the AaceF Apyc strain to glu-
cose catabolism. In this work, the AaceE Apyc strain was used to systematically study
the impact of perturbations of the intracellular CO,/HCO,~ pool on growth and
anaplerotic flux. Remarkably, all measures leading to enhanced CO,/HCO,~ levels,
such as external addition of HCO;-, increasing the pH, or rerouting metabolic
flux via the pentose phosphate pathway, at least partially eliminated the lag
phase of the AaceE Apyc strain on glucose medium. In accordance with these re-
sults, inactivation of the urease enzyme, lowering the intracellular CO,/HCO4~
pool, led to an even longer lag phase, accompanied by the excretion of L-valine
and L-alanine. Transcriptome analysis, as well as an adaptive laboratory evolution
experiment with the AaceE Apyc strain, revealed the reduction of glucose uptake
as a key adaptive measure to enhance growth on glucose-acetate mixtures.
Taken together, our results highlight the significant impact of the intracellular
CO,/HCO,~ pool on metabolic flux distribution, which becomes especially evi-
dent in engineered strains exhibiting low endogenous CO, production rates, as
exemplified by PDHC-deficient strains.

IMPORTANCE CO, is a ubiquitous product of cellular metabolism and an essential
substrate for carboxylation reactions. The pyruvate dehydrogenase complex (PDHC)
catalyzes a central metabolic reaction contributing to the intracellular CO,/HCO;~
pool in many organisms. In this study, we used a PDHC-deficient strain of Coryne-
bacterium glutamicum, which additionally lacked pyruvate carboxylase (AaceE Apyc).
This strain featured a >15-h lag phase during growth on glucose-acetate mixtures,
We used this strain to systematically assess the impact of alterations in the intracel-
lular CO,/HCO;~ pool on growth in glucose-acetate medium. Remarkably, all mea-
sures enhancing CO,/HCO;~ levels successfully restored growth. These results em-
phasize the strong impact of the intracellular CO,/HCO;~ pool on metabolic flux,
especially in strains exhibiting low endogenous CO, production rates.
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O, is an inevitable product and, at the same time, an essential substrate of

microbial metabolism. In water, CO, is in equilibrium with bicarbonate (HCO,-) and
CO52, and this equilibrium is influenced by the pH of the medium (1). As products of
decarboxylating reactions and substrates for carboxylation, CO, and HCO,~ are in-
volved in various metabolic processes. Consequently, the intracellular CO,/HCO;- pool
has a significant impact on metabolic fluxes, such as anaplerosis, especially in the early
phase of cultivation, when the cell density is low (2).

During aerobic growth, the pyruvate dehydrogenase complex (PDHC), which is
conserved in various microbial species, catalyzes an important reaction contributing to
the intracellular CO,/HCO5~ pool (3, 4). The PDHC is a multienzyme complex belonging
to the family of 2-oxo acid dehydrogenase complexes, which also include the
a-ketoglutarate dehydrogenase complex and the branched-chain 2-keto acid dehydro-
genase (3, 5). In particular, the PDHC catalyzes the oxidative decarboxylation of
pyruvate to acetyl coenzyme A (acetyl-CoA) and CO,.

The Gram-positive actinobacterium Corynebacterium glutamicum represents an im-
portant platform strain used in industrial biotechnology for the production of amino
acids, proteins, and various other value-added products (6-10). In this organism, the
PDHC represents a central target for engineering the metabolic pathways of pyruvate-
derived products, including L-valine, isobutanol, ketoisovalerate, and L-lysine. To this
end, various studies have focused on the reduction or complete abolishment of PDHC
activity in order to improve precursor availability (4, 11-13). Due to the deficiency of
PDHC activity, however, cells are not able to grow on glucose as a single carbon source,
a difficulty that can be circumvented by the addition of acetyl-CoA refueling substrates,
such as acetate. In the presence of both carbon sources— glucose and acetate—PDHC-
deficient strains initially form biomass from acetate and subsequently convert glucose
into products (e.g., L-valine or L-alanine) in the stationary phase (12). In contrast to
Escherichia coli or Bacillus subtilis, C. glutamicum does not normally show the typical
diauxic growth behavior but prefers cometabolization of many carbon sources (10, 14).
Coutilization of glucose and acetate has been studied in detail, showing that while the
consumption rates of both carbon sources decrease, total carbon consumption is
comparable to that with growth on either carbon source alone, which is regulated by
SugR activity (15). Further examples of sugars or organic acids with which glucose is
cometabolized include fructose (16), lactate (17), pyruvate (14), and gluconate (18). It
has been shown that upon growth on a mixture of glucose and acetate, the glyoxylate
shunt is active and is required to fuel the oxaloacetate pool in wild-type (WT) C.
glutamicum (15). Here it should be noted that the glyoxylate shunt is active in the
presence of acetate but is repressed by glucose (19).

For growth on glycolytic carbon sources, organisms depend on tricarboxylic acid
(TCA) cycle-replenishing reactions constituting the anaplerotic node (or phosphoenol-
pyruvate [PEP]-pyruvate-oxaloacetate node), comprising different carboxylating and
decarboxylating reactions (20). Consequently, flux via these reactions is influenced by
the intracellular CO,/HCO;~ pool. In contrast to most other organisms, C. glutamicum
possesses both anaplerotic carboxylases, namely, the PEP carboxylase (PEPCx) (EC
4.1.1.31) encoded by the ppc gene (21, 22) and the pyruvate carboxylase (PCx) (EC
6.4.1.1) encoded by pyc (20, 23). These two C,-carboxylating enzymes catalyze
bicarbonate-dependent reactions yielding oxaloacetate from PEP or pyruvate, respec-
tively. It has been shown that in C. glutamicum, these two enzymes can replace each
other to a certain extent, depending on the intracellular concentrations of the respec-
tive effectors for each enzyme. However, under standard conditions during growth on
glucose, the biotin-containing PCx contributes 90% of the main anaplerotic activity, in
contrast to PEPCx (23). Remarkably, the Michaelis-Menten constants of both carboxy-
lases are about 30-fold higher than those in Escherichia coli PEPCx (24). Apparently, a
low CO,/HCO;~ pool may thus limit anaplerotic flux, which is of special relevance in
early phases, when the biomass concentration is low but high aeration may strip
dissolved CO, from the medium.

Several studies have revealed the inhibitory effect of low partial CO, pressure (pCO,)
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on microbial growth (2, 25, 26). In the case of C. glutamicum, low pCO, led to a
significant drop in the growth rate in turbidostatic continuous cultures (27) as well as
in batch cultures (28). It was further demonstrated that the reduced flux through
anaplerotic reactions under low CO,/HCO;~ levels led to increased production of the
pyruvate-derived amino acids L-alanine and L-valine (28).

While several previous studies have focused on the impact of CO, by altering the
partial CO, pressure in the process, we applied targeted genetic perturbations to
systematically assess the impact of the intracellular CO,/HCO;~ pool on the anaplerotic
flux and growth of C. glutamicum. In this study, we focused on PDHC-deficient strains
exhibiting a reduced intracellular CO,/HCO;~ pool during growth on glucose-acetate
mixtures. The effect of low CO,/HCO;~ levels became even more evident upon the
additional deletion of the pyc gene, encoding the dominant anaplerotic enzyme,
leading to a drastically elongated lag phase for a C. glutamicum AaceE Apyc strain
during growth on glucose-acetate mixtures. This effect could be attributed to reduced
tolerance of glucose by these strains and was successfully complemented by the
deletion of ptsG, encoding the glucose-specific permease of the phosphotransferase
system (PTS). Remarkably, growth was successfully restored by increasing the intracel-
lular CO,/HCO;~ pool by the addition of bicarbonate, by increasing the pH, by rerouting
metabolic flux over the pentose phosphate pathway (PPP), or by refueling the oxalo-
acetate pool by the addition of TCA cycle intermediates to the growth medium. Finally,
adaptive laboratory evolution (ALE) of the C. glutamicum AaceE Apyc strain on minimal
medium containing glucose and acetate revealed the abolishment of glucose uptake as
a key adaptive strategy to allow for growth on acetate.

RESULTS

A lowered intracellular CO,/HCO;- pool impacts the growth of PDHC-deficient
strains. The pyruvate dehydrogenase complex (PDHC) contributes to a key metabolic
reaction in the central metabolism by catalyzing the oxidative decarboxylation of
pyruvate to acetyl-CoA (Fig. 1), thereby producing 1 molecule of CO, and 1 molecule
of NADH per molecule of pyruvate. Previous studies have already revealed that
PDHC-deficient strains feature ~2-fold-decreased excretion of CO, during exponential
growth (29). It is therefore reasonable to assume that a reduction in the intracellular
CO,/HCO;™ pool has an impact on metabolic flux distribution in PDHC-deficient strains.
A simple growth comparison of wild-type C. glutamicum and a strain lacking the aceE
gene (and thus PDHC deficient) revealed a slightly increased lag phase for the AaceE
strain, which became especially evident when cells were grown in microtiter plates,
while the maximal growth rate appeared to be unaffected (0.40 = 0.01 h—' for the
AaceE strain and 041 = 0.01 h—" for the WT) (Fig. 2A). Remarkably, this lag phase was
completely eliminated by the addition of 100 mM HCO;-, suggesting that the effect is
attributable to the lowered intracellular CO,/HCO;~ pool of this mutant (Fig. 2B).

In C. glutamicum, the pyruvate carboxylase (PCx) encoded by pyc is the dominating
HCO,~-dependent anaplerotic enzyme required for refueling the TCA cycle via oxalo-
acetate during growth on glycolytic carbon sources (23). In the next experiment, we
deleted pyc in the AaceE background in order to examine the influence of different
CO,/HCO,~ levels on bicarbonate-dependent anaplerosis. Remarkably, the additional
deletion of the pyc gene resulted in an elongated lag phase of about 20 h and a reduced
growth rate for the AaceE Apyc strain (maximum growth rate [p,,,,), 0.27 *= 0.02 h~ 7, in
contrast to 0,40 = 0.01 h™" for the AaceE strain) during cultivation in CGXII minimal
medium containing glucose and acetate (Fig. 2A). An extended lag phase was also
observed for the Apyc single mutant, but the lag phase was significantly less prominent
than that for the PDHC-deficient AaceE Apyc variant (Fig. 2C). The growth defects of
both strains were successfully complemented by reintroducing the pyc gene on plas-
mid pJC1 under the control of its own promoter (Fig. 2C). Remarkably, this extended lag
phase was observed only in the presence of glucose, not during cultivation on minimal
medium containing acetate as the sole carbon source (Fig. 2A).
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FIG 1 Schematic overview of the central carbon metabolism of C. glutamicum. The main aspects of glycolysis, gluconeogenesis, the
pentose phosphate pathway, the TCA cycle, and anaplerosis are shown. Shaded boxes represent relevant enzymes. Carboxylation as
well as decarboxylation steps are given. ABCRb, ATP-binding cassette transporter for ribose; AK, acetate kinase; CA, carbonic anhydrase;
GntP, gluconate permease; GPDH, glucose-6P dehydrogenase; ICD, isocitrate dehydrogenase; ICL, isocitrate lyase; KGDH,
a-ketoglutarate dehydrogenase complex; MS, malate synthase; PCx, pyruvate carboxylase; PDHC, pyruvate dehydrogenase complex;
PEPCk, PEP carboxykinase; PEPCx, PEP carboxylase; PGDH, 6-phosphogluconate dehydrogenase; PGI, phosphoglucose isomerase; PK,
pyruvate kinase; PQO, pyruvate:quinone oxidoreductase; PTA, phosphotransacetylase; PTSS', permease of phosphotransferase system

for glucose; PTSF, permease of phosphotransferase system for fructose.

Glucose uptake results in strongly retarded growth in strains lacking pyruvate
carboxylase. In order to determine whether glucose uptake caused the retarded
growth, the AaceE Apyc strain was cultivated in the presence of 154 mM acetate and
increasing amounts of glucose (100 to 250 mM). In line with our hypothesis, the lag
phase showed a stepwise increase as larger amounts of glucose were added to the
medium (Fig. 3A). Accordingly, the AaceE Apyc strain also showed significantly elon-
gated lag phases on the PTS sugars fructose and sucrose (see Fig. S1 in the supple-
mental material). In contrast, the glucose concentration did not significantly affect the
growth of the AaceE strain (Fig. 3A), in which the major anaplerotic enzyme PCx still
replenishes the oxaloacetate pool.

To link the observed growth phenotype to the uptake of glucose, we deleted the
ptsG gene, encoding the glucose-specific permease of the PTS, in the AaceE and AaceE
Apyc strain backgrounds. The growth and glucose consumption rates of the resulting
strains were analyzed during growth on glucose and acetate. Remarkably, deletion of
ptsG fully restored the growth of the AaceE Apyc strain (growth rates were 0.27 *+ 0.02
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FIG 2 Impact of glucose on aceE and pyc mutant strains. The growth curves shown are based on the
backscatter measurements (expressed in arbitrary units [a.u.]) in a microtiter cultivation system inocu-
lated at an OD,,, of 1. Data represent the averages for three biological replicates; error bars, standard
deviations. (A) The C. glutamicum Aacef and AaceE Apyc strains, as well as the wild type, were inoculated
in CGXIl medium containing 154 mM acetate (left) or 154 mM acetate plus 222 mM glucose (right). (B)
The AaceE and AaceE Apyc strains, as well as WT cells, were cultivated in CGXIl medium containing
154 mM acetate and 222 mM glucose, either with (w/) or without (w/0) 100 mM KHCO;~. The box zooms
in on the time interval between 4 h and 15 h. (C) The AaceE Apyc (left) and Apyc (right) strains were
transformed with the pJC1-pyc plasmid for complementation of the pyc deletion or with the pJC1-empty
vector as a control. Cultures were inoculated in CGXIl medium containing 154 mM acetate, 222 mM
glucose, and 25 pug/ml kanamycin.

h=" for the AaceE Apyc parental strain and 0.39 = 0.02 h—" for the AaceE Apyc AptsG
strain) but resulted in reduced final backscatter values, comparable to those with
growth on acetate alone (Fig. 3B). Strains lacking the ptsG gene consumed only minor
amounts of glucose, while the AaceF and AaceE Apyc strains consumed glucose after
entering the stationary phase (see Fig. 52 in the supplemental material). The glucose
uptake rate of the AaceE Apyc strain, 10.87 = 4.95 nmol min—' g~', was significantly
lower than that of the AaceE strain, 16.81 * 3.01 nmol min~—" g~ (Table 1). In contrast,
deletion of ptsG did not restore growth on either the PTS substrate fructose (see Fig.
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FIG 3 Influence of glucose consumption on the growth of C. glutamicum AaceE and C. glutamicum AaceE
Apyc. The growth curves shown are based on the backscatter measurements in a microtiter cultivation
system, inoculated at an OD,,, of 1. (A) The AaceE (left) and AaceE Apyc (right) strains were inoculated
to an 0Dy, of 1 in CGXIl medium containing 154 mM acetate and either no glucose or 100 mM, 222 mM,
or 250 mM glucose. (B) Deletion of the ptsG gene in the AaceE and AaceE Apyc strains restored growth

on glucose-acetate mixtures relative to that for the Aacef and AaceE Apyc parental strains. Data represent
the averages for three biological replicates; error bars, standard deviations.

S3), which is imported mainly by the permease encoded by ptsF (30, 31), or the non-PTS
sugar ribose (see Fig. S4). Taken together, these findings clearly link the observed
growth defect of the AaceE Apyc strain on glucose-acetate mixtures to the uptake of
residual amounts of glucose.

Increased HCO,~ availability improves anaplerotic flux in pyc mutants. Next, we
used different strategies to alter the intracellular CO,/HCO,~ pool. This was achieved by
(i) supplementing the medium with HCO;-, (ii) mutating the endogenous urease gene
producing CO, from urea in the early growth phase, (iii) increasing the pH of the
growth medium, or (iv) rerouting metabolic flux via the pentose phosphate pathway
(Fig. 4).

As with the AaceE parental strain, the addition of 100 mM HCO;- eliminated the lag
phase for PDHC-deficient strains lacking the pyc gene (Fig. 2B) during microtiter plate
cultivation on glucose-acetate mixtures. Restoration of growth was not possible in a

TABLE 1 Glucose consumption rates of PDHC-deficient C. glutamicum strains in the
exponential-growth phase®

Glucose consumption rate

Mutation(s) (nmol min-1 g—1)®
AaceE 16.81 = 3.01
AaceE Apyc 10.87 = 495
AaceE AptsG 7.24 * 397
AaceE Apyc DptsG 732 +1.88

“For an overview of glucose consumption over the entire time course of the experiment, including the
stationary phase, see Fig. S2 in the supplemental material.
®Values are means = standard deviations for three independent biological replicates.
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FIG 5 The intracellular CO,-HCO,~ pool significantly affects L-valine production. The influence of car-
bonate on the L-alanine and L-valine production of C. glutamicum AaceE and C. glutamicum AaceE
ureD-E188* was investigated. Shown are L-valine and L-alanine titers in the supernatant after 28 h of
cultivation in the microtiter cultivation system. Data represent average values from three independent
biological replicates using uHPLC.

strain lacking both anaplerotic enzymes PCx and PEPCx, indicating that the positive
effect of HCO;~ on the AaceE Apyc strain depends on the increased flux over PEPCx (Fig.
4A; see also Fig. S5 in the supplemental material). In contrast to the finding for
PCx-deficient strains, no negative impact of glucose on the growth of the AaceE Appc
strain was observed (see Fig. S6), confirming again the superior role of PCx in C
glutamicum (23, 32). Interestingly, we also observed a significant impact of the culture
volume on the growth of the Aacef Apyc strain. Since efficient liquid-air mixing
continuously removes CO, from the culture medium, the lag phase of the AaceE Apyc
strain was much more prominent during microtiter plate cultivation (~17 h) than in
cultures in shake flasks (a ~7-h lag phase in 100-ml cultures and a ~13-h lag phage in
50 ml) (see Fig. S7).

The urease enzyme, catalyzing the degradation of urea to ammonium and carbon
dioxide, represents a further important contributor to the intracellular CO,/HCO; pool,
especially in the early exponential phase, when cell densities and decarboxylation
reaction rates are low. In a previous study, the ureD-E188* mutation was found to
abolish urease activity in C. glutamicum and to enhance L-valine production by PDHC-
deficient strains (33). In this study, we introduced the ureD-E188* mutation into the
AaceE Apyc background so as to examine the influence of an even lower CO,/HCO4~
level on anaplerosis in this strain background. The additional inactivation of the urease
enzyme resulted in a significantly elongated lag phase of about 46 h, which could also
be complemented by the addition of HCO,~ (Fig. 4B), demonstrating the importance of
the CO,/HCO,~ pool during the initial growth phase. Furthermore, we assessed the
impact of urease mutation on the production of L-valine and t-alanine by the AaceE and
AaceE ureD-E188* strains and the effect of complementation via HCO,~ addition. Within
28 h of cultivation, the AaceE strain produced 15 mM L-valine and 10 mM L-alanine as
by-products, while the AaceE ureD-E188* strain accumulated 54 mM L-valine and 38 mM
L-alanine (Fig. 5). The addition of HCO;~, however, significantly reduced L-valine pro-
duction, by 54% for the AaceE strain and 59% for the AaceE ureD-E188™ strain. The
concentration of the by-product L-alanine increased by 22% for the AaceE strain and
decreased by 51% for the AaceE ureD-E188 strain (Fig. 5). The examples of L-valine and
L-alanine production illustrate the important role of the intracellular CO,/HCO;~ levels
on metabolic flux in PDHC-deficient strains.

Another approach to influencing the extracellular HCO,- availability was to change
the pH conditions (2). According to the Bjerrum plot, CO, is predominant under acidic
conditions, while CO,2~ is the dominant form under alkaline conditions. At a pH of
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about 8, HCO,~ is the prevalent form. Since HCO,~ is the substrate of the anaplerotic
enzymes PCx and PEPCx, the pH in the cultivation medium was adjusted to 8 using
KOH, leading to an equilibrium shift toward higher HCO,- availability. As a negative
control, the pH was adjusted to 6 using HCl. While the growth of both strains tested was
retarded at pH 6, it was significantly enhanced at pH 8 (Fig. 4C). Thus, elevation of the
culture pH improved the growth of PDHC-deficient strains, likely by increasing anaple-
rotic flux.

The PPP includes another decarboxylation reaction in the central carbon metabo-
lism, the reaction catalyzed by 6-phosphogluconate dehydrogenase (6PGDH), that
contributes to the intracellular CO,/HCO;~ pool. Remarkably, the lag phases of the
AaceE Apyc and AaceE ureD-E188* Apyc strains were mostly complemented during
growth on acetate and gluconate—the latter entering the PPP via gluconate-6-
phosphate (Fig. 4D). Growth on ribose, which enters the PPP via ribulose-5-phosphate
and thereby bypasses the decarboxylation catalyzed by 6PGDH, showed a significantly
elongated lag phase in pyc-deficient strains (Fig. 4D). In a further experiment, meta-
bolic/glycolytic flux was rerouted through the PPP by deleting pgi, encoding glucose-
6-phosphate isomerase. However, deletion of pgi resulted in a severe growth defect in
the AaceE background. In this context, the growth of the AaceE Apyc strain featured
only minor, nonsignificant improvement (see Fig. S8 in the supplemental material).

Taken together, our findings highlight the important impact of the intracellular
CO,/HCO; pool on metabolic flux in the central carbon metabolism. This is especially
evident in the AaceE Apyc strain, which lacks a central decarboxylation reaction and the
key carboxylase PCx in C. glutamicum.

Refueling the TCA cycle improves the growth of pyc mutants. Glucose catabo-
lism requires sufficient anaplerotic flux to replenish TCA cycle intermediates, providing
precursors for various anabolic pathways. Therefore, we tested whether the addition of
TCA cycle intermediates would complement the negative impact of glucose on the
growth of the AaceE Apyc strain. Remarkably, all TCA cycle intermediates tested
(succinate, malate, citrate, and the glutamate-containing dipeptide Glu-Ala) reduced
the extended lag phase of the AaceE Apyc strain during growth on glucose-acetate
mixtures (Fig. 6A). The value of At was defined to give the percentage change of lag
phase time compared to the first doubling time of the AaceE and AaceE Apyc strains on
glucose-acetate mixtures (100%). The dipeptide Glu-Ala and succinate reduced the
elongated lag phase to high extents, by 90% (At = 10%) and 85% (At = 15%),
respectively, while the effects of citrate and malate were weaker (At, 40% and 38%,
respectively) (Table 2).

Based on previous studies, it was known that the glyoxylate shunt might be
switched off during growth on glucose-acetate mixtures, due to the inhibitory effect of
glucose (34). In this study, overexpression of the aceA and aceB genes, encoding the
glyoxylate shunt enzymes isocitrate lyase and malate synthase, resulted in a signifi-
cantly shorter lag phase for the AaceE Apyc strain (Fig. 6B). These genes were overex-
pressed by use of the pJC1 vector harboring an inducible P,,. promoter in front of
either of two synthetic operon variants (pJC1-P,, -aceA-aceB and pJC1-P,, -aceB-aceA).
However, it must be noted that for the AaceE strain, overexpression of aceA and aceB
led to lag phases slightly longer than those with the empty-vector control (Fig. 6B).
Expression from the leaky P,,. promoter yielded the best result, while induction with
isopropyl-B-p-thiogalactopyranoside (IPTG) resulted in severe growth defects (data not
shown).

Unusual intermediate accumulation or depletion can provide valuable information
regarding intracellular flux imbalances causing the observed growth defects. Gas
chromatography-time of flight (GC-ToF) experiments were performed for analysis of
the metabolic states by comparing samples of the AaceF strain during the early-
exponential phase, the AaceE Apyc strain at the same time point during the lag phase,
and the AaceE Apyc strain during the early exponential phase (Fig. S9 in the supple-
mental material shows the sampling scheme). Additionally, samples of both PDHC-
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FIG 6 Refueling the TCA cycle to complement the glucose intolerance of the AaceE Apyc strain. The
growth curves shown are based on the backscatter measurements in a microtiter cultivation system,
while symbols represent the backscatter means for biological triplicates (n = 3). The AaceE and AaceF
Apyc strains were inoculated to an ODg,, of 1 into CGXIl medium with 154 mM acetate and 222 mM
glucose. (A) The TCA cycle-fueling carbon source glutamate (3 mM Glu-Ala dipeptide), citrate (50 mM),
succinate (100 mM), or malate (100 mM) was added to the medium in order to analyze the effect on lag
phase complementation (shades of red). As a control, growth on 154 mM acetate and 222 mM glucose
is shown for the Aacef (dark blue) and AaceE Apyc (light blue) strains in each experiment. (B) The Aacef
and AaceE Apyc strains were transformed with the pJC1-P,, -aceA-aceB or pJC1-P,, -aceB-aceA plasmid for
simultaneous overexpression of the glyoxylate shunt enzymes isocitrate lyase (encoded by aceA) and
malate synthase (encoded by aceB), while the AaceE Apyc and Apyc strains transformed with the empty
pJC1 vector served as controls. Cultures were inoculated to an ODg,, of 1 in CGXIl medium containing
154 mM acetate, 222 mM glucose, and 25 pg/ml kanamycin.

deficient strains cultivated with 100 mM HCO5~ were measured, and WT cells in
exponential phase were used as a reference (see Table S1). No significant intermediate
accumulation and no occurrence of unusual compounds was observed in the lag-phase
sample of the AaceE Apyc strain relative to all other samples. Although oxaloacetate
cannot be measured by this method, complete depletion of oxaloacetate-derived
aspartate was detected in AaceE Apyc cells during the lag phase but not during the
exponential phase or in HCO;~-complemented samples. This result supports the hy-
pothesis that oxaloacetate depletion is the key reason for the elongated lag phase.
In order to identify oxaloacetate depletion as a key growth-limiting factor and to
decouple this effect from anaplerosis-dependent replenishment, the Apyc, Apyc Appc,
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TABLE 2 Overview of the lag phases and growth rates of the C. glutamicum AaceE and AaceE Apyc strains cultivated with different TCA
cycle carbon sources?

C. glutamicum AaceE C. glutamicum AaceE Apyc

Added carbon source Growth rate Growth rate
(concn [mM]) Lag phase? At (%) (h=7) Lag phase® At (%) (h—7)

None - 0 0.41 = 0.01 + 100 0.27 = 0.02

Glu-Ala (3) - 0 0.35 = 0.01 + 10 0.33 = 0.01

Citrate (50) - 0 0.39 = 0.01 = 40 0.35 = 0.01

Succinate (100) - -8 0.36 = 0.01 - 15 0.34 = 0.02

Malate (100) - -8 0.35 = 0.01 + 38 0.35 + 0.02

aThe strains were cultivated in CGXIl medium containing 154 mM acetate and 222 mM glucose with or without a TCA cycle carbon source.
b+, lag phase greater than or equal to the lag phase observed for the strain on 154 mM acetate with 222 mM glucose; =+, shorter lag phase; -, no lag phase.
<The difference between the first doubling time of the AaceE strain and that of the AaceE Apyc strain was defined as 100%.

and AaceE Apyc Appc strains were tested in the presence of different TCA cycle
intermediates. Here, mutants lacking both anaplerotic reactions (PCx and PEPCx)—the
Apyc Appc and AaceE Apyc Appc strains—were not able to grow on glucose-acetate
mixtures at all (Fig. 4A; also Fig. S5 in the supplemental material). Again, all TCA cycle
intermediates were able to complement the glucose sensitivity of these pyc-deficient
strains, and the growth of the Apyc Appc and AaceE Apyc Appc strains was effectively
restored (Table 3). Nevertheless, slight differences were observed, which might also be
caused by differences in the uptake of these carbon sources.

Adaptation of C. glutamicum AaceE Apyc to growth on glucose and acetate. In
a previous study, Kotte et al. reported on an elongated lag phase of E. coli as a result
of glucose-gluconeogenetic substrate shifts (35). This phenomenon was ascribed to the
formation of a small subpopulation that is able to start growing after carbon source
switches (35). Usually, the growth of a small subpopulation is obscured by typical bulk
measurements but can be visualized by single-cell approaches, such as flow cytometry
(FC). To this end, the membranes of AaceE and AacefE Apyc cells were stained using the
nontoxic green fluorescent dye PKH67 prior to inoculation. During cellular growth, the
amount of fluorescent dye is diluted by membrane synthesis, leading to a decrease in
the level of single-cell PKH67 fluorescence (35). Stained AaceE and AaceE Apyc cells
were cultivated in minimal medium containing glucose and acetate (Fig. 7A). As a
nonproliferating control, AaceE Apyc cells were incubated in glucose as the sole carbon
source. Using flow cytometry, membrane staining was analyzed during cultivation at
the single-cell level (Fig. 7B). While the mean of the fluorescence of the whole AaceE
population decreased from 2.7 X 10* arbitrary units (AU) to 7.5 X 102 AU, the mean of
the fluorescence of the AaceE Apyc population incubated in glucose medium alone
shifted from 3.1 X 104 AU to 1.3 X 103 AU, resulting from a minor dilution/bleaching of
fluorescence intensity during incubation. Remarkably, both the AaceE and AaceE Apyc
strains featured rather heterogeneous adaptation behavior on glucose-acetate mix-
tures, which was apparently delayed in the AaceE Apyc strain, reflecting the elongated

TABLE 3 Overview of the lag phases and growth rates of the C. glutamicum Apyc, Apyc Appc, and AaceE Apyc Appc strains cultivated
with different TCA cycle carbon sources?

Result for the C. glutamicum strain with the following mutation(s):

Added carbon source Lee L M IS S I

(concn [mM]) Atjag (h)e Growth rate (h—1)¢ At,q (h) Growth rate (h—7) At,q (h) Growth rate (h—1)
None 6 h 0.17 = 0.02 No growth No growth

Glu-Ala (3) ND ND 8 0.21 = 0.01 30 0.14 = 0.01
Citrate (50) 3 0.19 = 0.01 5 0.26 = 0.01 8 0.20 = 0.03
Succinate (100) 2 0.2 £ 0.02 3 0.16 = 0.03 5 012 £ 0.03
Malate (100) 3 0.21 = 0.01 17 0.18 = 0.01 18 024 = 0.01

aStrains were cultivated in CGXIl medium containing 154 mM acetate and 222 mM glucose with or without a TCA cycle carbon source.

®bDifference in lag phase duration between the AaceE strain growing on a glucose-acetate mixture and the strain of interest growing on the respective carbon
source(s). ND, not determined.

<For comparison, the growth rate in a glucose-acetate mixture was 0.41 h' for the Aacef strain and 0.28 h ' for the AaceF Apyc strain in this experiment.

October 2019 Volume 201 Issue 20 e00387-19 jbasmorg 11

Downloaded from https://journals.asm.org/journal/jb on 10 October 2022 by 134.94.153.20.



Appendix

233

Kriiger et al.
(A) 300
El
S
& 2004 - AaceE acetate,
E - AaceE Apyc glucose
@
é 1004 ~ AaceE Apyc | glucose
1]
0
[] 10 20 30
Time (h)
(B) AaceE AaceE Apyc AaceE Apyc
acetate, glucose acetate, glucose glucose

Counts

L TR A I i I T B S T
10° 10" 10° 10° 10° 10°10° 10" 10° 10° 10° 10°10° 10" 10° 10° 10° 10°
PKH67 fluorescence-H (a.u.)

FIG 7 Heterogeneous adaptation of C. glutamicum AaceE and C. glutamicum AaceE Apyc during growth
on glucose and acetate. To identify a potential growing subpopulation, the fluorescent dye PKH67 was
used to stain the membranes of AaceE and AaceE Apyc cells prior to cultivation. The cells were cultivated
in a microtiter cultivation system in the presence of 154 mM acetate and 222 mM glucose. As a
nongrowing control, the AaceE Apyc strain was additionally incubated in CGXIl medium containing solely
222 mM glucose. (A) Cell growth was monitored online using a microtiter cultivation system. (B) Staining
intensities were measured on the single-cell level during cultivation using flow cytometry (with three
biological replicates). Shown are the frequencies of PKH67 staining intensities of one representative
culture of each sample over the time course of cultivation. H, height; Counts, cell count.

lag phase. Already in the early phase of cultivation, the populations split into two
subpopulations of low and high PKH67 fluorescence, indicating that only a few cells
started to proliferate, while a fraction of the population was not able to grow under the
same conditions (36-38).

To study the adaptation of the AaceE Apyc strain, comparative transcriptome
analyses were performed using DNA microarrays. To this end, AaceE and AaceE Apyc
cells were harvested at comparable optical densities (ODs) during early exponential
phase (see Fig. S9 in the supplemental material). Both strains were cultivated in CGXII
medium with 154 mM acetate and 222 mM glucose. Under the conditions chosen, a
total of 354 genes showed significantly altered mRNA levels. While 121 genes were at
least 1.7-fold upregulated (P < 0.05), 233 genes were 0.7-fold downregulated (P < 0.05)
in the AaceE Apyc strain (see Table S2). An overview of expression changes of selected
genes is shown in Table 4. Among the various changes in the levels of gene expression,
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TABLE 4 Comparative transcriptome analysis of C. glutamicum AaceE Apyc and C. glutamicum AaceE during growth on glucose and

acetate®
Function and gene locus Gene name Annotation mRNA ratio P
PTS component
cg1537 ptsG Glucose-specific enzyme 1IBC component of PTS 0.59 0.02
g2117 ptsl PEP:sugar phosphotransferase system enzyme | 0.67 0.01
cg2121 ptsH Phosphocarrier protein HPr of PTS 1.16 0.11
myo-Inositol transport
€g0223 iolT1 myo-Inositol transporter 1.97 0.04
€g3387 iolT2 myo-Inositol transporter 141 0.19
Transcriptional regulation of ptsG
€g2783 gntR1 Transcriptional regulator, GntR family 0.76 0.05
cg1935 gntR2 Transcriptional regulator, GntR family 0.97 0.46
cg2115 sugR DeoR-type transcriptional regulator of ptsG, ptsS, and ptsF 0.79 0.03
Acetate metabolism
€g3047 ackA Acetate/propionate kinase 1.99 0.01
€g3048 pta Phosphate acetyltransferase 134 0.04
€g2560 aceA Isocitrate lyase 1.70 0.12
€g2559 aceB Malate synthase 1.88 0.02
Anaplerosis
cg1787 ppc Phosphoenolpyruvate carboxylase 091 0.32
<g3169 pck Phosphoenolpyruvate carboxykinase (GTP) 0.72 0.03
cg1458 odx Oxaloacetate decarboxylase 1.07 0.32
€g3335 malE Malic enzyme 048 0.26
Other functions in the central
carbon metabolism
cg0973 pgi Glucose-6-phosphate isomerase 0.44 0.03
€g2291 pyk Pyruvate kinase 059 0.01
€g2891 pgo Pyruvate:quinone oxidoreductase 047 0.02

“The expression of selected genes encoding central metabolic enzymes or regulators is given as the ratio of the mRNA level in the AaceE Apyc strain to that in the
AaceE strain. mRNA ratios of =0.70 are underlined, and mRNA ratios of =1.70 are shown in boldface. P values of =0.05 (from three biological replicates) are

italicized. For the complete data set, see Table S4 in the supplemental material.

we observed 0.59-fold and 0.67-fold downregulation of the PTS components ptsG and
ptsl, respectively, in the AaceE Apyc strain, in line with the decreased glucose uptake
rates of this strain (Table 1). In contrast, iolT1, encoding the myo-inositol transporter,
which is responsible, inter alia, for PTS-independent glucose uptake, was upregulated
(39, 40). This is in line with the fact that the ptsG-deficient strains still consumed minor
amounts of glucose. Interestingly, genes involved in acetate metabolism, including
aceA and aceB, constituting the glyoxylate shunt, displayed increased mRNA levels in
the AaceE Apyc strain. This may also represent an important adaptive mechanism, since
the glyoxylate shunt needs to be active in the AaceE Apyc strain to compensate for the
loss of TCA cycle intermediates during coconsumption of acetate and glucose, as
demonstrated by the effect of aceA-aceB overexpression in this study (Fig. 6B). While
the mRNA levels of genes encoding anaplerotic enzymes did not show significant
changes, the glycolytic genes pgi and pyk featured ~2-fold-reduced levels in the Aacef
Apyc mutant. This might well reflect an adaptive mechanism, since downregulation of
pyk would reduce flux from PEP to pyruvate, and reduced expression of pgi would
probably lead to increased flux through the PPP, contributing an additional decarbox-
ylation step.

Less is more: ALE of the AaceE Apyc strain reveals rapid inactivation of glucose
uptake. In order to identify key mutations abolishing the lag phase of the AaceE Apyc
strain, an adaptive laboratory evolution (ALE) experiment was performed. In this ALE
experiment, C. glutamicum AaceE Apyc was grown in CGXII minimal medium containing
154 mM acetate and 222 mM glucose in 16 repetitive-batch cultures overall. Remark-
ably, after 8 inoculations, a significantly shortened lag phase was already observed;
after 10 inoculations, the AaceE Apyc strain featured a lag phase similar to that of the
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FIG 8 Adaptive laboratory evolution of C. glutamicum AaceE Apyc. Growth was analyzed for single
inoculation steps obtained from the adaptive laboratory evolution (ALE) approach, which was performed
with the AaceE Apyc strain in the presence of glucose and acetate. Growth curves are shown based on
the backscatter measurements in a microtiter cultivation system. Symbols represent the backscatter
means. (A) For growth analysis on the population level, glycerol stocks prepared during the ALE
experiment were used for the inoculation of a first preculture in BHI medium supplemented with 51 mM
acetate. The second preculture, in CGXIl medium containing 154 mM acetate, was then used for
inoculation of the main culture in CGXIl medium containing 154 MM acetate and 222 mM glucose
(starting ODgqy, 1). Shown is the development of the relative lag phase duration after repetitive
inoculations of the AaceE Apyc strain in media containing glucose and acetate. The difference in the first
doubling time between the AaceE and AaceE Apyc strains was set to 100%. For each inoculation, the
difference in the lag phase from that for the AaceE strain was calculated and is given as a percentage.
(B) Single clones were isolated from batches 7 (clone 1), 8 (clone 2), and 10 (green) and were cultivated
as described above. The AaceE and AaceE Apyc strains served as controls. These single clones were
further analyzed by genome sequencing (Table 5).

AaceE strain (Fig. 8A). In contrast, serial cultivation transfers in CGXIl medium containing
solely acetate did not lead to improved growth in a glucose-acetate medium, indicating
that glucose exerted evolutionary selection pressure (see Fig. S10 in the supplemental
material). Genome resequencing of the three selected glucose-acetate clones for which
data are presented in Fig. 8B revealed mutations in the pts/ gene, encoding the El
enzyme of the PTS, in two independently evolved clones (Table 5). This is in agreement
with the reduced biomass formation of both clones, in which glucose uptake was
apparently abolished to optimize growth on acetate. The third clone showed only
slightly accelerated growth, but biomass formation was not impaired. Here, sequencing
revealed a mutation in the rpsC gene, encoding the ribosomal S3 protein.

In summary, it was indeed possible to eliminate the observed lag phase of the Aacef
Apyc strain ascribed to glucose sensitivity by an adaptive laboratory evolution ap-
proach. Especially, the mutations identified in the pts/ gene are in agreement with other
experiments empbhasizing the high selective pressure exerted by glucose on PCx-
deficient strains when the intracellular HCO,~ levels are limiting.

DISCUSSION

During growth on glucose, the pyruvate dehydrogenase complex catalyzes a central
metabolic reaction contributing to the intracellular CO,/HCO; pool. In this study, we
systematically perturbed the intracellular CO,/HCO;~ pool of PDHC-deficient C. glutami-
cum strains in order to monitor the impact on growth and anaplerotic flux. Even the
PDHC-deficient strain C. glutamicum AaceE features a slightly elongated lag phase on
glucose-acetate mixtures relative to that of the wild type, while no difference in growth
is observed when strains are growing on gluconeogenetic substrates, such as acetate.

TABLE 5 Key mutations identified in an adaptive laboratory evolution experiment with C. glutamicum AaceE Apyc

Journal of Bacteriology

Clone no. Batch no. Gene locus Gene name Annotation Mutation

1 7 cg2117 ptsl El enzyme, general component of PTS (EC 2.7.3.9) Exchange, R132H
2 8 cg0601 rpsC 30S ribosomal protein S3 Exchange, R225H
3 10 cg2117 ptsl El enzyme, general component of PTS (EC 2.7.3.9) Exchange, G155
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This is remarkable, since this strain catabolizes only a minor fraction of the glucose
provided in the exponential-growth phase but turns to the production of L-valine and
L-alanine from glucose in the stationary phase (11, 12). The growth defect of C.
glutamicum AaceE was, however, successfully complemented by the addition of HCO,~,
which had no significant effect on the growth of wild-type cells, thus hinting at
problems caused by impaired anaplerotic flux in this strain background. By comparing
the CO, production rates of the C. glutamicum AaceE strain and the wild type, Bartek
et al. were able to show in a previous study that the AaceE strain excretes only around
0.83 mmol of CO, g~ ' h—, while the wild type excretes ca. 1.65 mmol of CO, g~*h—!
(29). The lower CO, production rates of the PDHC-deficient strain already indicate a
significant impact on the intracellular CO,/HCO;~ pool affecting metabolic flux distri-
bution, especially at low cell densities, when CO,/HCO;" is limiting.

The anaplerotic node comprises the essential link between glycolysis/gluconeogen-
esis and the TCA cycle (20). In contrast to most other organisms, C. glutamicum
possesses both anaplerotic carboxylases, PEPCx (encoded by ppc) and PCx (encoded by
pyc), catalyzing the anaplerotic bicarbonate-dependent reactions to yield oxaloacetate
from PEP or pyruvate, respectively. It was shown that in C. glutamicum, these two
enzymes can replace each other to a certain extent, depending on the intracellular
concentrations of the respective effectors for each enzyme. However, during growth on
glucose, the biotin-containing PCx contributes 90% to the main anaplerotic activity, in
contrast to PEPCx (23, 32). In our study, deletion of the pyc gene resulted in a severely
elongated lag phase (>15 h) of the AaceE Apyc strain when glucose was present in the
medium. Retarded growth of Apyc strains has been observed previously, and in line
with our data, other studies also reported a severe growth defect of a Apyc strain under
low CO,/HCO,~ levels (23, 28). This effect appeared to be even more severe when the
cells were grown in microtiter plates under CO,-stripping conditions (low culture
volume, high air mixing) than when they were grown in higher culture volumes (see
Fig. S7 in the supplemental material). The PDHC-deficient mutant strain C. glutamicum
Aacef Apyc was found to react very sensitively to small changes in intracellular
bicarbonate availability and was therefore used as a test platform with which to assess
systematically the impact of perturbations affecting the intracellular CO,/HCO5~ pool.
While addition of HCO,~, an increase in the pH, and higher culture volumes rescued the
strain, mutation of the urease accessory protein (ureD-E188*), which lowers the intra-
cellular CO,/HCO;~ pool, resulted in an even more severe phenotype. It was not
possible to restore growth if the second anaplerotic gene, ppc, was deleted as well,
confirming that the measures mentioned above fostered the flux over the remaining
anaplerotic reaction catalyzed by PEPCx.

The mutation in ureD was revealed by a previous biosensor-driven evolution ap-
proach selecting for mutations enhancing L-valine production in C. glutamicum (33). In
that study, inactivation of the urease enzyme by the ureD-E188* mutation reduced the
anaplerotic flux via PCx, resulting in increased precursor availability of pyruvate-derived
products, such as L-valine and L-alanine (33). In the present study, we confirmed this
finding by complementation with HCO;~, counteracting the effect of the ureD-E188"
mutation. In another study, by Blombach et al., lower CO,/HCO," levels also triggered
enhanced production of L-valine and L-alanine by C. glutamicum during shake flask
cultivation (28). However, a positive impact of anaplerotic reactions has been confirmed
for other products, for example, oxaloacetate-derived products, such as L-lysine. In
those studies, attempts to overexpress pyc or the introduction of deregulated variants
significantly improved L-lysine production (41, 42). However, in spite of great efforts
and success in the development of L-lysine production strains, the impact of altered
CO,/HCO;~ levels has not been systematically assessed so far.

Residual glucose consumption by PDHC-deficient C. glutamicum strains has already
been reported in previous studies (11, 12, 29). The results of this work, however,
emphasize that mutants lacking the major anaplerotic route via PCx (Apyc mutants) are
under strong evolutionary pressure in the presence of glucose. Although the strains
would be able to grow on the acetate supplied in the growth medium, increasing levels
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of glucose resulted in a severely elongated lag phase (as long as >40 h with 250 mM)
for C. glutamicum AaceE Apyc. Besides the above-mentioned efforts to increase the
CO,/HCO;~ pool, the deletion of the ptsG gene itself effectively restored growth on
glucose but not on other PTS substrates and not on ribose. These results indicate that
growth retardation is not the result of PtsG-dependent regulation as known for E. coli
(43, 44).

Furthermore, among the three key mutations identified in the ALE experiment, two
single nucleotide polymorphisms (SNPs) obtained from independent cell lines were
located within the pts/ gene, encoding the El component of the PTS. These findings
clearly highlight the problems of residual glucose consumption in strains featuring
impaired anaplerotic flux. One reason for the observed growth phenotype might be
stress resulting from the intracellular accumulation of sugar phosphates. In Escherichia
coli, sugar phosphate stress can be caused by the accumulation of any sugar phos-
phates due to a block in glycolysis (45), e.g., by mutations in pgi or pfkA (46), or due to
excessive glucose uptake caused, e.g., by overexpression of uhpT, encoding a sugar
phosphate permease (47). The resulting metabolic imbalance causes growth inhibition.
For example, in C. glutamicum, accumulation of several sugar phosphates, such as
fructose-1,6-bisphosphate or PEP, inhibits the key enzyme of the glyoxylate shunt,
isocitrate lyase, already at low concentrations (34). To counteract this stress, E. coli
triggers SgrR, which, in turn, activates SgrS by an unknown signal. The transcription
factor SgrS then prevents further uptake of glucose by downregulation of ptsG (45, 48,
49). This is in line with the finding of our study showing a slight downregulation of ptsG
upon resumed growth of the Aacef Apyc strain (Table 4). This reduction of glucose
uptake via the PTS, which converts PEP to pyruvate during glucose transport, also
contributes to increased PEP availability for the remaining anaplerotic reaction cata-
lyzed by PEPCx. Further, this is in line with an upregulation of iolT1, which ensures
minor usage of glucose without PEP depletion (39, 40). In this context, the downregu-
lation of the pyk gene in the AaceE Apyc strain can also be interpreted as a potential
adaptation to increase the PEP pool, fostering anaplerotic flux. All these strategies
counteracting PEP depletion underline the fact that under these conditions, the
anaplerotic enzyme PEPCx is not able to deliver appropriate amounts of oxaloacetate
in the AaceE Apyc strain.

During growth on gluconeogenetic carbon sources—such as acetate—the tran-
scriptional repressor SugR represses the expression of the PTS genes in C. glutamicum,
including the glucose-specific ptsG gene but also ptsF, ptsS, and general components,
such as ptsl and ptsH (50-52). Derepression appears to be triggered by the accumula-
tion of fructose-6-phosphate (F6P), which is generated from glucose-6-phosphate
entering glycolysis. Consequently, F6P accumulation leads to an increase in glucose
consumption rates, resulting in parallel catabolization of glucose and acetate (15). The
fact that the PDHC-deficient strains are also subject to regulation by SugR has been
demonstrated by studies showing that the AaceE AsugR strain leads to glucose con-
sumption rates as much as 4-fold higher (53).

In aerobic glucose-based bioprocesses, the endogenous production of CO, is typi-
cally sufficiently high to promote microbial growth even at low cell densities. However,
it is well known that the anaerobic growth of some bacteria, such as E. coli, requires an
external supply of CO,/HCO;" to avoid long lag phases (25, 54, 55). The critical impact
of CO,/HCO;~ levels may become especially evident under conditions where the
endogenous CO, production rate becomes limiting. This was nicely demonstrated by a
recent study of Bracher et al., who showed that long lag phases of engineered, but
nonevolved, Saccharomyces cerevisiae strains during xylose fermentation could be
avoided by sparging the bioreactor cultures with CO,-N, mixtures (56). Alternatively,
the addition of t-aspartate, whose transamination provides oxaloacetate, which refuels
the TCA cycle, completely abolished the long adaptation phase of the respective yeast
strains. In line with these findings, a recent '3C flux analysis with E. coli revealed that
considerable turnover of lipids via B-oxidation appears to be required for growth on
xylose to enhance the intracellular CO,/HCO;~ pool to a growth-promoting level that
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enables anaplerotic flux (57). These findings are in good agreement with our demon-
stration in this study that the elongated lag phase of the C. glutamicum AaceE Apyc
strain can be eliminated by various measures, either by increasing the intracellular
CO,/HCO;~ level or by refueling the TCA cycle with various intermediates, such as
citrate, malate, or succinate.

Overall, oxaloacetate depletion appeared to represent a key issue causing the
delayed growth of the AaceE Apyc strain. Our data revealed that this is caused by
impaired anaplerotic flux on glucose due to low intracellular CO,/HCO," levels as well
as reduced activities of glyoxylate cycle enzymes. As known from several organisms, the
activity of glyoxylate shunt enzymes is tightly repressed during growth on glucose. In
C. glutamicum, the transcription of aceA (encoding isocitrate lyase) and aceB (encoding
malate synthase) is repressed by RamB in the presence of glucose (58) and is activated
by RamA in the presence of acetate (59). The PDHC-deficient strains in this study were
grown on glucose-acetate mixtures. In an earlier study by Wendisch et al,, it was
emphasized that the anaplerotic function is entirely achieved by the glyoxylate cycle
enzymes when wild-type C. glutamicum is grown on glucose plus acetate (15). They
further revealed that this function can be partly complemented by PEPCx or PCx (15).
However, the possibility remains that the glyoxylate cycle enzymes, especially isocitrate
lyase, are repressed in the PDHC-deficient mutants due to accumulation of, e.g., sugar
phosphates caused by the PDHC and/or pyc inactivation. Reinscheid et al. (1994)
claimed that the sugar phosphates 3-phosphoglycerate, 6-phosphogluconate, and
fructose 1,6-bisphosphate cause inhibition of the isocitrate lyase in C. glutamicum (34).
Although transcriptional regulation of the glyoxylate shunt is different, isocitrate lyases
of E. coli are also repressed by glucose catabolites (60-62). Consequently, a repressed
glyoxylate shunt due to glucose catabolite accumulation probably also accounts for
oxaloacetate depletion in PDHC-deficient strains; this is especially problematic for the
AaceE Apyc strain, which cannot complement this depletion by anaplerotic pathways
due to lower intracellular CO,/HCO," levels.

Taken together, these results emphasize the important impact of the intracellular
CO,/HCO;~ pool on metabolic flux distribution, which is especially relevant in engi-
neered strains exhibiting lower endogenous CO, production rates, as exemplified by
PDHC-deficient strains in this study, but also by the performance of pentose-fermenting
yeast and E. coli strains (56, 57). Consequently, the lack of an important by-product,
such as CO, released by the PDHC, may have a significant impact on cellular metab-
olism and growth, especially on glycolytic substrates demanding high flux via anaple-
rotic reactions.

MATERIALS AND METHODS

Bacterial strains and growth conditions. All bacterial strains and plasmids used in this study are
listed in Tables 6 and 7, respectively. Mutant strains are based on the wild-type Corynebacterium
glutamicum strain ATCC 13032 (63).

Standard cultivation of C. glutamicum AaceE cells and derivatives was performed on brain heart
infusion (BHI; Difco; BD, Heidelberg, Germany) agar plates containing 51 mM potassium acetate (referred
to here as acetate) (ChemSolute; Th. Geyer, Stuttgart, Germany) at 30°C for 2 days. One single colony was
picked and was incubated for 8 to 10 h at 30°C in either 4.5 ml or 1 ml BHI containing 154 mM acetate
in reaction tubes or deep-well plates (VWR International, PA, USA), respectively. First precultures were
used to inoculate second precultures in CGXIl minimal medium (64) supplemented with 154 mM acetate
either as 10-ml cultures in shake flasks or in 1-ml volumes in deep-well plates. After overnight growth,
a main culture was inoculated at an optical density at 600 nm (ODg,) of 1 in CGXIl medium containing
154 mM acetate and either 222 mM p-(+)-glucose monohydrate (Riedel-de Haén, Seelze, Germany)
(referred to here as glucose) or any other carbon source as stated, e.g., p-(-)-fructose (Sigma-Aldrich,
Taufkirchen, Germany) (referred to as fructose), o-(+)-sucrose (Roth, Karlsruhe, Germany) (referred to as
sucrose), p-gluconic acid sodium salt (Sigma-Aldrich, Taufkirchen, Germany) (referred to as gluconate),
p-(-)-ribose (Sigma-Aldrich, Taufkirchen, Germany) (referred to as ribose), citric acid monohydrate (Merck
Millipore, Darmstadt, Germany) (referred to as citrate), H-Glu-Ala-OH (Bachem AG, Bubendorf, Switzer-
land) (referred to as Glu-Ala), succinic acid (Sigma-Aldrich, Taufkirchen, Germany) (referred to as succi-
nate), or L-malic acid (Merck Millipore, Darmstadt, Germany) (referred to as malate). To increase the
extracellular availability of bicarbonate, 100 mM potassium HCO,- (Merck Millipore, Darmstadt, Germany)
was added to the basic CGXII solution. The pH was adjusted to 7, and subsequently, the medium was
passed through a sterile filter before inoculation. In order to analyze the effects of different pH levels,
either HCI (to lower the pH) or KOH (to increase the pH) was added to the CGXIl basis, which was sterile
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TABLE 6 Bacterial strains used in this study

Journal of Bacteriology

Strain Characteristics Source or reference
C. glutamicum
ATCC 13032 Wild type, biotin auxotroph S. Kinoshita et al. (77)

AaceE strain

AaceE Apyc strain
AaceE AptsG strain
AaceE Apyc AptsG strain
AaceE Apgi strain
AaceE Apyc Apgi strain
AaceE Appc strain
AaceE Apyc Appc strain
Dacef ureD-E188" strain

AaceE ureD-E188* Apyc strain

Apyc strain
Apyc Appe strain

E. coli DH5«

ATCC 13032 derivative with deletion of aceE

ATCC 13032 derivative with deletions of aceF and pyc

ATCC 13032 derivative with deletions of aceE and ptsG

ATCC 13032 derivative with deletions of acek, pyc, and ptsG

ATCC 13032 derivative with deletions of aceE and pgi

ATCC 13032 derivative with deletions of aceE, pyc, and pgi

ATCC 13032 derivative with deletions of acef and ppc

ATCC 13032 derivative with deletions of acef, pyc, and ppc

ATCC 13032 derivative with deletion of acef and with ureD-E188* (Glu188
replaced by the stop codon)

ATCC 13032 derivative with deletions of acef and pyc and with ureD-E188*
(Glu188 replaced by the stop codon)

ATCC 13032 derivative with deletion of pyc

ATCC 13032 derivative with deletions of aceE and ppc

F~ ¢$80lacZAM15 A(lacZYA-argF)U169 recAl endAl hsdR17(r~ my ™) phoA
supE44 thi-1 gyrA96 relA1 A—; for general cloning purposes

M. E. Schreiner et al. (5)
This work

This work

This work

This work

This work

This work

This work

R. Mahr et al. (33)

This work

P. G. Peters-Wendisch et al. (23)

A. Schwentner et al. (78)

Invitrogen

filtered afterwards. For cultivations in the presence of TCA cycle-filling/refueling substrates, 50 mM citric
acid monohydrate (citrate), 3 mM H-Glu-Ala-OH dipeptide (Glu-Ala), 100 mM succinic acid (succinate), or
100 mM L-malic acid (malate) was used. In experiments where gluconate or ribose was used as the
carbon source, 100 mM p-gluconic acid sodium salt or 100 mM p-ribose was added, respectively. Biomass
formation was monitored during cultivation in shake flasks by measuring the OD,,, or by measuring
backscatter values during microtiter plate cultivation. Where necessary, the medium was also supple-

mented with 25 pg/ml kanamycin.

Escherichia coli DH5« was used for cloning and plasmid isolation. Cells were directly inoculated from
a glycerol stock or from a lysogeny broth (LB) agar plate and were grown in shake flasks in LB medium
at 37°C. If necessary for selection, the medium was also supplemented with 50 ug/ml kanamycin.

TABLE 7 Plasmids used in this study

Plasmid

Characteristics

Source or reference

pK19mobsacB

pK19mobsacB-Apyc

pK19mobsacB-AptsG

pK19mobsacB-Apgi

pK19mobsacB-Appc

pK19mobsacB-ureD-E188*

pJC1
pJC1-venus-term-BS

pJCl-pyc

pJC1-P,,-aceA-aceB

pJC1-P, ~aceB-aceA

Contains negative (sacB) and positive (Kan) selection markers for
genomic integration and deletion

Kan"; derivative of pK19mobsacB for partial pyc gene deletion,
containing only the first 499 bp and last 493 bp of pyc, with
the deletion of 2,429 bp in the middle

Kan'; derivative of pK19mobsacB for partial ptsG gene deletion,
containing only the last 491 bp of ptsG, with the deletion of
the first 1,561 bp

Kan'; derivative of pK19mobsacB for pgi gene deletion,
containing only the last 537 bp of pgi, with the deletion of
the first 1,086 bp

Kan'; derivative of pK19mobsacB for partial ppc gene deletion,
containing only the first 391 bp and last 447 bp of ppc, with
the deletion of 1,922 bp in the middle

Kan'; derivative of pK19mobsacB for ureD gene truncation by
replacing Glu188 in ureD with the stop codon

Kan® oriVe oriVeg; E. coli-C. glutamicum shuttle vector

Kan"; derivative of pJC1, containing the terminator sequence of
Bacillus subtilis behind venus

Kanr; derivative of pJC1-venus-term-BS, containing pyc under the
control of its native promoter P,

Kan'; derivative of pJC1-venus-term-BS, containing lacl and aceA
followed by a linking sequence (5'-ACTAGAAATAATTTIGTTTAA
CTTTAAGAAGGAGATATACAT-3') and aceB under the control of
the inducible promoter P,

Kan'; derivative of pJC1-venus-term-BS, containing lac/ and aceB
followed by a linking sequence (5’-ACTAGAAATAATTTTGTTTAA
CTTTAAGAAGGAGATATACAT-3') and aceA under the control of
the inducible promoter P,

A. Schifer et al. (70)

P. G. Peters-Wendisch et al. (23)

This work

This work

J. Buchholz et al. (13)

R. Mahr et al. (33)

J. Cremer et al. (79)
M. Baumgart et al. (74)

This work

This work

This work
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Microtiter plate cultivation. Online monitoring of growth and/or pH was performed in 48-well
microtiter FlowerPlates (m2p-labs GmbH, Baesweiler, Germany) sealed with sterile breathable rayon film
(VWR International, PA) in a BioLector microtiter cultivation system (m2p-labs GmbH, Baesweiler,
Germany) (65). The cultivation conditions were adjusted as described previously (66), and biomass
formation was recorded every 15 min as the backscattered light intensity (light wavelength, 620 nm;
signal gain factor of 20) for 24 to 72 h at 30°C and 1,200 rpm. pH measurements were performed with
48-well microtiter FlowerPlates equipped with pH optodes. The data obtained were evaluated using
BioLection (m2p-labs, Baesweiler, Germany) and GraphPad Prism 7 (GraphPad Software, Inc., San Diego,
CA) software.

ALE. Adaptive laboratory evolution (ALE) of C. glutamicum AaceE and C. glutamicum AaceE Apyc was
performed in deep-well plates (VWR International, PA) in a main culture of 1 ml CGXIl medium containing
either 154 mM acetate and 222 mM glucose or solely 154 mM acetate (as a control without selection
pressure) adjusted to an ODg,, of 1. Cells were cultivated for 2 to 3 days before the next generation was
inoculated, starting at an OD,,, of 1, and cultivated again for 2 to 3 days. After each generation step,
glycerol stocks of cultures were prepared (20% glycerol) and were stored at -80°C, allowing growth
analysis and DNA sequencing of cultures from individual inoculations. In total, 16 serial transfers were
analyzed.

Cloning techniques and recombinant DNA work. Standard molecular biology methods were
performed according to J. Sambrook and D. W. Russell (67). C. glutamicum ATCC 13032 chromosomal
DNA was used as the template for PCR amplification of DNA fragments and was prepared as described
previously (68). DNA fragment and plasmid sequencing, as well as synthesis of oligonucleotides, was
performed by Eurofins Genomics (Ebersberg, Germany).

For the construction of plasmids (see Table S3 in the supplemental material), DNA fragments were
amplified using the respective oligonucleotides (see Table S4) and were enzymatically assembled into a
vector backbone according to reference 69.

To achieve genomic deletion of pyc, ptsG, ppc, and pgi, two-step homologous recombination using
the pK19mobsacB system (70) was implemented. The suicide plasmids (compare Table 7 with Table 52
in the supplemental material) were isolated from E. coli cells using the QIAprep spin miniprep kit (Qiagen,
Hilden, Germany). Electrocompetent C. glutamicum AaceE and C. glutamicum AaceE Apyc cells were
transformed with these plasmids by electroporation (71). The first and second recombination events
were performed and verified as described in previous studies (72). The deletion of pyc, ptsG, ppc, and pgi
was reviewed by amplification and sequencing using primers shown in Table S1.

Measurement of glucose concentrations. To measure the glucose concentration of the culture
medium at different time points, cultivation was performed in 50 ml in shaking flasks. During cultivation,
0.5-ml samples were taken every 3 h and were centrifuged (16,000 X g). The supernatant was collected
and was stored at -20°C until use.

The actual glucose concentration was measured using a p-glucose UV test kit (R-Biopharm, Darm-
stadt, Germany), and calculations were done, according to the manufacturer’s instructions. Absorption
was measured at 340 nm.

Further calculations of the glucose uptake rates could be done based on the glucose concentrations
and 0D, values obtained. According to reference 18, the following equation was used to determine the
glucose concentration in nanomoles per gram (dry weight) per hour:

N nmol - liter "+ ODggo " . nmol
(M) ' ”[(ng-hmr’l -OD,,m") b ] - [ng-h]
where S represents the slope of the glucose concentration versus the ODg,, (expressed as nanomoles per
liter per ODy,, unit), M is the correlation between the dry weight and the OD,,, (expressed in grams [dry
weight] per liter per ODy,, unit), and p is the growth rate per hour. According to A. Kabus et al. (73), an
0Dy, of 1 corresponds to 0.25 g (dry weight) liter 7, so this value was used as M throughout these
calculations.

Quantification of amino acid production. Using ultrahigh-performance liquid chromatography
(uHPLC), amino acids were quantified as ortho-phthaldialdehyde derivatives by automatic precolumn
derivatization. Derivatives were separated by reverse-phase chromatography on an Agilent (Santa Clara,
CA) 1290 Infinity LC ChemStation equipped with a fluorescence detector. As the eluent for the Zorbax
Eclipse amino acid analysis (AAA) column (particle size, 3.5 um; inside diameter, 4.6 mm; length, 75 mm;
Agilent, Santa Clara, CA), a gradient of Na-borate buffer (10 MM Na,HPO,, 10 mM Na,B,0, [pH 8.2];
adapted to operator’s guide) and methanol was applied. Prior to analysis, samples were centrifuged for
10 min at 16,000 X g and 4°C and were diluted 1:100.

Monitoring of cellular proliferation by cell staining. For the staining of proliferating cells, the
PKH67 green fluorescent cell linker kit for general cell membrane labeling (Sigma-Aldrich, Munich,
Germany) was used, and the protocol was adapted according to the work of O. Kotte et al. (35). From an
exponentially growing preculture in CGXII minimal medium containing 222 mM glucose and 154 mM
acetate, 1.5 X 10° cells were harvested by centrifugation for 4 min at 4,000 X g and 4°C. Then the cells
were washed again in 5 ml ice-cold CGXII basic solution, without MgSO,, CaCl,, biotin, trace elements, or
protocatechuic acid. For staining, the cell pellet was resuspended in 500 ul dilution buffer C (Sigma-
Aldrich, Munich, Germany) at room temperature, and a freshly prepared mixture of 10 ul PKH67 dye
(Sigma-Aldrich, Munich, Germany) and 500 ul dilution buffer C was added. Subsequently, cells were
incubated for 3 min at room temperature, and afterwards, 4 ml ice-cold filtered CGXIl basic solution
containing 1% (wt/vol) bovine serum albumin, 1 mM MgSQ,, and 0.1 mM CaCl, was added. Then the cells
were centrifuged for 4 min at 4,000 X g and 4°C, and the cell pellet was washed twice. Finally, the cells
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were resuspended in CGXII minimal medium containing 222 mM glucose and 154 mM acetate and were
cultivated in a microtiter cultivation system.

Flow cytometry. Flow cytometric (FC) analyses were conducted on a FACSAria Il flow cytometer
(Becton, Dickinson, San Jose, CA) equipped with a blue solid-state laser (excitation, 488 nm). Forward-
scatter characteristics (FSC) and side-scatter characteristics (SSC) were recorded as small-angle and
orthogonal scatters of the 488-nm laser, respectively. PKH67 fluorescence was detected using a 502-nm
long-pass and 530/30-nm band-pass filter set. FACSDiva software, version 6.0, was used to monitor the
measurements. During analyses, thresholding on FSC was applied to remove background noise. For FC
analyses, PKH67-stained culture samples were diluted to an OD,,, of 0.05 in FACSFlow sheath fluid buffer
(BD, Heidelberg, Germany). FlowJo (version 10.0.8) analysis software was used to visualize and evaluate
the data (Tree Star, Ashland, OR).

DNA microarrays. For analysis of the transcriptome, C. glutamicum AaceE and C. glutamicum AaceE
Apyc were cultivated in triplicate as described above in 50 ml CGXIl medium containing 154 mM acetate
and 222 mM glucose in shake flasks. After reaching exponential phase at an OD,,, of ca. 12 to 15, the
cell suspension was harvested by centrifugation (4,256 X g, 10 min, 4°C). The resulting pellet was directly
frozen in liquid nitrogen and was stored at —80°C. RNA preparation and cDNA synthesis, as well as
microchip hybridization, scanning, and evaluation, were performed as described in previous studies (74).

GC-ToF MS analysis. For analysis of the metabolome, samples of C. glutamicum AaceE in the
exponential phase, as well as samples of C. glutamicum AaceE Apyc in the stationary and exponential
phases, were taken, and cells were disrupted using hot methanol. Further sample preparation, derivatization,
mass spectrometry (MS) operation, and peak identification were accomplished according to the method of N.
Paczia et al. (75) in an Agilent (Santa Clara, CA) 6890N gas chromatograph coupled to a Waters (Milford, MA)
Micromass GCT Premier high-resolution ToF MS. Known metabolites were identified using the in-house
database JuPoD, the commercial database NIST17 (National Institute of Standards and Technology, USA), and
the GMD database (Max Planck Institute of Molecular Plant Physiology, Golm, Germany) (76).

Whole-genome sequencing. In order to sequence the whole genome of C. glutamicum AaceE Apyc
mutants from the ALE experiment using next-generation sequencing (NGS), genomic DNA was prepared
using the NucleoSpin microbial DNA kit (Macherey-Nagel, Diiren, Germany) according to the manufac-
turer's instructions. Subsequently, the concentrations of the purified genomic DNA were measured using
a Qubit 2.0 fluorometer (Invitrogen, Carlsbad, CA) according to the manufacturer’s instructions. Overall,
4 g purified genomic DNA was employed for the preparation for genome sequencing using a TruSeq DNA
library prep kit and a MiSeq reagent kit, version 1 (lllumina, San Diego, CA, USA), according to the
manufacturer’s instructions. The sequencing run was performed in a MiSeq system (lllumina, San Diego, CA).
Data analysis and base calling were performed with the lllumina instrument software. The resulting FASTQ
output files were examined using CLC Genomics Workbench 9 (Qiagen, Aarhus, Denmark).

Accession number(s). The microarray data determined in this study are available at NCBI's Gene
Expression Omnibus under accession number GSE134218.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/JB
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43 Table S1: Peak areas for compounds determined via GC-ToF analysis for PDHC-

44  deficient strains.

Area
WT NaceE AaceE AaceE AaceE NaceE
=1 ApycE1*  Apyc E2* HCOz** Apyc
HCOs**
Amino acids
Alanine 2503 1303 845 8321 3277 5299
Aspartate 998 402 <1 383 296 460
Glutamine 6603 2554 1393 4430 3060 4166
Glutamate 30122 9836 3249 21157 17374 21093
N-acetyl-Glutamate 305 178 116 140 144 216
Glycine 197 110 - 168 164 192
Lysine 217 124 112 216 174 257
Proline 9611 4918 432 8127 8609 4835
Proline+CO2 917 625 73 620 737 407
Serine 90 52 <1 - 68 80
Valine 177 436 753 1125 410 285
Glycolysis
Glucose 3819 10761 7152 5901 3702 3270
Glycerol + Phosphate 1591 804 801 929 1248 1262
Glycerol-3-phosphate 1229 751 299 666 928 961
3-phospho-Glycerate 49 78 35 51 117 111
Pyruvate 51 85 - 278 156 492
TCA cycle
Malate 218 259 - 90 - 214
Succinate 1689 2135 597 2848 2093 5719
Further

Lactate 2436 934 784 915 1686 401
Trehalose 31837 11813 29109 7409 32045 8603
Urea 233 193 168 144 247 69

45 Strains were cultivated in 50 ml CGXII containing 154 mM acetate and 222 mM glucose. Compounds were identified
46 based on retention time using in-house database JuPoD.* = E1 corresponds to the first sample extraction where AaceE
47 reached in the exponential phase, while AaceE Apyc was still in lag phase. E2 corresponds to the second sample
48 extraction where AaceE Apyc reached the exponential phase. ** = Medium was supplemented with 100 mM HCOs'.

49
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50

51

52

53

Table S2: Analysis of differential gene expression (0.7- and 1.7-fold change) of C.

glutamicum AaceE Apyc and AaceE growing on CGXIl containing 154 mM acetate

and 222 mM glucose. mRNA ratio < 0.70 = downregulation in AaceE Apyc (shaded in

red), mRNA ratio 2 1.7 = upregulation in AaceE Apyc (shaded in green), p-values < 0.05.

mRNA

Gene  Annotation . p-value
cg0791  pyc, pyruvate carboxylase 0.01 0.01
cg1377 ssuC, aliphatic sulfonates transmembrane ABC transporterprotein 0.04 0.02
cg1376 ssuD1, alkanesulfonate monoxygenase 0.06 0.01
cg1379 ssuB, aliphatic sulfonates ATP-binding ABC transporterprotein 0.08 0.00
cg0120 esterase/lipase/thioesterase family protein 0.12 0.00
cg0111  hypothetical protein cg0111 0.17 0.00
cg3219 /dhA, NAD-dependent L-lactate dehydrogenase 0.18 0.02
cq1147 jﬁﬁial;g/lnN-binding protein required for sulfonate and sulfonate ester 019 0.00
cg1156 ssuD2, monooxygenase for sulfonate utilization 0.20 0.00
cg2962 :2;2&;‘5;;22322 enzyme involved in biosynthesis of extracellular 0.23 0.00
cg1905 hypothetical protein cg1905 0.25 0.00
cg2320 predicted transcriptional regulator 0.26 0.00
€g3226 putative L-lactate permease 0.27 0.01
cg1484 putative secreted protein 0.28 0.01
cg3315 bacterial regulatory protein, MarR family 0.28 0.00
cg0957 fas-IB, fatty acid synthase 0.29 0.02
cg3118 cysl, sulfite reductase (hemoprotein) 0.31 0.02
cg1907 putative phosphopantothenoylcysteine synthetase/decarboxylase 0.31 0.01
cg0812 dtsR1, acetyl/propionyl-CoA carboxylase beta chain 0.31 0.01
¢g1906 hypothetical protein cg1906 0.32 0.00
cg1454 ggltjttie\f(;i22?:;2iostg:fnonates uptake ABC transporter secreted 0.32 0.01
cg2958 butA, L-2,3-butanediol dehydrogenase/acetoin reductase 0.33 0.02
cg3179 fadD2, acyl-CoA synthase 0.35 0.00
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cg3117 hypothetical protein cg3117 0.36 0.01
cg0683 permease 0.36 0.00
cg3316 universal stress protein UspA or related nucleotide-binding protein 0.37 0.00
€g2685 short chain dehydrogenase 0.37 0.03
¢g1380 ssuA, aliphatic sulfonate binding protein 0.38 0.02
00277 rc:!]cacl;i'E ec:l)icarboxylate uptake system (succinate, fumarate or L- 0.40 0.04
cg3119 cysdJ, probable sulfite reductase (flavoprotein) 0.41 0.00
¢cg0175 secreted protein, signal peptide 0.41 0.02
cg3116 cysH, phosphoadenosine-phosphosulfate reductase 0.42 0.01
cg1003 5-formyltetrahydrofolate cyclo-ligase 0.42 0.03
cg1268 gigA, glycogen synthase 0.42 0.02
cg3227 lldD, quinone-dependent L-lactate dehydrogenase LIdD 0.43 0.01
cg1066 urtE, ABC-type urea uptake system, ATP binding protein 0.43 0.01
cg0241 hypothetical protein cg0241 0.44 0.00
cg1399 permease of the major facilitator superfamily 0.44 0.01
cg0973 pgi, glucose-6-phosphate isomerase 0.44 0.03
¢g0240 membrane protein 0.45 0.00
cg2645 clpP1, ATP-dependent Clp protease proteolytic subunit 0.45 0.01
cg2699 hypothetical protein cg2699 0.45 0.03
cg0284 drug exporter of the RND superfamily 0.45 0.04
cg2891 pqo, pyruvate chinon oxidoreductase 0.47 0.02
cg1744  pacl, cation-transporting ATPase 0.47 0.03
¢g2707 hypothetical protein cg2707 0.47 0.01
cg2953 xyIC, benzaldehyde dehydrogenase 0.48 0.01
cg2456 Zn-ribbon protein, possibly nucleic acid-binding 0.48 0.02
cg2715 hypothetical protein cg2715 0.48 0.01
cg1740 putative nucleoside-diphosphate-sugar epimerase 0.48 0.00
cg0697 hypothetical protein cg0697 0.49 0.02
cg2342 dehydrogenase 0.49 0.02
cg0514 hypothetical membrane protein 0.49 0.00
¢g3112 predicted permease 0.49 0.03
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¢g3092 hypothetical protein cg3092 0.50 0.03
cg0316 secreted protein 0.50 0.00
cg3223 NADPH-dependent FMN reductase 0.50 0.01
cg1741 hypothetical protein cg1741 0.50 0.01
cg0359 hypothetical protein cg0359 0.51 0.03
cg1345 narK, putative nitrate/nitrite transporter 0.51 0.04
cg3218 pyruvate kinase 0.52 0.01
cg0129 gzi@a;:gglg;zg:hydrogenase/delta-1-pyrroline-5-carboxylate 052 0.00
cg2910 transcriptional regulator, Lacl family 0.52 0.00
€g2800 pgm, phosphoglucomutase 0.52 0.02
cg1080 putative multicopper oxidase 0.52 0.00
cg3224 LIdR, Repressor of the cg3226-IldD lactate operon 0.52 0.01
cg1081 ABC-type multidrug transport system, ATPase component 0.52 0.00
cg1742 hypothetical protein cg1742 0.52 0.01
cg1619 putative DNA gyrase inhibitor 0.53 0.01
€g2890 putative amino acid processing enzyme 0.53 0.01
cg3279 putative dehydrogenase-fragment 0.53 0.02
¢g1045 hypothetical protein cg1045 0.53 0.04
cgl1246 hypothetical protein cg1246 0.53 0.01
cg0892 hypothetical protein cg0892 0.53 0.04
cg0387 adhE, putative zinc-type alcohol dehydrogenase transmembrane 0.53 0.03
¢cg2500 Dbacterial regulatory proteins, ArsR family 0.53 0.03
cg2118 transcriptional regulator of sugar metabolism, DeoR family 0.53 0.01
cg2810 Na+/H+-dicarboxylate symporter family 0.54 0.02
cg1647 ABC-type multidrug transport system, permease component 0.54 0.00
cg1002 putative secreted protein 0.54 0.01
cg1452 hypothetical protein cg1452 0.55 0.00
cg3402 copper chaperone 0.55 0.01
cg3004 gabD2, succinic semialdehyde dehydrogenase 0.55 0.00
€g2305 hisD, histidinol dehydrogenase 0.55 0.05
cg3304 dnaB, replicative DNA helicase 0.55 0.00
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cg1068 probable oxidoreductase 0.55 0.01
cg1374 hypothetical protein cg1374 0.56 0.01
cg3280 putative secreted protein 0.56 0.02
cg1238 hypothetical protein cg1238 0.56 0.02
cg0039 putative transcriptional regulator 0.56 0.01
cg1111  eno, phosphopyruvate hydratase 0.57 0.03
cg1618 hypothetical protein cg1618 0.57 0.01
cg3340 dadA, putative D-amino acid dehydrogenase (deaminating) 0.57 0.02
¢cg2318 putative secreted vitamin B12-binding lipoprotein 0.57 0.00
cg0807 hypothetical protein cg0807 0.57 0.03
cg2598 hypothetical protein cg2598 0.57 0.00
cg3225 putative serine/threonine-specific protein phosphatase 0.57 0.03
cg2340 ABC-type amino acid transport system, secreted component 0.57 0.00
cg0513 hypothetical membrane protein 0.58 0.00
cg0777 siderophore ABC transporter, ATP-binding protein 0.58 0.02
cg1545 permease of the major facilitator superfamily 0.58 0.04
cg0755 metY, O-acetylhomoserine sulfhydrylase 0.58 0.01
€g2537 brnQ, branched-chain amino acid uptake carrier 0.58 0.03
cg1525 polA, DNA polymerase | 0.58 0.01
cg0B85 zrc:gpczfognc;f metal-dependent protease, putative molecular 058 0.01
€g2291 pyk, pyruvate kinase 0.58 0.01
cg2770 hypothetical protein cg2770 0.58 0.03
cg3128 ABC-type transport system, ATPase component 0.59 0.01
cg0780 membrane protein ribonuclease BN-like family 0.59 0.01
cg0611 secreted protein 0.59 0.00
cg0176 permease 0.59 0.02
cg0358 hydrolase or acyltransferase 0.59 0.01
cg0122 putative glycerol 3-phosphate dehydrogenase 0I59) 0.05
€g2304 hisC, histidinol-phosphate aminotransferase 0.59 0.01
cg1537 pisG, glucose-specific enzyme Il BC component of PTS 0.59 0.02
cg1791 gap, glyceraldehyde-3-phosphate dehydrogenase 0.59 0.02
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cg0976 pcrA, ATP-dependent helicase PCRA 0.59 0.01
cg0260 moaC, molybdenum cofactor biosynthesis protein C 0.60 0.03
cg0464 cipA, copper-transporting ATPase 0.60 0.02
cg0662 FAD/FMN-containing dehydrogenase 0.60 0.03
cg2247 hypothetical protein cg2247 0.60 0.02
cg1017 metS, methionyl-tRNA synthetase 0.60 0.02
cg1330 similar to GTP pyrophosphokinase 0.60 0.00
cg2459 ptpA, protein-tyrosine-phosphatase 0.60 0.01
cg0766 icd, isocitrate dehydrogenase 0.60 0.01
cg2877 i{\efttg\gjtr;riggransferase, uses alanine, keto-isovalerate and 061 0.01
cg2743 fas-lA, fatty acid synthase 0.61 0.04
cg2457 hypothetical protein cg2457 0.61 0.02
cg1195 sulfate permease or related transporter (MFS superfamily) 0.61 0.01
€g2556 uncharacterized iron-regulated membrane protein 0.61 0.00
cg1027 dld, D-lactate dehydrogenase 0.61 0.02
cg0404 nitroreductase family 0.61 0.00
cg2835 predicted acetyltransferase 0.61 0.01
cg3399 permease of the major facilitator superfamily 0.62 0.05
cg2162 thyX, alternative thymidylate synthase 0.62 0.02
cg0896 hypothetical protein cg0896 0.62 0.02
cg2104 galE, UDP-glucose 4-epimerase 0.62 0.02
cg0131 putative oxidoreductase 0.62 0.00
cg3057 putative secreted protein 0.62 0.00
cg1790 pgk, phosphoglycerate kinase 0.62 0.02
€g2558 related to aldose 1-epimerase 0.62 0.00
cg2554 rbsK2, probable ribokinase protein 0.62 0.02
cg2536 metC, cystathionine beta-lyase 0.62 0.00
cg0239 hypothetical protein cg0239 0.63 0.02
cg2178 nusA, transcription elongation factor NusA 0.63 0.04
cg1908 hypothetical protein cg1908 0.63 0.05
cg1603 hypothetical protein cg1603 0.63 0.02
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cg1247 putative secreted protein 0.63 0.00
cg3228 hypothetical protein cg3228 0.63 0.04
cg1106 hypothetical protein cg1106 0.63 0.03
cg3158 nagA2, beta-N-acetylglucosaminidase precursor 0.63 0.02
cg1691 arc, AAA+ ATPase ARC, pupylation machinery 0.63 0.00
cg0781 membrane protein 0.63 0.04
cg0934 hypothetical protein cg0934 0.63 0.02
cg2867 gpx, glutathione peroxidase 0.64 0.02
cg1683 superfamily Il DNA and RNA helicase 0.64 0.01
cg2605 predicted acetyltransferase 0.64 0.02
cg1883 putative secreted protein 0.64 0.05
cg3331 ogt, methylated-DNA--protein-cysteine methyliransferase 0.64 0.00
cg1375 putative thioredoxin 0.64 0.01
cg2529 treS, trehalose synthase (maltose alpha-D-glucosyltransferase) 0.64 0.00
cg1400 DNA polymerase Il subunit epsilon 0.64 0.00
€g2778 hypothetical protein cg2778 0.64 0.01
cg2248 hypothetical protein cg2248 0.64 0.01
cg0684 papA, prolyl aminopeptidase A 0.64 0.02
cg2577 predicted multitransmembrane, metal-binding protein 0.64 0.04
cg2431 putative transcriptional regulator 0.64 0.01
cg1831 bacterial regulatory protein, ArsR family 0.65 0.05
cg3332 putative quinone oxidoreductase 0.65 0.01
cg0712 secreted protein 0.65 0.00
cg1599 hypothetical protein cg1599 0.65 0.00
cg0297 hypothetical protein cg0297 0.65 0.03
cg2455 hypothetical protein cg2455 0.65 0.01
cg2572 hypothetical protein cg2572 0.65 0.01
cg0512 hemB, delta-aminolevulinic acid dehydratase 0.65 0.00
cg0171  secreted protein 0.65 0.00
cg2521 fadD15, long-chain fatty acid CoA ligase 0.65 0.01
cg0174 putative transport protein 0.65 0.04
cg1680 hypothetical protein cg1680 0.65 0.01
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¢cg0376 dnaX, putative DNA polymerase lll, delta subunit 0.65 0.03
¢cg2033 putative secreted protein 0.66 0.02
cg0680 hypothetical protein cg0680 0.66 0.04
€g2924 cysS, cysteinyl-tRNA synthetase 0.66 0.01
cg1206 PEP phosphonomutase or related enzyme 0.66 0.01
cg3236 msrA, peptide methionine sulfoxide reductase 0.66 0.00
cg0481 mshA, glycosyltransferase 0.66 0.01
cg0686 acetyltransferase, GNAT family 0.66 0.02
cg1035 TatD related DNase 0.66 0.03
cg3067 hypothetical protein cg3067 0.66 0.01
¢cg0388 Zn-dependent hydrolase 0.66 0.04
¢cg2193 putative lysophospholipase 0.66 0.01
cg1018 probable ATP-dependent DNA helicase protein 0.66 0.03
cg1423 putative oxidoreductase (related to aryl-alcohol dehydrogenase) 0.66 0.01
cg1284 lipT, type B carboxylesterase 0.67 0.03
cg2597 rne, probable ribonuclease E (RNase E) protein 0.67 0.05
cg0796 prpD1, 2-methycitrate dehydratase 0.67 0.01
cg2117 g:]s;;(rp:]r;c:sphoenolpyruvate:sugar phosphotransferase system 0.67 0.01
cg0081 putative tautomerase 0.67 0.01
cg1630 odhl, essential for glutamine utilization, regulates ODH activity 0.67 0.03
©g2795 Eﬁgoigdﬂzizzge reductase or related Zn-dependent 0.67 0.02
cg3253 mcbR, TetR-type transcriptional regulator of sulfur metabolism 0.67 0.03
cg1600 predicted rRNA methylase 0.68 0.01
cg3069 hypothetical protein cg3069 0.68 0.02
cg3068 fda, fructose-bisphosphate aldolase 0.68 0.01
c¢g0067 gabD3, succinate-semialdehyde dehydrogenase (NADP+) 0.68 0.00
cg0450 hypothetical protein cg0450 0.68 0.04
€g2687 metB, cystathionine gamma-synthase 0.68 0.00
cg2323 treY, maltooligosyl trehalose synthase 0.68 0.01
¢g3185 hypothetical protein cg3185 0.68 0.01
cg1384 putative NUDIX hydrolase 0.68 0.00
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cg3350 nagK, fumarylpyruvate hydrolase 0.68 0.04
cg0232 hypothetical secreted protein 0.69 0.00
cg2432 MUTT/NUDIX family protein 0.69 0.03
cg3034 def, peptide deformylase 0.69 0.02
cg2421 sucB, dihydrolipoamide acetyltransferase 0.69 0.00
cg1401 ligA, DNA ligase 0.69 0.03
cg3423 trxC, thioredoxin 0.69 0.01
cg0128 secreted protein, signal peptide 0.69 0.03
cg0496 thiol-disulfide isomerase or thioredoxin 0.69 0.05
¢g1048 haloacid dehalogenase/epoxide hydrolase family 0.69 0.03
cg0015 gyrA, DNA gyrase subunit A 0.69 0.03
cg0854 pmmA, phosphomannomutase 0.69 0.01
cg1318 DNA repair exonuclease 0.69 0.03
¢cg0873 aroA, 3-phosphoshikimate 1-carboxyvinyltransferase 0.69 0.01
cg0154 haloacid dehalogenase-like hydrolase 0.70 0.04
cg2444  hypothetical protein cg2444 0.70 0.03
cg0745 NAD-dependent deacetylase 0.70 0.01
cg2716  hyi, hydroxypyruvate isomerase 0.70 0.02
cg3154 udgA2, UDP-glucose 6-dehydrogenase 0.70 0.01
¢g0910 inositol monophosphatase 0.70 0.03
cg0489 hypothetical membrane protein 0.70 0.00
cg3168 SAM-dependent methyltransferase 0.70 0.01
cg3015 hypothetical protein cg3015 1.70 0.01
cg1414 uncharacterized component of ribose/xylose transport systems 1.70 0.00
cg1355 prfA, peptide chain release factor 1 1.71 0.02
cg2138 gluC, glutamate permease 1.71 0.03
cg1366 aipA, ATP synthase subunit A 1.71 0.05
cg3008 porA, main cell wall channel protein 1.72 0.03
cg2374 gg;ﬁhggrzél\ll;;ﬁ;ﬂ?euramoylalanyI—D—qutamate——2,6— 172 0.03
cg1367 atpG, ATP synthase subunit C 1.72 0.02
cg2272 mutM1, formamidopyrimidine-DNA glycosylase 1.73 0.00
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cg1498 RecG-like helicase 1.73 0.01
cg0719 crtYe, C50 carotenoid epsilon cyclase 1.74 0.01
cg3266 tnp5c(ISCg5c), transposase 1.74 0.00
cg1706 arsC1, arsenate reductase 1.74 0.02
€g2263 hypothetical protein cg2263 1.75 0.00
cg1314 putP, proline transport system 173 0.00
cg1349 membrane protein containing CBS domain 5 0.03
cg1122 putative secreted protein %5 0.05
cgi412 ggsniz/:zéozgﬁgil;iggfe/galactoside ABC-type transport system, 175 0.02
cg1123 greA, transcription elongation factor GreA 1.76 0.03
cg0577 rpoC, DNA-directed RNA polymerase beta subunit 1.78 0.03
cg1617 GTP-binding protein EngA 1.78 0.01
€g2990 speE, spermidine synthase 1.78 0.00
o262t (O eonaae, poso patway Bl >
cg0690 groES, chaperonin 10 Kd subunit 1.78 0.01
cg2807 tnpl11a(ISCgl1a), transposase-fragment 1.79 0.00
cg1041  pdxK, pyridoxal/pyridoxine/pyridoxamine kinase 178 0.00
cg2184 QJpF;;sal?ezozﬁsgsegtdtgg:ﬁide ABC-type transport system, contains 179 0.00
cg3027 mipE, hypothetical protein cg3027 1.80 0.02
cg2600 tnp1d(ISCg1d), transposase 1.80 0.00
cg0203 iolE, 2-Keto-myo-inositol dehydratase 1.80 0.00
cgo621 Eléb;t:ﬂﬁ;:gﬁ(gic component SCO2325 of predicted cobalamin 181 0.00
cg1218 ndnR, transcriptional repressor of NAD de novo biosynthesis genes 1.81 0.00
cg1586 argG, argininosuccinate synthase 1.82 0.01
cg2269 predicted permease 1.82 0.00
cg1413 secreted sugar-binding protein 1.82 0.01
cg0717 crtEb, hypothetical protein cg0717 1.82 0.00
cg0057 pknB, eukaryotic-type serine/threonine kinase 1.83 0.00
cg1602 recN, DNA repair protein RecN 1.86 0.00
cg2467 ABC transporter ATP-binding protein 1.86 0.00




Appendix 255
cg2196 putative secreted or membrane protein 1.86 0.05
cg3385 cafA3, catechol 1,2-dioxygenase 1.86 0.00
cg1149 hypothetical protein cg1149 1.87 0.04
cg1364 atpF, ATP synthase subunit B 1.88 0.02
€g2559 aceB, malate synthase 1.88 0.02
cg0693 gﬁﬁ,ﬁ?ﬁ;&ﬂ«ez?aperonin (protein CPN60) (groel protein) C- 188 0.04
cg1363 atpE, ATP synthase subunit C 1.88 0.02
cg0B91 g;c;l].esto KDA chaperonin (protein CPN60) (HSP60)-N-terminal 1.89 0.02
cg1040 Q;ng;snescomponent of ABC transporters with duplicated ATPase 1.90 0.00
cg1902 putative secreted protein 1.91 0.02
cg0692 tnpic(ISCgic), transposase 1.92 0.00
cg1418 secreted siderophore-binding lipoprotein RS2 0.00
cg1213 tnp1a(lSCg1la), transposase 1.93 0.04
cg2052 putative secreted protein 1.94 0.02
cg2676 /:eBrC[:xasZ clig;;;t[i)dni/rc:tligopeptide/nickel transport systems, 194 0.01
cg1780 devB, 6-phosphogluconolactonase 1.94 0.01
cg1362 atpB, ATP synthase subunit A 1.95 0.03
€g2265 smc, chromosome segregation ATPase 1.96 0.00
cg0204 iolG, putative oxidoreductase myo-inositol 2-dehydrogena 1.96 0.04
cg3386 tcbF, maleylacetate reductase 1.96 0.01
cg0223 iolT1, myo-Inositol transporter 1.97 0.04
cg1488 leuD, isopropylmalate isomerase small subunit 1.97 0.00
cg1354 rho, transcription termination factor Rho 1.98 0.01
cg1792 putative transcriptional regulator-WhiA homolog 1.98 0.01
cg2470 secreted ABC transporter substrate-binding protein 1.98 0.00
cg3047 ackA, acetate/propionate kinase 1.99 0.01
cg1417 acetyltransferase 2.00 0.00
cg1348 membrane protein containing CBS domain 2.01 0.03
cg1725 mutA, methylmalonyl-CoA mutase, subunit 2.01 0.01
cg0062 ppp, protein phosphatase 2.02 0.02
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cg1779 opcA, putative subunit of glucose-6-P dehydrogenase 2.04 0.01
cg0323 conserved hypothetical secreted protein 2.05 0.01
cg3195 flavin-containing monooxygenase (FMO) 2.06 0.04
cg1812 pyrF, orotidine 5-phosphate decarboxylase 2.07 0.02
cg1344 parG, nitrate reductase 2, alpha subunit 2.07 0.01
cg0417 ;fé)tgnprobable dTDP-glucose 4,6-dehydratase transmembrane 208 0.00
cg1813 carB, carbamoyl-phosphate synthase large subunit 2.12 0.01
€g3363 trpB, tryptophan synthase subunit beta 2.14 0.00
cg0720 crtl2, phytoene dehydrogenase (desaturase) 2.15 0.01
¢g0321 Na+/H+ antiporter subunit 2.16 0.01
cg0419 glycosyltransferase 2.16 0.01
cg1365 aipH, ATP synthase subunit D 2.16 0.01
cg0418 putative aminotransferase 217 0.01
c¢g0325 hypothetical protein cg0325 2.22 0.02
cg1215 nadC, quinolinate phosphoribosyltransferase 2.23 0.01
cg3016 hypothetical protein cg3016 2.24 0.01
cg3096 ald, alcohol degyhdrogenase 2.24 0.04
cg3028 mrpF, hypothetical protein cg3028 2.32 0.00
¢g3029 mrpG, multisubunit Na+/H+ antiporter, g subunit 2.34 0.01
cg3025 mrpC, hypothetical protein cg3025 2.34 0.01

ATPase component of ABC-type transport system, contains
cg2675 duplicated ATPase domains | ATPase component of ABC-type 2.36 0.01
transport system, contains duplicated ATPase domains
cg1582 argB, acetylglutamate kinase 2.37 0.04
€g2240 thiF, molybdopterin biosynthesis protein MoeB 2.38 0.04
cg3391 oxiD, myo-Inositol dehydrogenase 2.40 0.00
cg0324 mnhD, NADH dehydrogenase subunit N 2.41 0.01
cg2610 ?OBU(]}‘;B/E:”?ipeptide/oligopeptide/nickel transport system, secreted .46 0.00
¢g3017 hypothetical protein cg3017 2.54 0.00
cg0837 hypothetical protein cg0837 2.66 0.03
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cg0322 predicted conserved membrane protein 2.69 0.00
93026 :r:r‘rt;i)IOD(;rIt\‘laﬁDl:l)-i;ﬂtéiSrL:iitnone oxidoreductase/multisubunit Na+/H+ 286 0.01
cg3390 myo-Inositol catabolism, sugar phosphate isomerase/epimerase 2.89 0.01
€g3360 trpG, anthranilate synthase component Il 2.97 0.01
cg0059 pknA, serine/threonine protein kinase 3.01 0.00
cg0838 helicase 3.06 0.01
cg3359 trpE, anthranilate synthase component | 3.08 0.00
cg0165 ABC-2 type transporter 3.12 0.01
¢cg0061 rodA, putative FTSW/RODA/SPOVE family cell cycle protein 3.13 0.00
cg1724 meaB, accessory protein of methylmalonylCoA mutase 3.18 0.01
¢g0018 hypothetical membrane protein 3.19 0.00
¢g0163 N-acetylglucosaminyltransferase 3.21 0.00
cg1583 argD, acetylornithine aminotransferase 3.26 0.01
cg0060 pbpA, D-alanyl-D-alanine carboxypeptidase 3.31 0.00
c¢g0162 membrane spanning protein 3.33 0.00
cgi214 g:gesr;]a/;teine desulfurase-like protein involved in Fe-S cluster 344 0.00
€cg2636 catAl, catechol 1,2-dioxygenase 3.50 0.01
cg1584 argF, ornithine carbamoyltransferase 3.81 0.01
¢g3361 trpD, anthranilate phosphoribosyltransferase 3.83 0.01
cg1585 argR, arginine repressor 3.96 0.00
cg0844 type Il restriction enzyme, methylase subunit 6.36 0.00
cg2430 hypothetical protein cg2430 13.96 0.00
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55 Table S3: Overview on plasmids constructed in this study. In Table 2 in the main text

56  provides a list of all plasmids used in this study.

Plasmid Backbone Restriction-  Oligonucleotides Template Method
enzymes for insert

pK19mobsacB- pK19mobsacB EcoRl, A7-ptsG-leftflank-fw ~ Genomic DNA  Gibson

AptsG-P3 1) BamHI A8-ptsG-leftflank-rv (C. glutamicum) assembly

A9-ptsG-rightflank-fw
A10-ptsG-rightflank-
rv
pK19mobsacB- pK19mobsacB EcoRl, A21-pgi-leftflank-fw Genomic DNA  Gibson
Apgi (1) BamH]I A22-pgi-leftflank-rv (C. glutamicum) assembly
A23-pgi-rightflank-fw
A24-pgi-rightflank-rv
pJC1-pyc pJC1-venus- BamHlI, Bcul  A31-pyc-pJC1-fw Genomic DNA  Gibson
term-BS (2) A32-pyc-pJCi-rv (C. glutamicum) assembly

57

58
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Table S4: Oligonucleotides used in this work.

Oligonucleotide

Sequence 5— 3’

Use

Primer for sequencing and strain verification

Al-seg-pyc-fw
A2-seq-pyc-rv
A14-seq-ptsG-flanks-fw
A15-seq-ptsG-flanks-rv
A17-seq-pgi-fw
A18-seqg-pgi-rv
104-acekEint-seq-fw
105-aceEint-seq-rv
ppcdel_fw

ppcdel_rv

ureD E188*_fw

ureD E188"_rev
596-aceA-Seq-rv
599-aceA-Seq-rv2
597-aceB-Seq-fw
598-aceB-Seq-rv
600-aceB-Seq-rv2
M19-M13-fw

M20-M13-rv

R12-pJC1-MCS-fw

R13-pJC1-MCS-rv

CTGCGCCACGGTTTTGTGAAG
CAACCACATCTGCACTGCGATC
GGCTCACTGACGTTGACAGTG
GATATCGCGGGCAACTTGGTC
GTGATGGCACCTGCCGATTC
CGGAATCCACGAAATCGCCG
CCAGGGCTCCTTCTTTACCAATG
CGTTCTTCCCCGGCACTGTG
GGAATAGACTCGCTCGGC
GTGAACAGGCTCTCGATGC
CGGACTCCCGATAGGGAAGTTTTG
CAAAACTTCCCTATCGGGAGTCCG
CGAGTTCCTTCTGGAACTTAGCG
CTTCGGTGCGTGCGATTTCATC
CTTCGAAGACTCCGTTGCAGC
TTGTTGAGCTCACGGGTGAAG
GAGCAAGCAGCTCGCGGTTG
CACTGACCCTTTTGGGACCGC

AGCGGATAACAATTTCACACAGGA

CAGGGACAAGCCACCCGCACA

GGAAGCTAGAGTAAGTAGTTCGC

Sequencing pyc
Sequencing pyc
Sequencing ptsG
Sequencing ptsG
Sequencing pgi
Sequencing pgi
Sequencing aceE
Sequencing aceE
Sequencing ppc
Sequencing ppc
Sequencing ureD
Sequencing ureD
Sequencing aceA
Sequencing aceA
Sequencing aceB
Sequencing aceB
Sequencing aceB
Sequencing of
pK19mobsacB
Sequencing of
pK19mobsacB
Sequencing of
inserts in pJC1
Sequencing of
inserts in pJC1

Construction of plasmid pK19mobsacB-AptsG-P3 used for deletion of ptsG

A7-ptsG-leftflank-fw

A8-ptsG-leftflank-rv

A9-ptsG-rightflank-fw

A10-ptsG-rightflank-rv

CAGGTCGACTCTAGAGGATCGCTTTTGGCGGGCGC

TTCGG
GTCTGTAACCGAGCATCTCTCGTCAAACCTTTCTA
AACGTAGGGTCTG
GAGAGATGCTCGGTTACAGACCAGCTAAGCCGAAG
CTGGCCG
GTAAAACGACGGCCAGTGAATTGTTACTCGTTCTT

GCCGTTGACCTTG

Left flank fw AptsG

Left flank rv AptsG

Right flank fw AptsG

Right flank rv AptsG
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Construction of plasmid pK19mobsacB-Apgi used for deletion of pgi

A21-pgi-leftflank-fw CAGGTCGACTCTAGAGGATCCAGCACCGACAARCA  Left flank fw Apgi

A22-pgi-leftflank-rv

A23-pgi-rightflank-fw

A24-pgi-rightflank-rv

Construction of plasmid pJC1-pyc used for overexpression of pyc

A31-pyc-pJC1-fw

A32-pyc-pJC1-rv

CGATC
GTCTGTAACCGAGCATCTCTCGAAAACTCCTTTAT
TGTCGTTAAATAAC
GAGAGATGCTCGGTTACAGACCCTGTTTCCACTGG
CACTG
GTAAAACGACGGCCAGTGAATTGCTACCTATTTGC

GCGGTACC

AGCGACGCCGCAGGGGGATCCGGATTGCTTTGTGC

ACTCCTGG
AAAACGACGGCCAGTACTAGCAGAAAGGTTTAGGA

AACGACGAC

Left flank rv Apgi

Right flank fw Apgi

Right flank rv Apgi

pyc fw, including
promoter region

pycrv

Construction of plasmid pJC1-pyc used for overexpression of aceA and aceB

588-aceA-fw

589-aceA-linker-rv

590-aceB-linker-fw

591-aceB-rv

CTGAACTTTAAGAAGGAGATATCATATGTCAAACG
TTGGAAAGCCACG
CATATGTATATCTCCTTCTTAAAGTTAAACAARAAT
TATTTCTAGTCTAGTTGTGGAACTGGCCTTCTTC
GTTTAACTTTAAGAAGGAGATATACATATGACTGA
ACAGGAACTGTTGTCTG
CTGTAAAACGACGGCCAGTACTAGTTAGTTTTTTG
CTTTGAACTCGCGGC

Insert 1 aceA fw

Insert 1 aceArv,
including linker
Insert 2 aceB fw,
including linker
Insert 2 aceBrv

Construction of plasmid pJC1-pyc used for overexpression of aceB and aceA

584-aceB-fw

585-aceB-linker-rv

586-aceA-linker-fw

587-aceA-rv

CTGAACTTTAAGAAGGAGATATCATATGACTGAAC
AGGAACTGTTGTCTG
ATGTATATCTCCTTCTTAAAGTTAAACAAAATTAT
TTCTAGTTTAGTTTTTTGCTTTGAACTCGCGG
GTTTAACTTTAAGAAGGAGATATACATATGTCAAA
CGTTGGAAAGCCACG
CTGTAAAACGACGGCCAGTACTAGCTAGTTGTGGA
ACTGGCCTTCTTC

Insert 1 aceB fw

Insert 1 aceB v,
including linker
Insert 2 aceA fw,
including linker
Insert 2 aceArv

Underlined = complementary to backbone, red = linker sequence; fw = forward, rv = reverse
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Figure S1: Effect of different PTS-sugars on growth of C. glutamicum AaceE and

AaceE Apyc. The strains AaceE and AaceE Apyc were inoculated to an ODeoo of 1 in
CGXIll containing 154 Mm acetate and 222 mM of varying PTS sugars: glucose (shades
of blue), fructose (shades of red), or sucrose (shades of grey). Growth curves shown are
based on the backscatter measurements in a microtiter cultivation system. Symbols
represent the backscatter means and error bars their standard deviations of biological

triplicates.
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73 Figure S2: Growth and glucose consumption of different C. glutamicum PDHC-

74  deficient strains. The PDHC-deficient strains AaceE, AaceE Apyc, AaceE AptsG, AaceE

75  Apyc AptsG as well as the wild type (WT) as control were inoculated to an ODeoo of 1 each

76 in 50 ml CGXIl containing 154 mM acetate and 222 mM glucose. ODsoo measurements

77 (blue graphs) and sampling for glucose measurements were performed every 3 h until 33

78 h and once additionally at 48 h. (A-E) Measurement of glucose concentration was

79  performed with the D-Glucose UV-Test Kit (r-biopharm, Darmstadt, Germany) (red
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80 graphs). Symbols represent the ODesoo means and error bars their standard deviations of

81 biological triplicates.

82
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85 Figure S3: Effect of PTS-sugar fructose on growth of ptsG-deficient C. glutamicum
8 AaceE and AaceE Apyc. Growth curves shown are based on the backscatter
87 measurements in a microtiter cultivation system, inoculated at an ODeoo of 1. Symbols
88 represent the backscatter means and error bars their standard deviations of biological
89 triplicates.Deletion of the ptsG gene was accomplished using the pK19mobsacB-system
90 for both strains AaceE and AaceE Apyc. These AptsG strains (shades of red) were
91 cultivated in a microtiter cultivation system in CGXIl containing 154 mM acetate and 222
92  mM fructose. Strains AaceE and AaceE Apyc cultivated in 154 mM acetate and 222 mM
93  glucose served as control, and are shown in shades of blue.

94
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Figure S4: Effect of gluconate and ribose on growth of ptsG-deficient C. glutamicum
AaceE Apyc. Growth curves shown are based on the backscatter measurements in a
microtiter cultivation system, inoculated at an ODsoo of 1. Symbols represent the
backscatter means and error bars their standard deviations of biological
triplicates.Deletion of the ptsG gene was accomplished using the pK19mobsacB-system
for both strains AaceE and AaceE Apyc. These AptsG strains (shades of red) were
cultivated in a microtiter cultivation system in CGXII containing 154 mM acetate and 222
mM gluconate (dark red) or 154 mM acetate and 222 mM ribose (light red). Strains AaceE
and AaceE Apyc cultivated in 154 mM acetate and 222 mM glucose served as control,

and are shown in shades of blue.
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Figure S5: Addition of HCOs restored growth defects of pyc-deficient
C. glutamicum strains. The strains (A) Apyc and (B) Apyc Appc were inoculated to an
ODeoo of 1 in CGXIl media containing 154 mM acetate and 222 mM glucose (shown in
dark red) or additionally 100 mM KHCOs™ (shown in light red). Further, AaceE and AaceE
Apyc in CGXIl media containing 154 mM acetate and 222 mM glucose were cultivated as
controls (shown in shades of blue). Growth curves shown are based on the backscatter
measurements in a microtiter cultivation system. Symbols represent the backscatter

means and error bars their standard deviations of biological triplicates.
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Figure S6: Growth of the PEPCx-deficient strain AaceE Appc. The strain AaceE Appc

was inoculated to an ODsoo of 1 in CGXIl media containing 154 mM acetate and 222 mM
glucose (red). Further, AaceE and AaceE Apyc in CGXIl media containing 154 mM
acetate and 222 mM glucose were cultivated as controls (shown in shades of blue).
Growth curves shown are based on the backscatier measurements in a microtiter
cultivation system. Symbols represent the backscatter means and error bars the standard

deviations of biological triplicates.
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126  Figure S7: Effect of culture volume on the growth of C. glutamicum AaceE and
127  AaceE Apyc. Main cultures of AaceE and AaceE Apyc were inoculated to an ODeoo of 1
128 in CGXIl containing 154 mM acetate and 222 mM glucose once in 50 ml in a 500 ml
129  shaking flask (shades of blue) and once in 100 ml in a 1 | shaking flask (shades of red).
130  Cultivation was performed in an orbital shaker. Growth curves shown are based on ODsoo
131  measurements which were performed every 90 minutes until 33 h, and an additional
132 measurement after 48 h. Symbols represent the ODsoo means and error bars their
133 standard deviations of biological triplicates.

134



Appendix 269

135

136

137

138

139

140

141

142

143

144

145

150
5
S - AaceE
1 -
E 00 AaceE Apyc
§ == AaceE Apgi
E 50+ AaceE ApycApgi
m
0 T T T T
0 10 20 30 40 50
Time (h)

Figure S8: Deletion of pgi in PDHC-deficient strains to reroute flux through the
pentose phosphate pathway. Deletion of the pgi gene was accomplished using the
pK19mobsacB system for both strains AaceE and AaceE Apyc. Generated strains were
inoculated in a microtiter cultivation system to an ODeoo of 1 in CGXII containing 154 mM
acetate and 222 mM glucose. Additionally, the parental strains AaceE and AaceE Apyc
served as control, and are shown in shades of blue, while AaceE Apgi and AaceE Apyc
Apgi are shown in shades of red. Growth curves shown are based on the backscatter
measurements in a microtiter cultivation system. Symbols represent the backscatter

means and error bars their standard deviations of biological triplicates.
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148  Figure S9: Growth phase dependent sampling of C. glutamicum AaceE and AaceE
149  Apyc for DNA microarrays and GC-ToF analysis. The strains AaceE and AaceE Apyc
150 were cultivated. The main culture was inoculated to an ODsoo of 1 in 50 ml CGXII
151  containing 154 mM acetate and 222 mM glucose. Cultivation was performed in 500 ml
152 shaking flasks. Growth curves shown are based on ODesoo measurements which were
153  performed every 90 minutes until 33 h, and an additional measurement after 48 h. Colored
154  data points indicate the time where samples were taken: red = sampling time point during
155  exponential phase (Eexp) used for DNA microarrays and GC-ToF analysis, yellow =
156  sampling time point during lag phase of AaceE Apyc (Eiag) additionally used for GC-ToF
157  experiments.
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Figure S10: Adaptive laboratory evolution of C. glutamicum AaceE Apyc on acetate.
Growth analysis of single inoculation steps obtained from the adaptive laboratory evolution
(ALE) approach which was performed with the strain AaceE Apyc (A) with selection
pressure in CGXII containing 154 mM acetate and 222 mM glucose and (B) without
selection pressure in CGXII containing solely 154 mM acetate. Growth curves are shown
based on the backscatter measurements in a microtiter cultivation system. For growth
analysis on population level, glycerol stocks which were prepared after batch number 1,
4,6,7,8,9,10, 11, 13 and 16 during ALE were directly used for the inoculation of a first
pre-culture in BHI supplemented with 51 mM acetate. The second pre-culture in CGXII
containing 154 mM acetate was then used for inoculation of the main culture in CGXII
containing 154 mM acetate and 222 mM glucose (start ODsoo of 1). The first and last
inoculations are shown in shades of red. The parental strains AaceE and AaceE Apyc
(shades of blue) served as controls. Symbols represent the backscatter means. | =

Inoculation.
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