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Abbreviations

ATCC American Type Culture HK Histidine kinase
Collection IPTG Isopropyl-thio-B-D-
BHI(S) Brain Heart Infusion galactopyranosid
(+ Sorbitol) ODsoo Optical density at 600 hm
CA Catalytical domain OPD Output domain

ChAP-Seq Chromatin affinity

L . REC Receiver domain
purification and sequencing
. RNA Ribonucleic acid
ChiP Chromatin
immunoprecipitation RNA-Seq RNA Sequencing
DNA Deoxyribonucleic acid RR Response regulator
DHP Dimerization histidine TCS Two-component system
phosphotransfer domain TLS Translation start side
EMSA Electrophoretic mobility shift TSS Transcription start site
assay _
TMD Transmembrane domain
e.g. exempli gratia )
uv Ultraviolet
etal. et alii
viv Volume per volume
etc. et cetera )
wt Wild-type
eYFP Enhanced yellow i
wiv Weight per volume

fluorescent protein

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

(http://jcb.rupress.org/content/standard-abbreviations).
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1. Summary

Heme (iron bound protoporphyrin IX) is a versatile molecule that serves as the prosthetic group of
various proteins, including hemoglobins, hydroxylases, catalases, peroxidases, and cytochromes.
Because of its essential role in many cellular processes, such as electron transfer, respiration and
oxygen metabolism, heme is synthesized and used by virtually all aerobic eukaryotic and
prokaryotic species. As hemoglobin represents the most abundant iron reservoir in mammalian
hosts and heme proteins are ubiquitously found in organic material, heme represents an
important alternative source of iron for pathogenic and nonpathogenic bacteria alike. Despite is
necessity for nearly all cellular life, elevated, intracellular heme levels are extremely toxic. To
cope with this Janus-faced nature of heme, sophisticated regulatory systems have evolved to
tightly balance its uptake, synthesis and utilization.

Remarkably, in several corynebacterial species, e.g. Corynebacterium glutamicum and
Corynebacterium diphtheriae, two paralogous, heme-responsive two-component systems (TCSs),
HrrSA and ChrSA, are dedicated to the coordinated control of heme homeostasis. Previous
studies showed that, while HrrSA is required for utilization of heme as an alternative iron source
by activating expression of a heme oxygenase (hmuO), ChrSA drives detoxification by induction
of the hrtBA operon, which encodes a heme export system. Additionally, the histidine kinases
(HKs) of both systems are able to phosphorylate both response regulators (RRs). This cross-talk
is proofread by a specific phosphatase activity of the HKs.

In the framework of this PhD thesis, the signal perception, the temporal dynamics of
heme-induced target gene activation and the constitution of the HrrSA regulon have been studied
in detail. A comparative analysis of the membrane topology and the heme-binding characteristics
of the HKs HrrS and ChrS revealed that while N-terminal sensing parts share only minor
sequence similarity, both proteins are embedded into the cytoplasmic membrane via six a-helices
and bind heme in a 1:1 stoichiometry per monomer. Alanine-scanning of conserved amino acid
residues in the N-terminal sensor domain of HrrS revealed three aromatic residues (Y2, F15,
F*8), which apparently contribute to heme binding and suggest an intra-membrane sensing
mechanism of this HK. Exchange of the corresponding residues in ChrS and the resulting red
shift of the soret band of the heme-protein complex indicated, that in this HK, an altered set of
ligands might contribute to binding in the triple mutant.

To understand how the particular regulatory network architecture of HrrfSA and ChrSA
shapes the dynamic response to heme, experimental reporter profiling was combined with a
guantitative mathematical model. We found, that both HKs contribute to the fast onset of the
detoxification response (hrtBA) upon stimulus perception and that the instant deactivation of the
hrtBA promoter is achieved by a strong ChrS phosphatase activity upon stimulus decline. While
the activation of the detoxification response is uncoupled from further factors, heme utilization
(hmuO) is additionally governed by the global iron regulator DtxR, which integrates information on
iron availability into the regulatory network.

Time-resolved and genome-wide monitoring of in-vivo promoter occupancy of HrrA
revealed binding to more than 250 different genomic targets, which encode proteins associated
with heme biosynthesis, the respiratory chain, oxidative stress response and cell envelope
remodeling. Additionally, we found that in heme-rich environments, HrrA represses sigC, which
encodes an activator of the cydABCD operon. Thereby, HrrA prioritizes the expression of genes
encoding the cytochrome bci-aaz supercomplex for the constitution of the respiratory chain.

In conclusion, this thesis provides comprehensive insights into the regulatory interplay of
the HrrSA and ChrSA TCS shaping a systemic response to the versatile signaling molecule
heme. Furthermore, for the first time, a time-resolved dataset of stimulus-dependent regulator
binding and the resulting transcriptional changes grant global insight into heme-regulated gene
expression in bacterial cells.






2. Scientific context and key results of this thesis

2.1 Bacterial signal perception and transduction

In diverse environments with an everchanging, unpredictable nutrient supply and the
constant confrontation with harmful substances, the key to life is a fast recognition of
extracellular and intracellular stimuli as well as a consequent adaptation at the level of gene
expression. According to this principle, bacteria have evolved highly elaborate signaling
systems to interact with environmental stimuli such as temperature gradients, occurrence of
certain toxic or beneficial molecules, osmolarity, pH, and even light (Mascher et al., 2006;
Parkinson, 1993). The perception of these stimuli can ultimately lead to a variety of cellular
outputs, ranging from an initiation of protective measures or metabolic adjustments to drastic
responses, like the physical movement of a motile, bacterial cell towards a nutrient source or
away from harmful conditions (Baker et al., 2006). Furthermore, bacterial signaling systems
can play an important role in the virulence of pathogenic strains, for example by sensing
antibiotics and subsequently conferring resistance or by coordinating the timely expression of
virulence factors (Chang et al., 2018; Tiwari et al., 2017). Thus, these systems represent an

interesting target for the development of novel, medical treatment methods.

While a broad range of different signal transduction systems exist in bacteria, the
fundamental principle is conserved. It consists of an initial signal detection, a subsequent
processing of the stimulus (e.g. amplification or combination with additional inputs), the
transduction, and finally the orchestration of an appropriate cellular output (Parkinson, 1993).
Consequently, a minimum of two communication modules is needed to perform this task.
These modules were termed transmitter and receiver by Parkinson et al. in 1992 (Parkinson
and Kofoid, 1992).

For the simplest signal transduction pathways, a single protein carries both the input
(transmitter) and the output (receiver) module. Classical prokaryotic transcriptional
regulators, which act as one-component systems, represent these very prevalent systems.
These regulators are suggested to be evolutionarily older than the more complex two-
component systems (Ulrich et al., 2005), which split transmitter and receiver domains into

two proteins in signaling cascades.

The very fundamentals of bacterial gene control were discovered by Francois Jacob and
Jacques Monod in the 1950s, after they studied the classical Escherichia coli Lacl repressor,
which binds a sugar molecule (stimulus/input) and consequently loses its repressing activity
(output) (Jacob and Monod, 1961). Other classical examples for this type of regulators are



members of the TetR family that are involved in antibiotic resistance, metabolism, or quorum
sensing (Cuthbertson and Nodwell, 2013).

Another group of general transcription factors, called sigma factors, are interchangeable
subunits of prokaryotic RNA polymerases. Besides a primary sigma factor, needed for
housekeeping functions of the cell, most bacteria possess a variety of alternative sigma
factors that associate with the RNA polymerase under specific conditions or in response to
certain stimuli and subsequently guide the polymerase to their target promoters (Davis et al.,
2017; Helmann, 1999). In doing so, a single sigma factor can regulate hundreds of genes
and thereby, for example, impact the cellular metabolism, the general stress responses, the
sporulation and the virulence of a particular strain (Ishihama, 2010; Kazmierczak et al.,
2005). In the case of extracytoplasmic-function (ECF) sigma factors, the activity of these
proteins is often controlled by the interaction with so called anti-sigma factors (Mascher,
2013). This interaction can be reverted if the sigma factor is needed and the dissociation

often occurs in response to a certain extracellular or intracellular stimulus (Helmann, 1999).

An alternative regulatory mechanism is RNA interference. This process is independent of a
regulatory protein but instead, small RNAs bind to the mRNA of their target genes or even to
their regulatory proteins in response to a stimulus and thereby inhibit gene expression (Storz
etal., 2011).

2.1.1 Two-component signaling

Two-component systems (TCSs) separate the transmitter and receiver modules and consist
of two independent proteins with a conserved overall architecture (Figure 1). Upon
interaction with a stimulus, an often membrane bound histidine kinase (HK, transmitter)
undergoes autophosphorylation at a conserved histidine residue and subsequently catalyzes
the phosphotransfer to a conserved aspartate residue of a cytoplasmatic response regulator
(RR, receiver, (Capra and Laub, 2012; Mascher et al., 2006; Stock et al., 2000)). After
phosphorylation, the RR becomes active and initiates an appropriate cellular output,
commonly by binding promoter regions of target genes and acting as a transcription factor. In
other cases, the output of an active RR is modulated by protein-protein interactions, e.g. in
the case of chemotaxis regulation (Mascher et al., 2006).
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Figure 1: Architecture of a prototypical two-component system. An - often membrane bound - histidine
kinase (HK, blue) interacts with the stimulus. Most commonly, this interaction takes place at the sensory
domain, which is often located in or at the transmembrane domain (TMD) of the HK and which leads to
intramolecular changes and activity of the catalytical domain (CA, stands for “catalytic and ATPase domain”).
The CA mediates autophosphorylation of a conserved histidine residue (H) located in the dimerization and
histidine phosphotransfer domain (DHP). Subsequently, the phosphate residue (yellow) is transferred to a
conserved aspartate residue (D), located in the receiver domain (REC) of the cytoplasmatic response regulator
(RR, turquoise). The output domain (OPD) of the RR initiates the physiological output, for example by binding
promoter regions of target genes and activating or repressing gene expression, by enzymatic activity or by
protein-protein or protein-RNA interactions. Figure modified from (Jensen et al., 2002)

While nearly every bacterial cell - with only few exceptions, such as some Mycoplasma
species - contains multiple TCSs to regulate almost all aspects of its life (Capra and Laub,
2012; Mascher et al., 2006), this type of signaling seems to be completely absent from well
characterized members of the animal kingdom, such as Homo sapiens, Drosophila
melanogaster and Caenorhabditis elegans (Wolanin et al., 2002). However, in some
eukaryotes, such as fungi and plants, a small number of TCSs has been described in the



past, which are involved in oxidative stress response, cell-cycle control or the sensing of
osmotic stress (Catlett et al., 2003; Santos and Shiozaki, 2001; Wolanin et al., 2002).

2.1.1.1 Histidine kinases

Two-component systems allow the bacterial cell to react to vastly different stimuli. In these
systems, HKs act as transient sensors and, by design, allow for a broad range of different
inputs while maintaining a relatively simple and conserved architecture. A HK consists of — at
least — two domains. The N-terminus of the enzyme contains an input domain, which is often
membrane bound (transmembrane domain, TMD; Figure 1). This domain is responsible for
the interaction with an individual stimulus, for example by binding a specific signaling
molecule or by sensing a physical stimulation in the membrane (Mascher et al., 2006). It is
highly diverse, not only regarding the site of stimulus-interaction but also concerning the

membrane anchoring.

The second domain of a HK is the C-terminal transmitter domain. This catalytic domain
contains the dimerization and histidine phosphotransfer domain (DHP), a catalytical ATP
binding domain (CA) and often either a PAS, a HAMP, or a GAF domain is located between
the N-terminal TMD and the C-terminal transmitter domain (Galperin et al., 2001; Galperin,
2005).

The transmitter domain becomes active in response to intramolecular changes after
interaction of the sensor domain with its stimulus (Mascher et al., 2006; Wolanin et al., 2002).
After subsequent autophosphorylation of the DHP domain, an active kinase (often present as

a dimer) transfers the phosphate group to its cognate response regulator.

Besides phosphorylation, the dephosphorylation of the RR is crucial for a fast and transient
response and the reset to the initial, inactive state after contact to a stimulus. The
dephosphorylation can either be catalyzed by the RR itself (autophosphatase activity
(Mascher et al., 2006)) or be part of a negative regulation loop of the HK (phosphatase
activity), preventing RR activity under the absence of the native stimulus. By regulating the
activity of the two states of a hybrid kinase-phosphatase enzyme according to stimulus
levels, a very transient and fast response can be achieved by the bacterial cell. A specific HK
phosphatase activity, however, does not only allow a transient response but can help to
maintain pathway specificity for a cognate HK-RR pair. A strong phosphatase activity can
counteract unspecific, stimulus-independent RR activity in cases where the RR is
phosphorylated by secondary sources, e.g. by non-cognate HKs or by molecular, intracellular

phosphate donors such as acetylphosphate (McCleary and Stock, 1994).



The first phosphatase motifs were characterized in the CheC/CheX/FliY phosphatase family
of E. coli. Pazy et al. (2010) reported a co-crystal structure of a CheX(HK)-CheY3(RR)
complex, which was the snapshot of a dephosphorylation reaction. The phosphoryl group of
CheY3 (HiskA subfamily) interacted with a helix of CheX, carrying a conserved ExxN motif.
This motif was identified to be crucial for the dephosphorylation reaction. In the HK CheZz,
which belongs to the HisKA_3 subfamily, an alternative DxxxQ phosphatase motif was
identified (Silversmith, 2010). This interface was shown to be highly conserved among HKs
of the HiskKA_3 subfamily that contain a DHP domain (Willett and Kirby, 2012).

In both motifs, ExxN and DxxxQ, the polar residues asparagine (N) or glutamine (Q) are
positioned to form a hydrogen bond with water molecules to allow an in-line attack of the
phosphate (Silversmith, 2010), while the negatively charged residues aspartic acid (D) or
glutamic acid (E) form salt bridges with residues in the RR (Pazy et al., 2010; Zhao et al.,
2002).

Several high-resolution crystal structures of the cytoplasmatic parts of HKs have been
published, which greatly improved the knowledge on the molecular functionality of signal
transduction (Albanesi et al., 2009; Diensthuber et al., 2013; Ferris et al., 2012; Ferris et al.,
2014; Mechaly et al., 2014). These studies proposed that a typical, intracellular DHP domain
forms a bundle of four a-helices, with two helices from each HK monomer. Moreover, the
conserved histidine reside is embedded into this structure and is located on the outer surface
of helix 1 (Bhate et al., 2015).

While the structure of C-terminal transmitter domains has been studied in detail for the last
ten years, the architecture of HK sensory domains (TMDs) remained an enigma for the
longest time, as the membrane localization of these parts diminishes the accessibility in
structural analyses. Because of this, the recent publication of two crystal structures of the
full-length nitrate/nitrite sensor kinase NarQ from E. coli represents a major scientific
breakthrough (Gushchin et al., 2017). A mutated ligand-free and a ligand-bound structure
revealed, how stimulus perception (nitrate) induces significant rearrangements of the TMHs

in the N-terminal sensor domain.

By combining liquid- and solid-state NMR, another recent study could impressively
demonstrate that in the HK CitA, the binding of citrate as stimulus leads to contraction of the
extracytoplasmic PAS domain (Salvi et al., 2017). This movement in response to ligand
interaction can also be speculated for other PAS-domains, as structures of DcuS and DctB
suggest (Cheung and Hendrickson, 2008). While these studies proposed a mechanism of
signal perception with a subsequent transduction to the catalytic kinase core for HKs with a



PAS domain, these mechanisms remain an important issue for future research on the
majority of kinases that do not contain such a domain.

2.1.1.2 Response regulators

The cytoplasmatic RR of a TCS is phosphorylated at a conserved aspartate residue. This
residue is located at the N-terminus of the protein, in a conserved, regulatory receiver
domain (REC; Figure 1). For the majority of TCSs, the RR is phosphorylated in a direct
interaction with the kinase, as described above. In a prototypical RR, phosphorylation of the
N-terminal domain affects the activity of a C-terminal effector domain that shapes the cellular
output (Stock et al., 2000). Just like the input domains of HKs, the effector (output) domains
of RRs are highly divers and specifically adapted to the preferred way of regulation in
response to the stimulus sensed by the HK. With more than 60 % however, the majority of
effector domains binds to specific DNA sequences and directly influences target gene
expression (Gao et al., 2007; Stock et al., 2000). Most RRs that act as direct transcriptional
regulators, often feature a helix-turn-helix (HTH) motif (Aravind et al., 2005) or, in rare cases,
B-strands (Sidote et al., 2008).

Apart from transcriptional regulation of an active RR, several enzymatic output domains have
been described. For instance, proteins of the CheB family, which are involved in chemotaxis,
harbor a C-terminal methylesterase as effector domain (West et al., 1995) or PleD, which

acts as a diguanylate cyclase, if activated (Chan et al., 2004).

Other interesting output domains have been identified in the past, for example in the RR
PhyR from Methylobacterium extorquens. PhyR consists of a prototypical REC domain
combined with a C-terminal sigma factor-like output domain and is e.g. involved in stress
responses of this bacterium (Galperin, 2010; Gourion et al., 2006). The sigma-factor like
domain can interact with an anti-sigma factor in a partner-switching mechanism leading to
the release of the functional sigma factor, which subsequently recruits the RNA-polymerase

to the promoters of stress-related genes (Francez-Charlot et al., 2009).

In contrast to that, a more complex signal transduction can be achieved by combining two
TCSs in a single pathway. These regulatory setups are called phosphorelays and integrate
multiple signals from more than one TCS into a single phosphotransfer cascade. One
example for this can be found in the regulation of sporulation in Bacillus subtilis (Burbulys et
al.,, 1991). Here, a phosphate is transferred between an His-Asp-His-Asp sequence. Two
kinases (KinA and KinB) autophosphorylate in response to an extracellular stimulus and
transfer the posphoryl group to the first response regulator, SpoOF. Subsequently, an
additional HK, Spo0B, receives the phosphate from SpoOF and transfers it to the last RR
Spo0A, which then represses gene expression to shape the cellular output.



2.1.1.3 Stimulus perception of two-component systems

The sophisticated regulatory network architectures of two component systems evolved to
cope with the drastic amount of crucial information in complex bacterial habitats. The act of
sensing essential nutrients and the subsequent adjustment of metabolic pathways according
to nutrient availability is one of the most important challenges in bacterial life. Here, two-
component systems have the significant advantage that membrane bound histidine kinases
are not limited to intracellular sensing but can also interact with certain stimuli extracellularly
or even in the membrane (Keppel et al., 2018b; Mascher et al., 2006). Additionally, a variety
of different output domains of cytoplasmic RRs enable nearly endless possibilities of

genomic or phenotypic adaptation to the stimuli that are sensed by the HKs.

Well characterized examples for prototypical TCS from E. coli are the cytoplasmic NtrBC
system, which is important for the regulation of nitrogen assimilation (Weiss et al., 2002), the
EnvZ/OmpR system, which can sense and initiate the response to changes in the
extracellular osmolarity (Leonardo and Forst, 1996) and PhoBR, which senses availability of
phosphate (Wanner and Chang, 1987). CitAB was discussed previously and regulates the
citrate fermentation of E. coli and Klebsiella pneumoniae (Kaspar and Bott, 2002; Scheu et
al., 2012). Other TCSs can directly sense trace elements such as copper, zinc or iron. One
example for this sensing is the iron-responsive FirRS system of nontypeable Haemophilus
influenzae, which becomes active when the HK FirS interacts with ferrous iron or zinc in the
periplasm. This system is speculated to be important for the pathogenicity of this bacterium
(Steele et al., 2012).

2.2 Control of heme and iron homeostasis

2.2.1 The global relevance of iron

With only few exceptions, the availability of iron molecules is critical to nearly all living
organisms. Iron is involved in crucial, cellular processes like respiration and an essential part
of [Fe-S] proteins like aconitases or fumarases, which catalyze reactions of the tricarboxylic
acid (TCA) cycle (Cornelis et al., 2011). Due to the poor solubility of Fe3* and the role of Fe?*
in the Fenton/Haber-Weiss reaction, which produces harmful reactive oxygen species
(Andrews et al., 2003; Cornelis et al., 2011), iron uptake needs to be tightly balanced with its

sequestration and storage to prevent toxic concentrations.



In a review on the bacterial iron homeostasis, Andrews et al. (2003) define five general
strategies of bacteria to appropriately manage their iron homeostasis. First, most bacteria
possess high-affinity transporters in their membrane, to import iron or scavenge iron
containing molecules from the environment, even if the concentrations are low (Andrews et
al., 2003). Additionally, bacterial cells often export  ferric  chelators
(siderophores/hemophores) to bind iron ions or iron-containing heme molecules with a high
affinity and subsequently scavenge them from the environment (Braun, 2001). The second
strategy is the deposition of intracellular iron to allow for bacterial growth in times of iron
scarcity (Andrews, 1998). Several iron storage mechanisms are applied by bacteria,
including the prototypical ferritin, which is conserved between eukaryotes and prokaryotes
and Dps, which is exclusively found in prokaryotes (Andrews et al., 2003). In both cases,
soluble ferrous iron is taken up by a multimeric protein complex, which consists of 24
monomers in case of ferritin and 12 in case of Dps. Two ferrous ions are bound to conserved
residues in the single subunits and oxidized by O, leading to a di-ferric intermediate
(Andrews et al., 2003; Grant et al., 1998). Subsequently, the ferric iron is stored either in a
ferrihydrite core or in an amorphous ferric phosphate core, depending on phosphate
availability. Besides ferritin or Dps, several bacterial species also harbor bacterioferritins that
store iron in the form of heme molecules (Andrews et al., 2003). As described earlier, Fe?
molecules play a role in the formation of reactive oxygen species. To counteract this process,
the third strategy to manage iron homeostasis is the expression of sophisticated resistance
systems against redox stress (Andrews et al., 2003). The fourth strategy is the
downregulation of iron consuming processes in iron restrictive environments and the fifth
strategy is the application of global iron-responsive regulatory systems that coordinate and
fine-tune the expression of an extensive list of target genes involved in cellular iron

homeostasis (Andrews et al., 2003).

2.2.2 The regulation of iron homeostasis

Typically, iron homeostasis is regulated by global iron-dependent transcriptional regulators in
the cytoplasm. The best characterized examples of global iron-dependent transcriptional
regulators are DtxR and and the ferric uptake regulator (Fur). Upon binding of a Fe?* ion, Fur
forms homodimers, which exhibit increased affinity for specific DNA sequences, called Fur-
boxes, and repress e.g., iron acquisition genes by blocking the RNA polymerase (Lavrrar and
Mclintosh, 2003). In contrast, under iron deprivation, Fur is present in its iron-free form and
thus, target genes of the iron-starvation regulon, iron uptake genes or storage genes are no
longer repressed. Known targets for Fur proteins are e.g. the ferric citrate transport system
(fecABCDE), the ferrichrome-iron receptor, encoded by fhuA, or ftnA, which is involved in
iron storage (Carpenter et al., 2009; Pohl et al., 2003). In 2014, a genome wide binding study
of Fur in E. coli extended the scope of its regulon beyond iron transport and storage (Seo et



al., 2014). Interestingly, the authors found direct Fur-mediated regulation of an enzyme of the
TCA cycle, indicating a role of this regulator in the switch between fermentative pathways
and oxidative phosphorylation in response to changing iron availability. Further examples for
regulatory roles of Fur were postulated for biofilm formation, DNA synthesis and acidic stress
response, highlighting the global impact of iron-dependent gene regulation in microbial

systems (Seo et al., 2014).

As long ago as 1936, Pappenheimer and Johnson reported the discovery, that the production
of the diphtheria toxin in Corynebacterium diphtheriae is regulated by iron (Merchant and
Spatafora, 2014; Pappenheimer and Johnson, 1936). Decades later, this finding was finally
attributed to the function of the DtxR protein (diphtheria toxin repressor), which orchestrates
iron-dependent gene expression in this important human pathogen. DtxR was however, not
only described in the pathogen C. diphtheriae but later in the biotechnologically relevant soil
bacterium Corynebacterium glutamicum (Boyd et al., 1990; Schmitt and Holmes, 1991;
Wennerhold and Bott, 2006). The regulator was found to be involved in i) iron acquisition, by
repressing several transporters, including siderophore or heme transporter proteins, ii) in the
storage of iron by activating ferritin (ftn) and dps expression and iii) in the assembly of iron-
sulfur clusters by repressing the suf operon in C. glutamicum. Furthermore, DtxR binds in
front of several genes that code for important transcriptional regulators, including ripA, which
encodes a protein involved in regulation of iron-containing protein expression, and hrrA,
encoding the RR of the HrrSA TCS (Frunzke et al., 2011; Keppel et al., 2018a; Wennerhold
and Bott, 2006). The RR HrrA — and its target gene regulation — is a focus of this thesis.

With the growing number of sequenced bacterial genomes, various DtxR homologs have
been identified since its first description, especially in Gram-positive pathogens. Amongst
them are proteins like MntR from Staphylococcus aureus and B. subtilis, IdeR from
Mycobacterium tuberculosis or SloR from Streptococcus mutans (Merchant and Spatafora,
2014). The link of these regulators to the virulence of the bacteria suggests that the level of
iron is recognized as an important signal for the cell during infection (Merchant and
Spatafora, 2014).

2.2.3 Heme sensor systems

Heme (iron bound protoporphyrin 1X) is an essential molecule for nearly all aerobic cells, due
to its role in critical cellular processes like electron transfer, respiration and oxygen
metabolism (Ajioka et al., 2006) and is synthesized and used by prokaryotes and eukaryotes
alike (Ponka, 1999). It serves as important prosthetic group of cytochromes, hydroxylases,
catalases, peroxidases, and hemoglobins (Layer et al., 2010). Moreover, as hemoglobin is
the most abundant reservoir of iron in the human body, host synthesized heme is often the
only reliable source of iron for many pathogenic bacteria (Contreras et al., 2014). In times of



iron deprivation however, not only pathogenic bacteria rely on the salvage of heme-bound
iron. A broad variety of different, bacterial heme transporters and heme oxygenases that
catalyze the degradation of heme (Wilks, 2002) testify to the importance of this molecule as

alternative iron source, also for non-pathogenic lifecycles.

Similar to iron, however, heme causes severe toxicity at elevated levels. In human cells, the
toxicity is speculated to partly originate from heme as an abundant source of redox-active
iron, inducing the formation of reactive oxygen species and thereby damaging lipids,
proteins, and the genomic DNA (Kumar and Bandyopadhyay, 2005). Additionally, heme is
capable of promoting oxidation after aggregation in biological membranes thereby inducing
cell lysis and was shown to catalyze the degradation of specific, small, mammalian proteins
(Aft and Mueller, 1984). While studies concentrated on the toxic side effects of heme in
eukaryotic cells, the mechanism of how this molecule affects bacterial cells is not
conclusively unraveled (Anzaldi and Skaar, 2010). However, in our experiments, we could
observe, that heme shows a much higher toxicity than corresponding iron concentrations,
indicating that the central iron atom is not solely responsible for the toxic effect on bacterial
cells. Furthermore, previous studies could demonstrate that certain non-iron
metalloporphyrins (MPs) possess a strong antibacterial activity (Stojilijkovic et al., 1999),
additionally hinting at a general, iron-independent toxicity of certain porphyrin structures.

The absolute necessity of heme for prokaryotic and eukaryotic life, paired with its significant
toxicity at high intracellular concentrations has led to the evolution of complex regulatory
networks to equilibrate heme uptake and synthesis with its degradation and detoxification
(Anzaldi and Skaar, 2010). In Saccharomyces cerevisiae, for example, the heme activator
protein (Hap)1 regulates genes, encoding various heme containing cytochromes, a catalase
and flavohemoglobin in a heme-dependent manner (Figure 2A, (Hon et al., 2005)). In this
organism, important aerobic genes are directly activated by Hapl while hypoxic genes are
indirectly repressed by the activation of the ROX1 expression, which encodes a
transcriptional repressor (Hickman and Winston, 2007). As the biosynthesis of heme is
oxygen-dependent, S. cerevisiae utilizes this mechanism to indirectly sense hypoxia, via

availability of heme (Zitomer et al., 1997).

In mammalian cells, the activity of a conserved transcription factor named BTB and CNC
homology 1 (BACH1, Figure 2B) is shaped by heme-binding (Ogawa et al., 2001). This
protein acts as a key player in the balancing of the cellular heme content by regulating
HMOX1, which encodes a heme oxygenase (Sun et al., 2002), as well as iron storage
ferritin, a thioredoxin reductase (Hintze et al., 2007), the NAD(P)H:menadione
oxidoreductase 1 (Dhakshinamoorthy et al., 2005) and more than 50 other target genes
(Warnatz et al., 2011).
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Figure 2: Heme sensor systems. To cope with the multi-faceted stimulus heme, sophisticated heme sensor
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A: In Saccharomyces cerevisiae, Hapl regulates heme containing cytochromes, a catalase and flavohemoglobin
in a heme-dependent manner in response to hypoxia (Zhang and Hach, 1999).

B: In mammalian cells, BACH1 regulates more than 50 genes, involved in oxidative stress, iron metabolism,
heme metabolism, apoptosis and several other cellular mechanisms. Upon heme binding, BACH1 is exported
from the nucleus and degraded subsequently (Zenke-Kawasaki et al., 2007).

C: In Bordetella avium, RhuR, a membrane anchored heme sensor, interacts with heme and activates the sigma
factor Rhul, which are shown to be responsible for heme-dependent activation of Pbhurstuv (needed for heme
utilization, (Kirby et al., 2004)).

D: The rhizobial Irr protein was shown to be involved in the regulation of heme utilization, heme import and heme
synthesis in Bradyrhizobium diazoefficiens (Qi et al., 1999). In high iron containing environments Irr binds heme
and forms a complex with the ferrochelatase, which inserts an iron molecule into protoporphyrin IX. In response to
this binding, Irr is degraded. This part of the figure is adapted from (Qi and O'Brian, 2002). Other organisms
containing an irr gene are e.g., Rhizobium leguminosarum, Bartonella quintana, and Brucella abortus.

E: In Corynebacterium glutamicum, two paralogous two-component systems are involved in the regulation of
heme homeostasis. While the ChrSA system regulates the detoxification of heme by activating the expression of
hrtBA, which encodes for a heme exporter, HrrSA orchestrates a homeostatic response, which was unraveled as
a part of this thesis (Hentschel et al., 2014; Keppel et al., 2018a). A similar sensor setup can be found in e.g.,
Corynebacterium diphtheriae or Corynebacterium pseudotuberculosis.

F: In Staphylococcus aureus and Bacillus anthracis the HssSR TCS activates the expression of hrtBA in a heme-
dependent manner. For these systems however, it is unclear whether the kinases interact directly with heme or
whether secondary effects are sensed (Stauff and Skaar, 2009a; Stauff and Skaar, 2009b). HssRS homologs are
also present in e.g., Staphylococcus epidermidis, Staphylococcus haemolyticus and Listeria innocua.

The Gram-negative bacterium Bordetella avium controls the expression of its heme utilization
system by adjusting the activity of an ECF sigma factor (Figure 2C). Here, a membrane
bound protein named RhuR interacts with extracellular heme and activates the sigma factor
Rhul, which then activates the bhuR promoter (Kirby et al., 2004). Additional evidences hint

to an iron-dependent influence of Fur on Rhul activity.

In the nitrogen-fixating bacterium Bradyrhizobium diazoefficiens (former Bradyrhizobium
japonicum), a regulator named Irr (Figure 2D) was shown to be involved in the regulation of
heme utilization, heme import and heme synthesis by repressing, e.g., hemB, which encodes
a crucial enzyme in the heme biosynthesis pathway or the hmuVUT operon, encoding a
heme-import system (Hamza et al., 1998; Rudolph et al., 2006). Interestingly, while Irr
belongs to the family of Fur-like proteins, it does not bind iron directly, but senses the iron
pool indirectly via heme interaction with a heme regulatory motif (HRM, (Qi et al., 1999; Qi
and O'Brian, 2002)). Additionally, direct interaction of Irr with the ferrochelatase, the enzyme,
which catalyzes the terminal step of heme biosynthesis by inserting an iron molecule into
protoporphyrin IX, could be shown. The Irr-ferrochelatase complex is only formed under high-
iron conditions (if heme is produced) and leads to the degradation of Irr and thereby to the
de-repression of its target genes (Qi and O'Brian, 2002). Furthermore, in Rhodobacter

sphaeroides, Irr was found to be involved in the regulation of specific, iron-induced stress



responses, e.g. response to oxidative stress by repressing the expression of katE, which
encodes a catalase (Peuser et al., 2012).

Notably, some alpha-proteobacteria rely entirely on Irr for their iron-responsive gene
regulation, while Fur inhibits a rather minor role compared to e.g. E. coli, where it represents
the global regulator of iron homeostasis (Johnston et al., 2007). This setup is particularly
interesting because these bacteria integrate heme and iron homeostasis into one regulon
and thereby sense “functional” iron pools (in form of heme) instead of free iron (Johnston et
al., 2007).

2.3 The heme-responsive two component systems HrrSA and ChrSA

In Gram-positive bacteria, TCSs appear to be the predominant form of heme sensing. The
pathogenic species B. anthracis and S. aureus deploy a system called HssRS to determine
heme concentrations and subsequently activate the expression of a heme exporter, encoded
by the hrtBA operon (Figure 2F, (Stauff and Skaar, 2009a; Stauff and Skaar, 2009b)).
Interestingly, it was suggested that the S. aureus kinase HssS might not sense heme
molecules directly. The application 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 (Wakeman et al., 2014). A
recent study could demonstrate significant cross-regulation between HssRS and a second
system called HssRS interfacing TCS (HitRS), which indeed integrates cell envelope stress
into the HssRS regulon (Mike et al.,, 2014). Homologous TCSs can be found in

Lactococcus lactis or Staphylococcus epidermidis (Stauff and Skaar, 2009a).

A unigue sensing mechanism for heme can be found in the Corynebacteriaceae family. In
the human pathogen C. diphtheriae and the biotechnologically relevant soil bacterium
C. glutamicum, extensive studies established two TCSs, named HrrSA and ChrSA, as critical
regulatory systems for the utilization and detoxification of heme (Bibb and Schmitt, 2010;
Frunzke et al., 2011; Heyer et al., 2012). While the interaction of TCSs on the level of
phosphorylation or target gene activation is known for several regulons (Laub and Goulian,
2007; Mike et al., 2014), this particular setup is remarkable, as it is the first example of two
paralogous systems reacting to the same stimulus (Figure 2E). We could show that in
C. glutamicum, both HKs, HrrS and ChrS, directly interact with heme (Keppel et al., 2018b).
After stimulus perception, the kinases not only phosphorylate their cognate RRs, but may
also compensate for a loss of the other kinase as significant cross-phosphorylation was
observed between these two systems. Previous studies postulated that this cross-talk is
proofread by phosphatase activities of HrrS and ChrS. With the specific dephosphorylation of

HrrA and ChrA, an unwanted activation of these regulators is prevented and the system is



shut down in absence of the stimulus (Hentschel et al., 2014), allowing both systems to fulfill
their designated roles in the heme metabolism of C. glutamicum. While HrrSA is responsible
for the activation of hmuO, which encodes a heme oxygenase and enables the cell to use
heme as an alternative iron source, ChrSA positively regulates hrtBA, which encodes a heme
regulated transporter efflux pump to cope with toxic, intracellular heme concentrations
(Frunzke et al., 2011; Hentschel et al., 2014; Heyer et al., 2012). For HrrSA, six additional
target genes were postulated (Frunzke et al., 2011). These targets are involved in heme
biosynthesis (hemE, hemH and hemA) and encode two heme-containing proteins of the
respiratory chain (ctaD and ctaE). Additionally, binding of HrrA between the chrSA operon
and its target operon hrtBA was observed (Frunzke et al., 2011). As discussed earlier,
information on iron availability is fed into the HrrA regulon via DtxR, the master regulator of
iron homeostasis, as both hrrA and the target gene hmuO are repressed in an iron-
dependent manner (Wennerhold and Bott, 2006). Besides a significant, positive
autoregulation of ChrSA, the only identified binding of ChrA is in the promoter region of hrrA
and hrtBA (Heyer et al., 2012).

Interestingly, despite the identical, genomic setup, the regulatory output of the two systems
seemingly differs between C. diphtheriae and C. glutamicum. While hrtBA is exclusively
regulated by ChrSA in both species, a coordinated control of hmuO was proposed for HrrSA
and ChrSA for C. diphtheriae (Bibb et al., 2005; Bibb and Schmitt, 2010). In contrast to the
regulatory setup in C. glutamicum, which utilizes HrrSA as the only activator of hmuO, ChrSA
is proposed as the predominant regulatory system for the hmuO promoter (80 %) in
C. diphtheriae, while the HrrSA contribution is only minor (20 %). This hypothesis was
derived from single RR deletion mutants (Bibb et al., 2007). A similar cooperative control
could recently be shown for the regulation of hemA, which encodes a glutamyl-tRNA
reductase that catalyzes an early step in the biosynthesis of heme (Burgos and Schmitt,
2016). Additionally, the same study proposed that HrrS inhibits a minimal kinase activity and
functions primarily as a phosphatase. However, this theory is mainly based on in-vitro data.
Furthermore, in-vivo phosphorylation studies with HrrA indicated that this RR is
phosphorylated under virtually all conditions and independently of whether hemoglobin was
added as a stimulus, or not. Additionally, no in-vivo phosphorylation of ChrA could be
determined in this study. For the in-vivo phosphorylation experiments, cell samples were
taken after 24 h of cultivation in hemoglobin containing medium. In C. glutamicum, it could be
shown that heme is rapidly taken up by the cells and that the highest stimulus intensity was
observed 30 minutes after addition of hemin (Keppel et al., 2018a). In the light of these
findings, one could propose an alternative interpretation of the findings in C. diptheriae: after
24 h of cultivation, all exogenous heme/hemoglobin is consumed and the endogeneous
heme pool, which slightly increases in the stationary phase, compared to exponential phase



(Keppel et al.,, 2018a), is enough to stimulate HrrA phosphorylation — but not ChrA
phosphorylation. Alternative experiments, where the phosphorylation state of HrrA and ChrA
in direct response to hemoglobin contact - or even in a time resolved manner - might give

further insight into the heme-dependent signal transduction in C. diptheriae.

A comparable organization and high sequence identities with small, but impactful differences
in the regulatory processes indicate that these two systems in C. glutamicum and
C. diphtheriae originate from a common ancestor but evolved to adapt to the different
environmental conditions that are faced by the different bacterial species.

However, as some aspects of the regulatory interplay between HrrSA and ChrSA remain
unclear to date in both bacterial species, further comparative studies are needed to elucidate
the aspects in which the regulatory setups truly differ - and where proposed differences stem
from not fully understood, regulatory mechanisms.

2.3.1 Heme perception by the histidine kinases HrrS and ChrS

For the modulation of an appropriate, cellular output in response to an extracellular stimulus,
a precise, initial signal detection is critical. In the TCSs HrrSA and ChrSA, the two membrane
bound kinase proteins are responsible for this stimulus perception. The recognition is
enabled by direct interaction with the input molecule heme. The direct HK-heme interactions
was first reported in the publication “Membrane Topology and Heme Binding of the Histidine
Kinases HrrS and ChrS in Corynebacterium glutamicum”, conducted as part of this PhD
thesis (Keppel et al., 2018b). In this comparative analysis, the N-terminal sensor domains of
HrrS and ChrS were mapped using PhoA and LacZ fusions, which revealed that both HKs
are embedded into the membrane via six a-helices (transmembrane helices, TMHs). With an
N-terminal sequence identity of only 8.5 %, the conservation of the sensory domain is rather
minor, making the seemingly conserved structural characteristics of six TMHs even more
interesting. In line with our data, the sensor domain of ChrS in C. diphtheriae was also
predicted to be anchored via six TMHs (Bibb and Schmitt, 2010), despite only moderate
amino acid sequence conservation to the kinases of C. glutamicum (ChrS: 29 % in the whole
protein,23 % in the N-terminus; HrrS: 35 % in the whole protein, 41 % in the N-terminus).
This structural conservation, rather than conservation on the level of sequence, hints to a
general function of the a-helices beyond anchoring of the proteins in the membrane. It can be
speculated that the three cytoplasmatic loops or the six helices are involved in the intra-

molecular changes that follow heme perception.

In the HssRS system of S. aureus and B. anthracis, the periplasmic sensing domain of HssS
is predicted to be flanked by only two transmembrane helices (Stauff and Skaar, 2009a).
Additionally, the authors of this study speculate that the interaction with heme takes place



intracellularly, indicating that the mechanism of heme sensing vastly differs between HssRS
and HrrSA/ChrSA.

Another interesting sensing mechanism was proposed for the BceSR system (Fritz et al.,
2015). This system is involved in the resistance against bacitracin but does not interact with
the antibiotic directly. Instead, the HK BceS interacts with the bacitracin transporter BceAB
and the activity of this drug efflux pump acts as the stimulus for the TCS (Fritz et al., 2015).
In C. glutamicum however, neither deletion of hrtBA (heme export, Figure S1) nor hmuTUV
(heme import, data not shown) led to reduced activation of a Pnsa target gene reporter. This
indicates that, in this case, the act of heme-transport does not directly contribute to the
sensing of this molecule.

Instead we found that in the HK HrrS, the exchange of one of the three conserved aromatic
amino acid residues Y2, F115 and F!8 to alanine led to reduced heme sensitivity of our
reporter system. The residues are located in the cytoplasmic membrane and inside TMH
number four (Keppel et al., 2018b). In ChrS, the exchange of the same triplet led to an
alternative mode of heme interaction as we noticed a red shift of the Soret band from 406 to
418 nm when conducting heme-bound, mutant protein to UV-visual spectroscopy. Unlike in
HrrS, the triplet is localized in the extracellular loop between TMH three and four and not in
the membrane. This small difference in position might be one explanation for the higher
heme sensitivity of the ChrSA system that we reported in the same study. In a AhrrS strain, a
Pniea-eyfp reporter (activated by phosphorylated ChrA) showed measurable output in
response to extracellular hemin concentrations as low as 0.5 yM. In a AchrS strain, on the
other hand, a Pmmuo-€yfp reporter (activated by phosphorylated HrrA) showed increased
heme-dependent output only in medium containing at least 4 uM hemin. However, a high
background activity was measured for hmuO, which was independent of the addition of
external heme and which might be triggered by the endogenous heme pool of the cell.
(Keppel et al., 2018b).

The higher sensitivity of the ChrSA detoxification system towards small changes in
extracellular heme availability is physiologically reasonable, since it prevents heme export via
HrtBA under non-toxic conditions. A fast, possibly extracellular sensing by ChrS might
contribute to this high sensitivity and allows a rapid adaptation to environmental changes to
fine-tune hrtBA expression. The sensing by HrrS most likely happens inside the membrane.
By this mode of heme-interaction, the kinase probably senses a more stable pool of heme
that accumulates in the membrane from both endogenous and exogeneous sources. As a
result, HrrA activity - and ultimately hmuO expression — might get adjusted more

conservatively.



An interesting approach for future studies on the heme perception by HrrS and ChrS might
be to narrow down the stimulus spectrum of both HKs. In our experiments, both TCS reacted
to exogenously added hemin. However, it is possible that, while both HKs generally
recognize iron-bound porphyrins, the affinity to certain heme types (e.g., heme a, heme b,
heme o) might significantly differ between HrrS and ChrS. As hemin is the only commercially
available and easily soluble iron-bound porphyrin, it is not possible to directly test various
heme types. In C. glutamicum, the membrane bound CtaB catalyzes the reaction from
heme b to heme o, which is subsequently converted to heme a by CtaA (Svensson et al.,
1993). By overexpression or deletion of one of the corresponding genes (ctaB or ctaA) the
level of one heme type (b, o or a) could be significantly increased. Subsequently, the activity
of target gene reporters could be observed in strains with changed heme pools. Changed
phosphorylation levels might permit conclusions whether HrrS and ChrS differ in their
preference with respect to different heme types.

In conclusion, our publication “Membrane Topology and Heme Binding of the Histidine
Kinases HrrS and ChrS in Corynebacterium glutamicum” gives novel insight into the unique
sensing mechanism of Gram-positive bacteria, which dedicate two independent kinases to
sense heme and subsequently adjust their metabolism. Here, we present the example of a
transient heme sensor system, which utilizes three aromatic amino acids to sense heme.
Interpreting our findings further, a tyrosine (Y!2 in HrrS) might act as an axial ligand of the
iron atom, while two phenylalanine residues (F'** and F!'%) might be important to the
interface through aromatic stacking interactions with the porphyrin ring of heme. These
results are in line with a recent study that analyzed the top five residues with high
frequencies in heme-protein interaction sites and which found that cysteine, histidine,
methionine as well as tyrosine and phenylalanine are the most prominent amino acids in
such binding pockets (Keppel et al., 2018b; Li et al., 2011). In general, our study provides a
basis for further analysis on structural and functional design of other important heme sensors
and can help with the bioinformatical identification of novel heme binding domains in the
future, as the prediction of these domains is, to this date and due to the high diversity in

heme-interfaces, not reliably possible.

2.4 Heme-responsive gene regulation in C. glutamicum

Signal perception is followed by the modulation of an appropriate output. In C. glutamicum,
heme perception by HrrS and ChrS is translated to HrrA/ChrA dependent gene regulation via
phosphotransfer and thereby activation of the RRs. In common with many other

characterized, heme-induced regulators, the first identified targets of these two TCSs were



involved in the detoxification (hrtBA, regulated by ChrSA), utilization (hmuO, regulated by
HrrSA) and synthesis (hemA, hemE, hemH) of heme (Frunzke et al., 2011; Heyer et al.,
2012).

2.4.1 Heme utilization vs. detoxification — a balancing act

To address the question how HrrSA and ChrSA differ in their signal transduction and the
subsequent modulation of a physiological response, the temporal characteristics of the
heme-induced detoxification and utilization were investigated (Keppel et al., 2018c). On that
account, we performed an extensive profiling of previously published target gene reporters
(Hentschel et al., 2014; Heyer et al., 2012). These reporters are fusions of the promoter
regions of the genes of interest (e.g., Prmuo, Pnrea) wWith the eyfp gene, which encodes a
yellow fluorescent protein (an expanded dataset can be found in the supplementary
Figures S2-6). This reporter setup enables the determination of promoter activity by
measuring the fluorescent output in response to a stimulus (in this case: hemin). Here, we
screened the Pnmuo-eyfp and Prrsa-eyfp target gene reporters in the background of the wild
type strain, as well as in mutant strains lacking single components of the two TCSs and in
minimal medium containing different heme or iron concentrations (Keppel et al., 2018c). The
resulting dataset was integrated into a quantitative mathematical model, which was then
used to test hypotheses on possible strategies that are applied by the two closely related
TCSs to ensure physiologically appropriate target gene activation (Figure 3A).

In some environments, it makes sense for a bacterial cell to prioritize detoxification
responses over the acquisition or utilization of nutrients, as toxic molecules can constitute an
imminent threat, which demands a prompt reaction to ensure survival. Additionally, essential
nutrients can often be toxic in elevated levels as already emphasized by the Swiss physician
and founder of modern toxicology, Paracelsus (16th century), who proposed “All things are
poison, and nothing is without poison, the dosage alone makes it so a thing is not a poison”
(Borzelleca, 2000).

Examination of Prisa @and Prmuo activity in wild type cells and in response to exogenous heme
shows that C. glutamicum adheres to the principle of “detoxification first” when shaping its
physiological response to heme (Figure 3B). After stimulus addition, we observed a nearly
instant, transient, ChrSA-governed Pnwa response (Figure 3B, red line) while HrrSA-
dependent Pnmuo activity was significantly delayed (green line). Together with the previous
finding, that the threshold for heme-induced hrtBA activity is lower than for hmuO activity
(Keppel et al., 2018b), this establishes the regulation of C. glutamicums heme detoxification

as fast and highly transient response to changing environmental conditions.



An additional, interesting observation was the steady response time of the Pniga reporter in
reaction to increasing hemin concentrations — only the time of active promoter output
increased with higher concentrations. Our model predicted, that this behavior is enabled by a
nearly instant promoter saturation by phosphorylated ChrA (ChrA~P), following ChrS-heme
interaction. Furthermore, we discovered a contribution of the HrrS kinase activity to the initial
ChrA~P pool, as a AhrrS mutant strain showed a slightly delayed Pnsa reaction to the heme

stimulus.

Another aspect, that distinguishes hrtBA and hmuO activity is the deactivation time. The
response curves in Figure 3A clearly show that the promoter of hrtBA is shut off nearly
instantly after 3-4 h. The following decline is the dilution of fluorescent eYFP protein by cell
growth while no new reporter molecule is produced. Here, the model predicted, that this shut
off correlates with the time it takes until all exogenous heme is depleted. This is in line with
the previously discussed hypothesis, that - in contrast to HrrS, which senses heme in the
membrane - ChrS interacts with the stimulus in the periplasm. Therefore, one could
speculate that ChrS activity is mostly influenced by the extracellular heme pool while protein-
bound heme in the cytoplasm or the membrane contributes to ChrS activation to a lesser
extent. Here, further studies on the heme uptake, procession and storage could significantly
contribute to our understanding of how the diverse sensing mechanisms of ChrS and HrrS

influence the activation of downstream target gene expression.

A screening with phosphatase-OFF mutant strains, as well as previous studies indicate that
the phosphatase activity of ChrS has significantly more impact than the HrrS phosphatase
activity (Hentschel et al., 2014; Keppel et al., 2018c). This strong phosphatase activity,
together with a possible extracellular sensing, might enable the observed, rapid shutoff of the
detoxification response when the heme pool drops below a critical threshold.

Taken together, we hypothesize that the detoxification response of C. glutamicum is shaped
by at least four important factors: i) a nearly instant promoter saturation by ChrA~P allows a
rapid response under all tested conditions, ii) HrrS contributes to the initial ChrA~P pool, via
cross-phosphorylation, iii) the speculated ChrS-heme interface is located closer to the
periplasm, compared to the HrrS-heme interface, which might lead to slightly faster adaption
to changing environmental conditions and less influence of endogenously produced heme or
heme storage, and iv) a strong ChrS phosphatase activity shuts down heme export via HrtBA
rapidly and effectively after stimulus decline and prevents unwanted cross-phosphorylation

by HrrS under non-inducing conditions.
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Figure 3: Heme utilization and detoxification is coordinated by the HrrSA and ChrSA TCSs in
C. glutamicum. A: Genetic organization of the two TCS HrrSA and ChrSA and their target genes hmuO and
hrtBA, respectively. Heme can diffuse over the bacterial membrane or is transported into the cell by the HmuTUV
uptake system. Inside the cell, the heme oxygenase HmuO (light green) can degrade heme to release iron for
important cellular processes. Intracellular Fe?* is sensed by DtxR (grey), which dimerizes and represses not only
hmuO expression but also the hrrA gene itself, which encodes the response regulator HrrA. After phosphorylation
by HrrS (heme-dependant), this RR is critical for the activation of hmuO expression. The ChrSA TCS not only
activates expression of hrtBA, which encodes a heme exporter that is responsible for the detoxification of high,
intracellular heme concentrations, but also the expression of its own operon (positive feedback). B: Heme-
induced reporter output of Phiea-eyfp and Prmuo-eyfp in C. glutamicum wild type cells (taken from Keppel et. al.,
2018c). For this experiment, C. glutamicum cells were transformed with either pJC1_Pnisa-eyfp or pJC1_Phmuo-
eyfp. Iron deprived cells were subsequently cultivated in a microbioreactor system (Biolector) in CGXIl minimal
medium with 2 % (w/v) glucose containing 4 pM hemin. The eYfp fluorescence was measured as the output of
target promoter activation, and backscatter values were recorded to monitor biomass formation. For further
information see Keppel et al. (2018c). .



In contrast to hrtBA expression, the hmuO reporter revealed a significantly delayed response
after addition of hemin as a stimulus (Figure 3B). Counterintuitively, the more extracellular
hemin is added to the medium, the more delayed the hmuO expression is. In this context, our
mathematical model confirmed that the main factor influencing this particular expression
pattern is the iron dependent repression of hrrA and hmuO by the global iron regulator DtxR
(Keppel et al., 2018c; Wennerhold and Bott, 2006). Higher heme concentrations also
translate to a higher, intracellular iron pool and thereby a higher, initial DtxR activity, as
predicted by our model. Using this regulatory setup, information on Fe?* availability (via the
co-repressor of DtxR) can directly be integrated at the level of hmuO and hrrA expression - in
contrast to the rapid, iron-independent chrSA-hrtBA setup. Additionally, we could show that
HrrA does not simply displace DtxR on the promoter of hmuO but is in fact an essential
activator, even in the absence of DtxR repression (Keppel et al., 2018c).

One aspect, future studies could focus on, is the phosphorylation level of both HrrA and ChrA
under changing heme concentrations, to supplement the information we gathered via
characterization of target gene reporters. A suitable method for this might be the application
of Phos-Tag SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel electrophoresis), where
phosphorylated proteins are separated from the non-phosphorylated counterparts by
interacting with a phosphate-binding tag in the gel matrix (Kinoshita et al., 2006).
Examination of the phosphorylation state of HrrA and ChrA following stimulus might give new
insight on whether stimulus perception and/or transduction of HrrS and ChrS indeed differ
and how much secondary effects - like the aforementioned DtxR repression on hrrA — impact
the observed, different heme sensitivity. Information on the phosphorylation state under
different conditions might reveal how much the different signal perceptions influences
downstream processes like target gene activation and how reliable the utilization of target
gene reporters as tools for the time resolved investigation of physiological responses really

are.

In conclusion, we found that not only differences in signal perception are responsible for the
diverse target gene expression patterns in response to heme. The entirety of a tightly
balanced interplay between phosphorylation, dephosphorylation and cross-phosphorylation
as well as the interference with other regulatory systems (e.g., with the iron-responsive
regulator DtxR) shapes the physiological reaction to a multifaceted and complex stimulus
such as heme (Figure 3A). The here presented data might be further used as a basis for in-
depth systemic analysis of the bacterial heme homeostasis of Gram-positive bacteria that
often dedicate at least one TCS to heme-responsive gene regulation. We expect that our
findings will be — at least partly — transferable to pathogens, especially to C. diphtheriae, due

to high sequence identities of the homologous systems. A comparative analysis of the



temporal characteristics of the detoxification and utilization responses might give further
insights into what parts of the pathways are essential for the appropriate, physiological
reaction to exogenous heme in general and which parts have evolved as a result of the
particular, environmental niche (soil in the case of C. glutamicum and the upper respiratory

system of a host in the case of C. diphtheriae).

2.5 Genome-wide profiling of the HrrSA regulon

Previous studies suggest, that the regulon of ChrSA is small and very specific (Hentschel,
2015; Heyer et al., 2012). So far, the only confirmed regulatory roles of this TCS are the
activation of its own operon and the hrtBA operon as well as a not fully understood
involvement in the regulation of the hrrA gene. This narrow role fits the purpose of a
detoxification system and allows for a specific, fast and transient export of toxic heme levels
in times of demand and without secondary effects. However, so far, a genome-wide binding
analysis has been only performed for HrrA and in future studies, single genes might be
added to the ChrSA regulon.

In contrast to ChrSA, HrrSA seems to coordinate a global, homeostatic response to heme
and heme-triggered oxidative stress. Previous studies proposed involvement in the
regulation of the utilization and synthesis of heme as well as in the control of expression of

heme containing proteins in the respiratory chain (Frunzke et al., 2011).

In the framework of this thesis, we conducted a time-resolved, stimulus-dependent profiling
of dynamic DNA-binding of HrrA via chromatin affinity purification combined with sequencing
(ChAP-Seq). This extensive analysis resulted in the identification of more than 250 genomic
targets of this response regulator. Among others, we found genes that encode proteins
associated with heme biosynthesis, the respiratory chain, oxidative stress response and cell
envelope remodeling. This dataset of genome-wide HrrA binding sites was combined with
time-resolved comparative transcriptome analysis (RNA-Seq) of the wild type strain and a
AhrrA mutant strain in response to exogenous heme addition (Keppel et al., 2018a). By this
means, we were able to correlate HrrA binding with the subsequent regulatory output and
establish HrrSA as a truly global player in the systemic response strategy of C. glutamicum

to the complex stimulus heme.

In the following sections, the current knowledge on regulatory mechanisms of HrrSA and
ChrSA, their target genes, and the function of these targets will be summarized, and novel

findings will be highlighted.



2.5.1 Heme degradation and detoxification

The earliest identified targets of HrrSA and ChrSA are involved in a) the degradation (hmuO,
which encodes a heme oxygenase and is regulated by HrrSA) and b) the transport/export of
heme (hrtBA, regulated by ChrSA).

The control of heme oxygenase expression is a common theme among many well-
characterized, heme-induced regulators in both eukaryotes and prokaryotes. The
degradation of free heme by these oxygenases is proposed as the main method of
detoxification in eukaryotic cells (Kumar and Bandyopadhyay, 2005). In many bacterial
species, these enzymes are furthermore critical for the access to heme as alternative iron
source (Wilks and lkeda-Saito, 2014).

Especially pathogenic bacteria frequently face elevated heme levels and thus evolved
various, alternative and oxygenase-independent strategies to prevent toxic intracellular
concentrations. The easiest way is the application of exporter proteins, for example HrtBA,
found not only in C. glutamicum and C. diphtheriae, but also in S. aureus, B. anthracis, and
L. lactis, as discussed earlier. However, while some studies suggested an increased heme
sensitivity of AhrtBA deletion strains (Stauff and Skaar, 2009a), the mechanism of transport
remains unknown. Furthermore, it is not known whether these proteins export heme directly
or whether metabolites of heme degradation are transported over the membrane (Anzaldi
and Skaar, 2010).

Another well characterized detoxification system is the Pef efflux complex of the neonatal
pathogen Streptococcus agalactiae (Fernandez et al.,, 2010). In this bacterium, the
transcriptional regulator PefR, a MarR-superfamily protein, represses expression of the
operons, which encode this efflux system, in a porphyrin-dependent manner.

2.5.2 The regulation of heme biosynthesis in C. glutamicum

Due to the importance of heme in central cellular processes, the biosynthesis of this
molecule is highly conserved. The early precursor &-amino levulinic acid (ALA) is essential
for heme synthesis in both eukaryotes and prokaryotes. In bacteria ALA is derived from the
charged glutamyl-tRNACY (Figure 4A) via a reaction catalyzed by the glutamyl-tRNA
reductase, which is encoded by hemA (Choby and Skaar, 2016).
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Figure 4: The classical heme biosynthesis pathway in bacteria. A: The synthesis of heme in bacteria is highly
conserved and starts with the conversion of the charged glutamyl-tRNACU to ALA. Several conserved, enzymatic
steps lead to the formation of uroporphyrinogen Ill, which can either be used as precursor for other molecules or
subsequently processed in the classical synthesis pathway to coproporphyrinogen Ill and finally heme. For steps,
in which gene expression is repressed by HrrA, the corresponding proteins are colored. The names of the




enzymes are indicated at the arrows and the names of the corresponding proteins in C. glutamicum are indicated
in bold lettering. Figure adapted from (Heinemann et al., 2008) and (Choby and Skaar, 2016). B: Genetic
organization of HrrA-controlled heme synthesis genes in C. glutamicum.

Two molecules of ALA are subsequently processed to porphyrinogen and, in a series of
reactions, converted to the tetrapyrrole molecule uroporphyrinogen lll. In various bacteria,
this molecule can be used as precursor for several cofactors, including, for example, Vitamin
Bi, and, in methanogenic Archaea, coenzyme F430 (Choby and Skaar, 2016; Heinemann et
al., 2008; Leeper, 1985). The decarboxylation reaction from uroporphyrinogen Il to
coproporphyrinogen 11l is catalyzed by a uroporphyrinogen Il decarboxylase (HemE). From
coproporphyrinogen Ill, two pathways lead to heme as an end product. In the classical
pathway, which is depicted in Figure 4, two additional catalytic steps lead to
protoporphyrin IX. Subsequently, the protoporphyrin ferrochelatase (HemH) inserts a ferrous
iron into the center of this molecule to form protoheme IX - heme b (Camadro and Labbe,
1988; Choby and Skaar, 2016). In the noncanonical pathway, often performed by Gram-
positive bacteria, uroporphyrinogen |Ill is first converted to coproporphyrin Il and
subsequently, the ferrochelatase inserts an iron to form coproheme, which is then
decarboxylated by HemQ to form heme b. This enzyme is found only in members of the
Firmicutes and Actinobacteria (Choby and Skaar, 2016). So far, no experimental data for the
biosynthesis of heme in C. glutamicum is available. However, genes, which encode for all
enzymes of the classical pathway, could be identified in this bacterium (Figure 4B), while the
Actinobacteria-typical HemQ, which is critical for the noncanonical pathway, has not been

found so far.

Due to its toxicity, the biosynthesis of heme needs to be tightly controlled and adapted in
response to intracellular and extracellular heme levels. Previous studies described HrrA as a
general repressor of heme biosynthesis in C. glutamicum (Frunzke et al., 2011). In
C. diphtheriae, both HrrA and ChrA are postulated as regulators of hemA (Burgos and
Schmitt, 2016).

In this PhD thesis, a genome-wide approach was used to analyze the binding and regulatory
impact of HrrA targets by combining ChAP-Seq analysis and RNA-Seq (Keppel et al.,
2018a). We confirmed significant, heme-induced binding of HrrA in the promoter regions of
the hemEYL operon (60 base pairs (bp) upstream of the start codon and the transcription
start site (TSS) of hemE), the hemAC operon (26 bp upstream of the start codon, 17 Bp
upstream of the TSS of hemA), and 16 bp upstream of the hemH start codon/TSS (genomic
organization of the genes is depicted in Figure 4B).



Additionally, the corresponding mRNA levels of these genes were significantly increased in a
AhrrA strain compared to wild type C. glutamicum. In case of the uroporphyrinogen
decarboxylase (hemE), the mRNA level (in transcripts per million (tpm)) was increased 8.3-
fold in the AhrrA strain and 0.5 h after heme addition. The mRNA level of hemH, encoding
the ferrochelatase, increased 15.7-fold, while hemA was only slightly increased in the AhrrA
deletion strain (1.6-fold 0.5 h after heme addition, 2-fold after 2 h of incubation). These
findings once more emphasize the role of HrrA as a heme-dependent repressor of various
steps of the heme biosynthesis of C. glutamicum (Figure 4). As an early control step, HrrA
regulates the production of the early precursor ALA from glutamyl-tRNAC" by repressing the
glutamyl-tRNA reductase (hemA). Additionally, HrrA prevents the conversion of
uroporphyrinogen 11l to coproporphyrinogen Il and thereby allowing an increased flow from
uroporphyrinogen Il to other cofactors by strongly repressing hemE. Finally, HrrA controls
the insertion of the iron atom by repressing the expression of the ferrochelatase hemH and
thereby balancing the endogenous biosynthesis of heme according to the cellular needs and
the availability of external sources. With this regulatory behavior, HrrA shifts the focus of cells
in heme-rich environments towards utilization of external heme instead of spending valuable

resources for an endogenous synthesis.

2.5.3 The heme-dependent, HrrSA-mediated control of respiratory chain genes

Heme is irreplaceable in most organisms, partly due to its function as protein-bound
prosthetic group that enables the sequential electron flow through the respiratory chain
complexes of bacterial membranes and eukaryotic mitochondrial membranes (Kim et al.,
2012; Schagger, 2002). In its core functionality, the generation of ATP during the oxidative
phosphorylation, coupled to respiratory electron transfer, is conserved between most
bacteria. In general, the bacterial cell utilizes several donors to transfer an electron to
different carriers (e.g. ubiquinone, menaquinone), which is mediated by dehydrogenases.
The transfer of electrons itself and the associated transport of protons over the bacterial
membrane leads to the establishment of a proton motive force (PMF), which can then be
used to generate ATP (Lodish et al., 2000).

The electron transport chain of C. glutamicum is branched, and consists of i) a cytochrome
bci-aas supercomplex, encoded by ctaD and the operons ctaCF and ctaE-qcrCAB and ii) the
cytochrome bd oxidase encoded by cydA and cydB, of the cydABDC operon (Bott and
Niebisch, 2003). The supercomplex is composed of two parts, the cytochrome bc: complex
(Figure 5A, grey) and the aas oxidase (Figure 5A, blue). The bci complex consists of
cytochrome b (QcrB), which contains two heme b molecules, the Rieske iron-sulfur protein
QcrA, and the non-soluble cytochrome ci QcrC, which binds two heme a molecules
(Niebisch and Bott, 2001). The aas oxidase has four subunits: CtaF, CtaC, CtaD, which



contains two heme a molecules, and Ctak (Niebisch and Bott, 2003). In contrast to that, the
alternative menaquinol bd oxidase is composed of only two subunits (Figure 5B): CydB,
which binds a heme b molecule and CydA, harbouring a heme b and a heme d molecule.

The deletion of critical parts of the bci-aas supercomplex, e.g. in a AqcrCAB or ActaD strain,
leads to a strong growth defect in C. glutamicum, indicating that the bci-aas branch is of
outstanding importance for the proper establishment of a PMF and that its function cannot be
fully substituted by the bd branch (Bott and Niebisch, 2003; Niebisch and Bott, 2001;
Niebisch and Bott, 2003). The alternative bd oxidase was identified in C. glutamicum cells
that were cultivated in copper-free medium (Bott and Niebisch, 2003; Kusumoto et al., 2000).
Under normal conditions, the oxidase seems to be mainly expressed to supplement the
respiratory chain in the stationary phase (Kusumoto et al., 2015), possibly due to its high

affinity to oxygen.
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Figure 5: The respiratory chain of C. glutamicum. A: Schematic illustration of the two branches of the electron
transport chain in C. glutamicum. Left: the cytochrome bci-aas supercomplex consists of the cytochrome bci
complex (grey), encoded by qcrCAB, and the cytochrome aas oxidase (blue), encoded by ctaE, ctaCF and ctaD.
Right: The cytochrome bd oxidase (red) is encoded by cydA and cydB, in the cydABDC operon. Boxes indicate
heme molecules (heme b, heme c, heme a, heme d). Figure modified from Niebisch and Bott (2001). B: HrrA
control and organization of genes involved in the respiratory chain in C. glutamicum.

While several studies concentrated on the function and the structure of the respiratory chain
in C. glutamicum (Kusumoto et al., 2000; Niebisch and Bott, 2001; Niebisch and Bott, 2003),
little is known about the regulation of respiratory chain genes. A recent study could show,

that overexpression of the sigma factor SigC (o) leads to strong induction of the cydABDC



operon, which encodes for the cytochrome bd oxidase (Figure 5A), while expression of the
ctaE-qcrCAB operon (bci-aas supercomplex) was reduced (Toyoda and Inui, 2016).
However, neither the mechanism of how o€ represses genes of the bci-aas supercomplex,
nor the stimulus, which leads to o€ activity and the subsequent recruitment of the RNA-
polymerase to the cyd operon, is known to date. Additionally, in this study, the conclusions
regarding the regulatory roles of o© were drawn from the overexpression of sigC. The
positive role of a sigma factor can be shown by its overexpression: an increased protein level
leads to an increased RNA polymerase recruitment to the target promoter. Negative effects
on expression, on the other hand, can either represent a physiological relevant repression, or
stem from, for example, unspecific competition between the overrepresented alternative
sigma factor and other sigma factors. In this regard, future experiments, like the deletion of
sigC or binding assays between the ctaE promoter and o€ are needed to verify the role of
this sigma factor as a repressor of the ctaE-qcrCAB operon. For now, this repressive role

should be viewed critically.

In the context of the stimulus, which leads to o€ activity, the authors of the study speculate,
that a defect electron transfer in the aa; oxidase might induce o° activity (Toyoda and Inui,
2016). Recently, such an electron transfer defect was studied in copper-deficient
C. glutamicum cells and - indeed - an activation of the o regulon was observed in these

experiments (Morosov et al., 2018).

Additional regulators of respiratory chain genes are HrrA, which was shown to bind and
activate the promoter of the ctaE-qcrCAB operon (Frunzke et al., 2011), and OxyR, which
was described as a repressor of the cydABCD operon (Milse et al., 2014; Teramoto et al.,
2013).

In our recent study, we described HrrA as a crucial regulator coordinating the expression of
all genes constituting the respiratory chain of C. glutamicum (Keppel et al., 2018a). We could
not only confirm the previously proposed, strong HrrA binding in front of the ctaE-qcrCAB
operon and in the promoter region of ctaD (Frunzke et al., 2011), we also found binding in
front of the ctaCF operon (Figure 5B). Additionally, in a AhrrA deletion strain, RNA-Seq data
revealed strong decrease in the mRNA levels of all respiratory chain genes, which were
bound by HrrA in ChAP-Seq experiments (Keppel et al., 2018a). These findings establish
HrrSA as a heme-dependent activator of all genes, which together encode the complete

cytochrome bci-aas supercomplex.

Furthermore, we identified a positive regulatory role of HrrfSA on cydABDC, which encodes
the second branch of the respiratory chain. However, in RNA-Seq analysis, the mRNA level
of the cyd operon seems to slowly increase, even 4 h after hemin addition, in contrast to the



mRNA level of ctaE-qcrCAB, which increased instantly after stimulus addition but already

slightly declined after 4 h of cultivations (Figure 6A).

These results seem counterintuitive at first, as both operons are regulated by HrrSA in a
heme-dependent manner but show diverse transcriptional changes in response to stimulus
addition. A possible explanation for this behavior can be found in the HrrSA-mediated
regulation of an additional gene: significant binding of HrrA was observed in front of sigC,
which encodes the earlier discussed sigma factor o€, an activator of the cydABDC operon
and postulated repressor of ctaE-qcrCAB expression. The mRNA level of sigC was nearly
5-fold increased in a AhrrA deletion strain, suggesting that active HrrA represses this gene.
In line with this assumption, sigC mMRNA levels decreased upon heme addition in wild type
cells (Figure 6A).
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Figure 6: Proposed model of the heme-dependent, regulatory setup of respiratory chain genes in
C. glutamicum.

A: mRNA levels of sigC, ctaE and cydAB in transcripts per million (tpm). The transcriptome of iron starved
C. glutamicum wild type cells was determined before (t=0h) and 0.5 h and 4 h after addition of 4 uyM hemin. See



Keppel et al. (2018a) for further details.

B: Directly in response to extracellular hemin addition (0.5 h), HrrA gets phosphorylated and activates expression
of the ctaCF and the ctaE-qcrCAB operons as well as ctaD, which together encode the full cytochrome bci-aas
supercomplex. Additionally, HrrA activates the expression of the cydABDC operon, which encodes the
cytochrome bd oxidase, and represses expression of sigC, which encodes the sigma factor oC. B: With the
consumption of heme, after 4 h, the phosphorylation level and activity of HrrA is decreased and subsequently,
sigC expression is de-repressed. Furthermore, HrrA activation of ctaCF, ctaE-qcrCAB and ctaD as well as the cyd
operon lessens. o€ recruits the polymerase to the cyd operon and possibly represses the expression of ctaE-
gcrCAB, leading to a soft switch between the two branches of the respiratory chain.

In this context, we propose the following mechanism of heme-induced regulation of
respiratory chain genes, as depicted in Figure 6B: The initial perception of extracellular
hemin addition (30 minutes after hemin pulse), leads to phosphorylation of HrrA and
subsequently to DNA-binding and activation of genes, which encode for the cytochrome bc;-
aas supercomplex, especially ctaE-qcrCAB. Additionally, HrrA activates the cydABDC
operon, while at the same time repressing sigC expression.

In-vitro determination of the Kqy values of HrrA to the promoters of ctakE, cydA and sigC
revealed a three-fold higher affinity of HrrA to Pcte (Ka 0.10 pM) than to Peya (Kg 0.26 uM) or
to Psigc (Ka 0.27 pM). The high affinity to ctaE can explain the minor increase of ctaE mRNA
level in response to hemin addition. It is likely, that even under normal conditions and without
addition of exogenous hemin, HrrA is partly phosphorylated, triggered by endogenous
synthesis of heme. Therefore, these fractions of HrrA~P might activate high affinity targets,

such as ctaE.

Over the course of the cultivation, the added heme is degraded and consequently, the
HrrA~P level most likely decreases (Figure 6B, 4 h). This leads to de-repression of sigC. The
following synthesis of the sigma factor o€ results in even further increase of cydABDC mRNA
levels (Figure 6A). On the other hand, the expression of the ctaE-qcrCAB operon decreases,
most likely due to HrrA-dissociation in response to stimulus decline, possibly combined with

repression of this operon by o°.

Interestingly, we found that genes, which are activated by both HrrA and o€, and thereby
have a regulatory setup that is comparable with the setup of cydABDC, also show the same
expression behavior as the cyd operon: weak, initial response to a heme stimulus, but
increased mMRNA levels after 4 h of cultivation. Examples for genes with such a genomic
setup are ctaA and ctaB, which are involved in the conversion of heme b to heme a and

which are activated by both, HrrA and o€.

In general, HrrA shows sustained, minor activity even without external stimulus input. This is

reflected by significant differences in mRNA levels of target genes (e.g., ctaE or hmuO)



between a hrrA deletion strain and the wild type strain, even in iron-starved, stationary cells
in medium without external heme source (Keppel et al., 2018a). While this behavior might be
triggered by endogenous synthesized heme, it also represents a major difference to ChrA-
mediated target gene activation. In the case of ChrSA, the main target of this TCS, hrtBA, is
highly inducible but without extracellularly added heme, this gene shows the same, very low
output in the AchrA strain and the wild type strain alike. The high background activity of HrrA
might also be the reason for the low inducibility of e.g. ctaE in response to heme, as
discussed previously (Figure 6A). In future studies, this hypothesis could be tested by
controlling the endogenous heme synthesis of C. glutamicum in a heme-independent
manner. For this, one could reintroduce several heme synthesis genes (see Figure 4A)
under, e.g., IPTG-inducible promoters and subsequently measure HrrA binding and/or target
gene activation in response to different endogenously synthesized heme pools. This
experimental setup might help to understand how much HrrA contributes to respiratory chain
gene expression under native conditions (e.g., in FeSOs-containing medium), in which
cellular synthesized heme represents the sole stimulus for the HrrSA system. Furthermore,
the background level of HrrA could be measured by significantly lowering the heme synthesis
and subsequently comparing target gene activation under these conditions to wild type like
target gene activation. Testing ChrA-mediated gene regulation in a similar setup might reveal
insight into how HrrSA and ChrSA differ in their inducibility and at which point ChrSA turns on
the heme detoxification.

In conclusion, the here presented network design (HrrA repressing the expression of another
activator (o) of its own target genes) allows the cell to react in two very diverse ways
downstream of a single, regulatory pathway. In the presented example it becomes clear that,
although HrrSA has a single stimulus, this system is able to prioritize the expression of the
more efficient but heavily heme-demanding cytochrome bcl-aa3 branch over the cytochrome
bd branch in response to a strong, extracellular heme pulse. This is achieved by a
combination of activation (e.g., ctaE-qcrCAB, cydABDC) and repression (sigC) of gene
expression as well as altered affinities of the RR to different target genes.

2.5.4 Other targets of HrrSA

Interestingly, although neither the regulator, nor the constitution of the regulon is conserved,
C. glutamicum cells and eukaryotic (mammalian) cells seem to react with a similar, regulatory
logic to heme as a stimulus. Previously unknown genes of the HrrA regulon include, e.g.,
katA (catalase), trxB (thioredoxin reductase) or mpx (mycothiol peroxidase). Genes, which
encode a catalase, a thioredoxin reductase and a mycothiol peroxidase were also identified
as part of the mammalian BACHL1 regulon - in addition to e.g., HMOX1, encoding a heme

oxygenase. Furthermore, a heme-dependent, regulatory effect of BACH1 on TKT



(transketolase) has been described in the past (Warnatz et al., 2011). Notably, in
C. glutamicum, significant binding of HrrA was observed in the intergenic region between the
divergent genes ctaB and tkt (also encoding a transketolase), but under the applied
conditions, a regulatory effect of HrrA on tkt could not be shown so far. However, the
transketolase, which is an important enzyme of the nonoxidative part of the pentose
phosphate pathway, was recently shown to help cancer cells to meet their high demand for
NAPDH to counteract the high oxidative stress these cells are facing (Xu et al., 2016). This
once more shows, that the link between heme-responsive gene regulation and oxidative

stress is omnipresent - not only in form of catalase expression control.

The transketolase seems to be not the only HrrA target in the central carbon metabolism. We
identified HrrA binding, as well as a slight regulatory effect, on gapA and gapB, which encode
glyceraldehyde-3-phosphate dehydrogenases (GapDHs). These proteins are involved in
glycolysis (GapA) and gluconeogenesis (GapB). In human skin cells it was shown, that
oxidative stress may block glycolysis by inhibiting GapDHs (Kuehne et al., 2015) and in
C. diphtheriae, a GapDH is redox-controlled by S-mycothiolation (Hillion et al., 2017). HrrA
might counteract this impaired flux through the glycolysis in response to heme-induced stress
by increasing the expression of C. glutamicum’s GapDHs (Keppel et al., 2018a). To verify
this theory, one could monitor the GapDH activity of both wild type and the AhrrA strain in
response to varying heme concentrations, using commercially available GapDH assays.

Heme-induced oxidative stress does not only impact the central carbon metabolism but can
also negatively influence the cell envelope. Binding of HrrA was observed in front of inol
(synthesis of inositol-derived lipids (Baumgart et al., 2013)), mepA (a putative cell wall
peptidase (Moker et al., 2004)), and malR, which encodes a MarR-type regulator that is
possibly involved in stress-responsive cell envelope remodeling (Hinnefeld and Frunzke,
manuscript submitted). Interestingly, binding of both, MalR and HrrA, could be identified
upstream of murB, which encodes a UDP-N-acetylenolpyruvoylglucosamine reductase,
involved in synthesis of the cell wall, upstream of lysC, which is involved in lysine synthesis
and upstream of oppA, encoding the subunit of an uncharacterized ABC transporter system.
Additionally, both regulators bind to the promoters of the uncharacterized genes cg0431 and
€g0439, a putative membrane protein and a putative glycosyltransferase, as well as either
upstream (23 base pairs in the case of HrrA) or downstream (90 base pairs in the case of
MalR) of the malR transcriptional start site. A negative autoregulation is postulated in the
case of MalR, and, as the malR mRNA levels were increased two-fold in a AhrrA strain,
compared to wild type, HrrA seems to repress this gene as well. These findings suggest that
HrrA feeds information regarding heme availability or heme stress into the cell envelope

regulon in order to prevent or decrease heme-induced cell damage.



Taken together, we found strong evidence for a global regulatory function of HrrSA that
integrates a systemic response to heme and is not only restricted to the utilization and
biosynthesis of heme. Instead, HrrSA adjusts gene expression of the respiratory chain
depending on heme demand. Furthermore, this TCS controls aspects of the oxidative stress
response and might counteract heme-induced inhibition of the glycolysis. Finally, HrrSA
mediates remodeling of the cell envelope, most likely to prevent or to react to cellular

damage caused by heme.

2.5.5 A glimpse into the unknown: HrrSA regulates several uncharacterized,

cellular transport processes

Out of over 250 genes, which were identified as HrrA targets in a genome wide binding
analysis, more than 120 genes are not characterized and/or are located in the prophage
region (approximately 30 genes). Many of these targets are involved in transport processes
and selected examples are shown in Table 1. The full dataset can be accessed as

supplementary information in Keppel et al. (2018a).

An example for such an uncharacterized gene is cg2675. In cells, which were incubated for
30 minutes in hemin containing medium, the region upstream of cg267 (9 to 34 base pairs in
front of the start codon) showed the highest peak intensity among all genomic targets. This
gene is part of the predicted cg2678-cg2677-cg2676-cg2675-cg2674 operon. While the
region in front of cg2675 is bound with the highest intensity in response to heme, another,
significantly smaller peak was observed 1800 base pairs upstream of the first gene of the
operon (cg2678; Table 1). Despite the significant distance between the secondary peak and
the start codon of the first gene in the operon, all genes of this operon were found to be
downregulated three to four-fold in a AhrrA strain compared to the wild type strain, indicating
that phosphorylated HrrA acts as an activator of this operon in response to extracellular

heme.

So far, no studies investigated the function of the gene product of these ORFs in
C. glutamicum. Bioinformatical analysis predicts that Cg2675 contains an ATP-binding
domain and is most likely part of an ATP-binding cassette (ABC) transporter. Prototypical
ABC transporter systems consist of two transmembrane domains and two ABC domains (or
nucleotide-binding domains) that are located in the cytoplasm. Additionally, a soluble
periplasmic substrate-binding protein is often associated with these complexes. Such a
system is most likely encoded by the here discussed operon: cg2678 encodes a putative,
periplasmic binding protein, cg2677 and cg2676 encode membrane proteins, cg2675
encodes a putative ATP binding subunit and the last gene, cg2674 has no characterized

homologs and encodes a soluble protein without highly conserved domains.



The ¢g2678-2674 operon structure is highly conserved among orthologous genes in e.g.
Corynebacterium efficiens and Corynebacterium aurimucosum, or in
Mycobacterium smegmatis and Mycobacterium avium. In most cases, a domain analysis
(Marchler-Bauer et al., 2017) predicted the presence of a DdpA-like dipeptide binding domain
in cg2678 orthologs (Olson et al., 1991).

In this context, a study on the E. coli dipeptide ABC transporter DppBCDF found, that heme
can competitively bind to the dipeptide binding side of the transporter system, both in vitro
and in vivo. Furthermore, deletion of two dipeptide transporters led to the inability of the cells
to utilize heme as alternative iron source, while the single deletion mutants were still able to
import heme (Létoffé et al., 2006). In C. glutamicum, we were able to delete the hmuTUV
operon, which has been reported to encode the major heme uptake system in C. diphtheriae
(Drazek et al., 2000), without causing significant growth defects in a medium that contains
heme as sole iron source (Frunzke et al., 2011). From these findings, we drew the
conclusion that either a) diffusion of heme over the membrane is sufficient for growth in a
medium, in which no other bacterial species compete for the iron source, or b) other,
uncharacterized transport mechanisms play a role in the heme import of C. glutamicum. The
identification of a putative ABC transporter with predicted dipeptide/heme binding properties
as an important target gene of HrrA suggests a role of this protein in heme uptake.
Consequently, future studies might contribute to our understanding of heme import in this
bacterium by further characterization of the cg2678-cg2677-cg2676-cg2675-cg2674 operon.
After all, it would make sense physiologically, if HrrSA, the system, which also activates
heme utilization (hmuQ), would regulate an alternative heme importer in response to

elevated, extracellular heme levels.

Another peptide binding target of HrrA is encoded by oppA, which encodes the periplasmic
dipeptide-binding protein of an ABC transporter. Under the tested conditions, HrrA binding
270 base pairs upstream of the oppA start codon only translated to minor decrease in mRNA
levels (Table 1). It is, however, another example of a HrrA bound gene, which is involved in
the transport of dipeptides and might be regulated by HrrA under conditions that differ from

the tested ones.



Table 1: Overview of genes, which encode putative transporters and are regulated heme-dependently by
HrrA. a: The distance of HrrA binding to the corresponding gene start site (translational start site, TLS) is
predicted by the maximal peak intensity (HrrA binding) in ChAp-Seq experiments (Keppel et al., 2018a). b:
Changes in mRNA levels (calculated as logz(transcripts per million (AhrrA)/transcripts per million (wt))) are
derived from RNA-Seq experiments with a AhrrA and a wild type strain 30 minutes after addition of hemin to the
medium (Keppel et al., 2018a). In cases of operons, the changes in mRNA levels of the first genes of each
operon are shown. c: The putative function was derived from the comparison with homologous proteins and
supported by domain prediction tools (Camacho et al., 2009; Marchler-Bauer et al., 2017). d: Orthologous
proteins were investigated using the “blast” tool (Camacho et al., 2009). Brackets indicate the amino acid
sequence identity and the pub med accession number or the gene ID in C. diphtheriae. In case of operons, the
identities are for the first gene of the operon. Abbreviated names: C. = Corynebacterium, R. = Rhodococcus, M. =
Mycobacterium, S. = Streptomyces. e: Known or predicted regulation of the genes. A putative McbR binding site
is located in front of cg2678-2674, a predicted AmtR binding site in front cg2181 (oppA). cg2181 is additionally
downregulated in a AdtxR mutant strain (Wennerhold and Bott, 2006). For cg1280, LexA repression could be
shown experimentally (exp.) in response to SOS stress (Jochmann et al., 2009).

Locus/operon Distance log, Putative function® Examples for orthologous proteins Regulation®
to TLS (BhrrA/wt)° (<40 % seq. identity)?
(bp)?
€g2678-2674 9 (cg2675) -1.8 ABC-type transport C. deserti (88, WP_053546203.1) McbR
1800 system, C. efficiens (75, WP_011075871.1), (binding site
(cg2674) putative dipeptide C. doosanense (75, WP_018020606.1) predicted)
(heme) binding C. maris (71, WP_020935480.1) and
several other Corynebacterinea
cg2181 (oppA) 270 0.4 ABC-type peptide C. diphtheriae (67, DIP0956), AmtR
transport system, C. crudilactis (90, WP_066566268.1), (binding site
secreted component C. pseudotuberculosis (65, predicted)
WP_013241615.1), M. tuberculosis (52, Upregulated
NP_218183.1) and several other AdtxR
Corynebacterinea
cg1767-1769 19 3 putative ABC-type C. efficiens (71, WP_011075564.1), GIXR
multidrug transport C. aurimucosum (61, WP_101736368.1), (predicted)
system C. diphtheriae (57, DIP1298),
(predicted antibiotic S. coelicolor A3 (44, NP_628256.1) and
binding domain in several other Corynebacteriaceae
cgl767)
cg1077 17 3.1 putative permease C. efficiens (68, WP_006770020.1), -
(MFS) C. diphtheriae (55, WP_014320370.1),
C. testudinoris (63, WP_047252666.1)
and in several other Corynebacteriaceae
cg3101 25 -1.8 putative permease C. crenatum (98, WP_035096849.1), -
(MFS) C. crudilactis (83, WP_066568425.1),
Al-2E transporter several other highly conserved (>70%)
domain orthologs in Corynebacteriaceae,
C. diphtheriae (61, DIP2122),
C. pseudotuberculosis (59,
WP_041481416.1)
cg0390 380 0.2 putative permease C. crudilactis (85, WP_066563970.1), -
(MFS) C. deserti (77, WP_053543973.1),
C. callunae (77, WP_029703718.1),
C. efficiens (75, WP_006770182.1), and
several other Corynebacteriaceae
cg1289 546 -0.4 putative multidrug C. deserti (85, WP_053544600.1), LexA (exp.)
efflux permease C. efficiens (78, WP_006769833.1),
(MFS) R. rhodochrous (68, WP_059382046.1),
DHA2 domain and several other Corynebacteriaceae
cg1526 29 0.7 putative multidrug C. deserti (66, WP_053546129.1), -
efflux permease C. callunae (63, WP_015651121.1)
(MFS)
cg3402 13 -1.1 putative copper C. deserti (73, WP_053545987.1), -
chaperon C. crudilactis (72, WP_066569203.1),
CopZ domain C. efficiens (68, BAC19623.1),
C. ulcerans (69, WP_013912599.1),
C. diphtheriae (63, DIP2285) and
several other Corynebacteriaceae
cg3411 18 -0.7 putative copper Highly conserved. C. crudilactis (91, -

chaperon
CopZ domain

WP_066569203.1), C. deserti (85,
WP_053545987.1), C. lubricantis (74,
WP_018296544.1), C. ammoniagenes
(73, WP_040355169.1), several other
Corynebacteriaceae.

33% identity to the copper-transporting
ATPase 2 isoform a (Homo sapiens,
XP_011533420.1)




In general, a surprisingly high number of putative transporters with unknown functions are
targets of HrrA, including the cg1766-cg1767-cg1768-ctaA operon, which partly encodes the
subunits of another ABC transport system. HrrA binding in front of the second gene of this
operon (cgl767) leads to a nearly ten-fold downregulation of genes two (cgl1767) and three
(cg1768) only, indicating that HrrA acts as a repressor on these genes. Expression of the first
gene in the operon (cg1766, mptB), however, does not significantly change in a AhrrA strain
and expression of the last gene (ctaA), is impacted only slightly (approx. 30 % reduction in
mMRNA level in a AhrrA strain). This indicates that secondary transcriptional start sites (TSSs)
might be present in this operon to allow targeted, HrrA-mediated regulation of cg1767 and
cgl768 only. With this, these genes would represent another example of a transporter
system that is regulated by HrrA in a heme-dependent manner. Still, the physiological
function of the unusual cgl1766-cg1767-cgl768-ctaA operon structure and its transporter

target remain unknown.

Another interesting target is ¢cgl077. HrrA shows significant, heme-induced binding in the
region approximately 17 base pairs upstream of the start codon of this gene. For this
promoter, the peak intensity is the eleventh highest intensity measured. Additionally, deletion
of hrrA leads to nearly 9-fold increased mRNA levels of cgl077, establishing HrrA as a
strong repressor of this gene. The gene product is predicted to be a transporter of the major
facilitator superfamily (MFS) — a membrane transport protein. MFS proteins transport a broad
range of targets and are classified into five clusters: 1) drug-resistance proteins, 2) sugar
facilitators, 3) facilitators for Krebs cycle intermediates, 4) phosphate ester-phosphate
antiporters, and 5) oligosaccharide-H * symporter (Marger and Saier, 1993). In the past, MFS
transporters have been shown to be important for antibiotic stress responses, but can also
be crucial for the oxidative stress response, as demonstrated in Campylobacter jejuni, where
the deletion of the cmeG gene, which encodes the putative MFS efflux transporter CmeG,
led to a higher susceptibility to H.O: induced stress (Jeon et al., 2011). However, as we did
not find any characterized, homologous genes to cg1077, the function of the gene product
and its role in the HrrA-mediated heme response in C. glutamicum can only be speculated

upon.

A putative permease, which is highly bound by HrrA and downregulated nearly four-fold in a
AhrrA strain, is encoded by cg3101. The gene product of this ORF shows a 30 % sequence
identity with the putative transporter YhhT in E. coli, which belongs to the Autoinducer-2
Exporter (Al-2E) family and which might be involved in quorum-sensing signaling (Herzberg
et al.,, 2006). Additional membrane anchored transporter proteins, which are bound and/or
regulated by HrrA, include cg0390, cg1289 and cg1526, which all encode uncharacterized

MFS permeases. In future studies, the characterization of HrrA-regulated transport



processes in C. glutamicum might significantly contribute to our understanding of the cellular
response to heme and give insight into the range of metabolites and substrates, which are
preferably imported and exported by the cell in response to heme as a stimulus.

Such a substrate could be copper, since HrrA seems to play a role in the heme-mediated
regulation of copper-dependent processes. HrrA binding was observed 13 base pairs
upstream of cg3402 and 18 base pairs upstream of cg3411. Both genes show an
approximate two-fold downregulation in a AhrrA strain, indicating that HrrA acts as an
activator on these genes. Bioinformatic analysis of the small gene products of these genes
revealed that both contain a CopZ-like domain and therefore most likely encode copper
chaperones. In context of the proposed role of HrrA in the regulation of respiratory chain
genes, an additional regulation of, for example, copper import is not surprising since copper
ions are not only crucial for the function but also for the assembly of respiratory chain
complexes (Morosov et al., 2018). In C. glutamicum, two other systems are involved in the
response to copper stress: the TCS CopRS (Schelder et al., 2011) and the regulator CsoR
(Teramoto et al., 2015). Here, one could speculate, that HrrSA additionally feeds information
on heme availability into the regulons of these two systems. By upregulating the expression
of copper chaperons in response to elevated, extracellular heme levels and the subsequent
upregulation of the bci-aas supercomplex, HrrA might ensure that the increased copper
demand of the super complex can be met by the cell.

In conclusion, the here presented dataset might pave the way for further studies on several,
previously uncharacterized genes as the knowledge, that these genes are regulated in a
heme-induced and HrrA-mediated manner, might be the greatly needed first hint for the
understanding of the physiological role of these genes.

2.5.6 The regulon of HrrSA and other global regulons: A comparison

For the first time, a time-resolved dataset of stimulus-dependent regulator binding and the
resulting transcriptional changes permits global insight into the heme-responsive regulon of a
bacterial cell. In many studies, the complete description of regulatory networks fostered the
functional analysis of previously unknown genes. In 2009, for example, several, previously
uncharacterized genes, which are essential for the heme biosynthesis in zebrafish, were
identified in a large-scale computational screen as they were consistently co-expressed with
the core machinery of heme biosynthesis (Nilsson et al., 2009). Bioinformatical analysis of
HrrA-binding, together with the co-expression of characterized and uncharacterized targets
under different environmental conditions might narrow down the function of the set of HrrA-
bound genes that, so far, have no assigned purpose. An example for this could be the
€g2678-cg2677-cg2676-cg2675-cg2674 operon, which was discussed earlier, and which
could, based on its regulatory setup and the characteristic gene output in response to heme,



be identified as a dipeptide transporter with the secondary function of heme import in future
studies.

In general, the extensive regulon of HrrA with more than 250 putative targets and its
involvement in the regulation of many crucial cellular processes (respiratory chain, oxidative
stress response, glycolysis, cell envelope, expression of other regulators) bring HrrA on par
with other global regulators proteins like Fur, ArcA or Crp in E. coli.

The authors of a study from 2014 were able to reconstruct the whole E. coli Fur
transcriptional regulatory network in response to iron by performing ChlP-Seq experiments
and combining the results with RNA-Seq data (Seo et al., 2014). Here, 143 iron-dependent
binding peaks were identified for Fur. A recent study on the homologous regulator in
B. subtilis postulated a comparable regulon with 89 binding sites (unrefereed preprint, (Pi
and Helmann, 2018)). For Fur, the expression level of the regulator was sufficient to perform
the purification experiments in the native, genomic context. For HrrA, plasmid-based
expression of hrrS and hrrA under native promoters was necessary. Thus, among the 250
binding peaks of HrrA, some of the peaks with low intensity might result from slightly
increased hrrSA expression and unspecific HrrA binding.

The amount of target genes or binding sites of other, well characterized, global regulators in
E. coli are close to the regulon of Fur, which directly binds and influences 110 target genes
(Seo et al., 2014). For the leucine-responsive protein (Lrp), 138 unique binding regions have
been identified (Cho et al., 2008). ArcA, which reprograms the E. coli metabolism under
anaerobic conditions, binds to 176 sites, some of which are in front of the same genes (Park
et al,, 2013). In ChIP-seq experiments with FNR, a global regulator of anaerobiosis, this
regulator bound to 207 genomic regions (Myers et al., 2013). The same study also provides
insight into the binding behavior of other DNA-interacting proteins, like the house keeping
sigma factor o7°, which bound to 2,106 different genomic sites under anaerobic conditions, or
H-NS, which was found to bind to 722 regions on the genome. Interestingly, several studies
report the identification of multiple binding peaks in the binding sites of the respective
regulators, e.g. Fur in E. coli (Seo et al., 2014). This is in line with observations, made in
ChAp-Seq experiments with HrrA. This phenomenon is only found for certain subsets of
target genes and possibly hints to an alternative binding behavior on these specific regions.
Thus, analysis of “multiple peak” regions across several global regulators might be an

interesting target of future studies.

The main aspect, which separates the analysis of HrrA from the studies of most other global
regulators, is that information on HrrA binding was acquired before stimulus addition, shortly
after stimulus addition (30 min) and with decreasing stimulus intensities (2 h, 4 h, 9 h, 24 h).



This approach revealed a proportional behavior of the HrrA regulon during the first hours
after heme addition and also showed the period of time in which the network
rewires/overrelaxes as soon as externally supplied heme is depleted. Several other studies
performed binding analysis either before and after stimulus addition at single fixed time
points, or observed the binding of a regulator to selected target genes over several time
points by combining ChIP with gPCR for only a selected number of target genes (Beauchene
et al., 2017; Pi and Helmann, 2017).

2.6 Conclusion and outlook

Heme is a molecule, which is essential for nearly all cellular life but is toxic at elevated levels
for eukaryotes and prokaryotes alike. Thus, it is not surprising that sophisticated, heme-
responsive regulatory mechanisms have evolved in all kingdoms of life. In Gram-positive
bacteria, TCSs are the predominant form of heme sensing and, interestingly, some members
of the Corynebacteriaceae family even utilize two TCSs, HrrSA and ChrSA, to adjust their
cellular response to this multifaceted molecule. This PhD thesis contributed to the
understanding of the signal perception (Keppel et al., 2018b), the temporal dynamics of the
activation of single target genes (Keppel et al., 2018c), and granted a view on the whole
regulon of one of the systems (Keppel et al., 2018a). Nevertheless, urgent questions
regarding these two interesting TCSs remain.

The more we learn about HrrSA and ChrSA, the more puzzling the small, subtle interactions
between these systems become. Previous studies reported, that both HKs, HrrS and ChrS,
are able to phosphorylate their cognate and their non-cognate RR, while the
dephosphorylation reaction of the cognate RR is highly specific (Hentschel et al., 2014). In
this setup, HrrS phosphorylation seems to contribute, at least partly, to the nearly
instantaneous activation of the ChrSA target gene and detoxification module hrtBA (Keppel
et al., 2018c). However, due to a high sequence identity of the RRs (nearly 60 %), drawing
conclusion regarding the specificity of RR-DNA interactions becomes immensely difficult.
Exemplarily, electrophoretic mobility shift assays with HrrA and ChrA suggested that both
regulators bind in the intergenic region between hrtBA and chrSA. Data from the genome
wide HrrA-binding screening confirmed this binding for HrrA, which appears to be

significantly heme-dependent, and preliminary data with ChrA support this assumption.

ChrA binding is essential for the activation of both, hrtBA and chrSA. This is demonstrated by
target gene reporters of both operons being completely inactive in a AchrA strain. The effect

of HrrA binding on the adjacent genes is less obvious. Shortly after stimulus addition



(30 min), we measured a two-fold decreased mRNA level of hrtB in the AhrrA strain,
compared to the wild type. However, after 4 h of cultivation, contrary behavior was observed
and the mRNA level of hrtB was increased four-fold in the deletion strain. While the effect of
hrrA deletion was less drastic on the chrSA operon, the paradox activation pattern of
decreased expression shortly after hemin addition and increased expression after 4 h is

shared between the divergently located hrtBA and chrSA operons.

One could think of several theories, which could explain HrrA involvement in the heme
detoxification response. The simplest one would be that HrrA acts as a weak activator of
hrtBA expression. However, for hrtBA expression, presence of ChrA is critical. In contrast to
the AhrrA strain, which shows a slight reduction of initial hrtBA expression, Phea activity is
fully repressed in a AchrA strain (Figure S5). This indicates, that the putative role of HrrA as
an activator of hrtBA must be ChrA dependent and HrrA cannot act as sole regulator of this
gene. According to this premise, at least two regulatory mechanisms are possible: i)
phosphorylated and dimerized HrrA binds, governed by ChrA, the intergenic region between
hrtBA and chrSA or ii) in the initial phase after stimulus contact HrrA and ChrA form a
heterodimer complex which contributes to hrtBA activation, which appears to be more likely.

In both cases, shortly after the first contact to heme as a new iron source, DtxR repression
inhibits HrrA activation or binding on some of its target promoters, e.g. Pnmuo. Consequently,
HrrA binds and activates secondary targets, e.g. hrtBA, either as homodimer governed by
ChrA, or in a heterodimer complex with ChrA. The two-fold decrease of the hrtBA mRNA
level in the AhrrA strain, 30 minutes after hemin addition, could be a result of the absence of
this activation. The absence of HrrA repression on heme biosynthesis genes in the AhrrA
strain, however, could also lead to higher, intracellular heme concentrations caused by
endogenous production. After 4 h of cultivation, these elevated heme levels trigger ChrS and
HrrS activity, which subsequently phosphorylate the only target in a AhrrA strain, ChrA,
which activates Pnea @s a secondary effect. This theory is supported by a second
observation: in a AhrrA strain, which is incubated in 4 uM FeSO, as iron source, a delayed,
but significant hrtBA reporter output can be observed. In wild type cells, on the other hand,

no hrtBA activity can be measured in iron containing medium (Figure S5).

The RR ChrA activates its own operon in a positive feedback loop and thus, the initial
concentrations of both ChrS and ChrA appear to be initially low - but strongly increase in
response to heme. HrrS and HrrA, on the other hand, seem to be constitutively expressed
with only minor changes in expression after heme addition. In this setup, and due to high
sequence identities between the two RRs, one could speculate that the formation of ChrA-

HrrA heterodimers contributes to the instantaneous saturation of the hrtBA promoter upon



stimulus perception of ChrS until the ChrA concentration is sufficiently high for the formation

of homodimers.

The physiological relevance of RR heterodimers has been shown for some TCSs, for
example in the Rcs phosphorelay system of E. coli. In this system, the RR RcsB regulates
transcription either as a phosphorylated homodimer or forms, in apartly phosphorylation
independent manner, dimers with other proteins such as RcsA, Bgld or GadE (Pannen et al.,
2016). In the case of HrrA and ChrA, further studies would have to concentrate on a
confirmation of such interactions, for example by simple co-purification experiments. In a
second step, the physiological relevance of the heterodimer complexes would have to be
demonstrated. For in-vivo measurements, the formation of HrrA-ChrA complexes could be

shown in two-hybrid experiments under different conditions and at various time points.

Apart from the unknown regulatory effect of HrrA on hrtBA, other, similarly pressing
guestions remain regarding the ChrSA regulon. While some indications speak for a very
narrow regulon of this TCS, a genome wide binding analysis could finally unravel the true
nature of ChrA regulation. In preliminary experiments, only minor peaks in the intergenic
region between hrtBA and chrSA, as well as upstream of hrrA, could be identified so far. This
might be attributed to an even lower expression rate of chrA, compared to hrrA, or to a vastly
different time scale on which ChrA binding happens. While these preliminary results once
more hint at a very narrow regulon of ChrSA, further experiments are required to test the

functionality of the construct and to improve protein yields of ChrA ChAP-Seq experiments.

A third unanswered question revolves around the overlap of the DtxR regulon and the HrrA
regulon in C. glutamicum. In the past, the regulatory setup appeared to be simple: DtxR adds
an additional layer of control on top of the HrrA regulon by not only repressing target genes
in an iron-dependent manner (e.g., hmuO), but also on the hrrA gene itself. However, our
recent study suggests, that the setup is more convoluted, since we found a regulatory effect
of HrrA on the ditxR gene (Keppel et al., 2018a). This indicates that a reciprocal network
structure shapes the interference between DtxR-HrrA. While this is in agreement with the
more global role of HrrA, which we postulated in this study, it also raises questions regarding
the regulatory hierarchy of these two important proteins.

In future studies, the description of all DtxR binding sites in the genome, for example in ChiIP-
Seq or ChAP-Seq experiments, might allow for the construction of an overarching map of
HrrA and DtxR binding and help to identify additional overlaps in - so far unknown - regions
of the C. glutamicum genome. The regulation of the hmuO gene exemplifies the regulatory
interference of HrrA and DtxR. Further genome-wide approaches will provide system-level
insights into the dynamics and interferences of regulatory networks. These findings will clarify



whether i) the interaction of DtxR with HrrA at the promoter of hmuO (DtxR as crucial
repressor, HrrA as crucial activator) is an example for the prevalent mechanism of
coordinated gene control, or ii) whether other modes of regulatory interferences exist.

Conclusion

In summary, this PhD thesis provides evidence for a direct sensing of heme by the two
kinases HrrS and ChrS and reveals possible differences in the heme-protein interfaces of
these sensors (Keppel et al., 2018b). Furthermore, the thesis contributes to the
understanding of the regulatory interplay between HrrSA and ChrSA by presenting a
comprehensive screening of a variety of mutant strains. Moreover, a resulting mathematical
model describes the temporal dynamics of some crucial, underlying, regulatory mechanisms
(Keppel et al., 2018c).

Lastly, we provide an insight into the systemic response that is governed by the heme-
inducible RR HrrA (Keppel et al., 2018a). This dataset does not only reveal the complexity of
the response to heme as a stimulus, but will, in future studies, help to foster the functional
analysis of previously uncharacterized genes possibly involved in the regulation of the
respiratory chain, cellular transport processes, oxidative stress and the remodeling of the cell
envelope of C. glutamicum.
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Membrane Topology and Heme
Binding of the Histidine Kinases
HrrS and ChrS in Corynebacterium
glutamicum

Marc Keppel, Eva Davoudi, Cornelia Gétgens and Julia Frunzke*

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

The HrrSA and the ChrSA two-component systems play a central role in the coordination
of heme homeostasis in the Gram-positive soil bacterium Corynebacterium glutamicum
and the prominent pathogen Corynebacterium diphtheriae, both members of the
Corynebacteriaceae. In this study, we have performed a comparative analysis of the
membrane topology and heme-binding characteristics of the histidine kinases HrrS and
ChrS of C. glutamicum. While the cytoplasmic catalytic domains are highly conserved
between HrrS and ChrS, the N-terminal sensing parts share only minor sequence
similarity. PhoA and LacZ fusions of the N-terminal sensor domains of HrrS and ChrS
revealed that both proteins are embedded into the cytoplasmic membrane via six
a-helices. Although the overall membrane topology appeared to be conserved, target
gene profiling indicated a higher sensitivity of the ChrS system to low heme levels
(< 1 wM). In vitro, solubilized and purified full-length proteins bound heme in a 1:1
stoichiometry per monomer. Alanine-scanning of conserved amino acid residues in the
N-terminal sensor domain revealed three aromatic residues (Y''2, F115, and F'8), which
apparently contribute to heme binding of HrrS. Exchange of either one or all three
residues resulted in an almost abolished heme binding of HrrS in vitro. In contrast, ChrS
mutants only displayed a red shift of the soret band from 406 to 418 nm suggesting
an altered set of ligands in the triple mutant. In line with target gene profiling, these
in vitro studies suggest distinct differences in the heme-protein interface of HrrS and
ChrS. Since the membrane topology mapping displayed no extensive loop regions and
alanine-scanning revealed potential heme-binding residues in a-helix number four, we
propose an intramembrane sensing mechanism for both proteins. Overall, we present
a first comparative analysis of the ChrS and HrrS kinases functioning as transient heme
sensors in the Corynebacteriaceae.

K Cor i i v

Y heme, heme-binding protein, transient heme
sensing, ChrSA, HrrSA

INTRODUCTION

Heme represents a ubiquitous cofactor of proteins and plays a vital role in a variety of cellular
processes, including electron transport, oxygen transport, or oxidative stress responses (Poulos,
2007). Ferriprotoporphyrin IX (heme) is also the predominant form of iron in vertebrates and
is consequently also exploited as an important iron source for - not only - pathogenic bacteria
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(Andrews, 2008; Cornelis et al., 2011). Elevated heme levels,
however, cause toxicity by so far not satisfactorily settled
mechanisms (Anzaldi and Skaar, 2010). Thus, the intracellular
heme pool is typically tightly balanced by a complex and
integrative regulatory network.

In bacteria, two-component systems (TCS) represent a
ubiquitous principle used by the cells to sense and respond to a
variety of different stimuli (Mascher et al., 2006). A prototypical
TCS consists of a membrane bound histidine kinase (HK) with
a unique sensing domain and a conserved, catalytically active
kinase core and a cytoplasmic response regulator (RR) which can
be phosphorylated and activated by the HK (Zschiedrich et al.,
2016). In response to the stimulus, the HK is autophosphorylated
at a conserved histidine residue. The following phosphoryl
transfer to the RR typically leads to the activation of this protein,
which then drives cellular adaptation, for example, by controlling
target gene expression (Stock et al,, 2000; Laub and Goulian,
2007).

In the Gram-positive soil bacterium Corynebacterium
glutamicum, two paralogous TCS, HrrSA and ChrSA, have been
reported to play a central role in the control of heme homeostasis
(Frunzke et al,, 2011; Bott and Brocker, 2012; Heyer et al., 2012).
While the HrrSA system is crucial for utilization of heme as an
alternative iron source by activating the expression of the heme
oxygenase (hmuO) under iron limiting conditions (Frunzke et al.,
2011), the TCS ChrSA is required to cope with elevated heme
levels by activating the expression of a putative heme exporter
hrtBA (Heyer et al, 2012). Significant cross-phosphorylation
between these two systems has been demonstrated in previous
studies (Hentschel et al., 2014) reflecting the striking similarity
of the HisKA_3 domains of the sensor kinases HrrS and ChrS
[pfam07730, ~40% sequence identity (Finn et al., 2010)]. In
contrast, the N-terminal, membrane anchored signal perception
domains of the sensor kinases share a low sequence identity of
only 8.5% (Supplementary Figure S1). Nevertheless, previous
studies provided evidence that heme is perceived as a stimulus by
both kinases (Frunzke et al., 2011; Heyer et al., 2012).

In nature, the predominant types of heme are heme b and
heme c¢. While heme ¢ is mostly found covalently bound to
proteins, heme b is often non-covalently bound (Bowman and
Bren, 2008; Brewitz et al., 2017). According to a bioinformatical
analysis of 125 different heme-binding proteins, the top five
residues with high frequencies in close proximity to the binding
pocket are cysteine, histidine, phenylalanine, methionine, and
tyrosine (Li et al., 2011). Overall, 31 different structural folds
were reported for the protein-heme interaction, hinting to a very
diverse mode of interaction between proteins and heme as ligand
(Lietal., 2011).

In the ChrS homolog of Corynebacterium diphtheriae, a single
tyrosine residue (Y61) was speculated to be involved in heme
binding (Ito et al., 2009; Bibb and Schmitt, 2010). A further
example of a heme-responsive TCS is the heme sensor system
(HssRS), which has been studied in Staphylococcus aureus and
Bacillus anthracis (Stauff and Skaar, 2009a,b). In this case, several
amino acids were speculated to be involved in heme binding.
However, the periplasmic loop domain of HssS represents a
significant difference to HrrS and ChrS in Corynebacteria. In
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contrast to ChrS, heme binding and membrane topology of HrrS
has not been studied so far.

Here, we performed a comparative sequence and biochemical
analysis of the transmembrane domain of C. glutamicum HrrS
and ChrS. Our data suggested that regardless of the low sequence
identity of the sensor domain, both kinases are embedded into
the cytoplasmic membrane via six o-helices. In vitro analysis
of purified full-length proteins revealed that HrrS and ChrS
bind heme in a 1:1 stoichiometry per monomer. Furthermore,
three conserved aromatic residues (Y''2, F115, and F!!8) were
identified, which are of crucial importance for heme binding of
HrrS. Conclusively, we provide insights into the organization
of the sensor domain of these two closely related HKs and
present a model for an intramembrane heme interface for signal
perception.

MATERIALS AND METHODS

Bacterial Strains and Growth Conditions
Corynebacterium glutamicum ATCC 13032 was used as wild
type strain (Kalinowski et al., 2003) (Supplementary Table S1).
For reporter studies, a BHI pre-culture (brain heart infusion,
Difco BHI, BD, Heidelberg, Germany) was inoculated with cells
from a fresh agar plate and incubated for 8-10 h at 30°C.
Subsequently, cells were transferred into a CGXII (Keilhauer
et al., 1993) preculture containing 2% (w/v) glucose and 0 LM
FeSOy4. These conditions have been optimized to achieve iron
starvation. Protocatechuic acid (PCA) was present in the pre-
culture, allowing the uptake of trace amounts of iron. After
overnight growth, a CGXII main culture (containing hemin as
iron source) was inoculated to an ODggy of 1. If necessary,
25 pug/ml kanamycin or 10 jug/ml chloramphenicol was added.

Escherichia coli was cultivated in Lysogeny Broth (LB) medium
at 37 or 20°C for protein production. If necessary, 50 pg/ml
kanamycin or 34 jug/ml chloramphenicol was added.

Cloning Techniques and Recombinant

DNA Work

Routine molecular biology methods were performed according to
standard protocols (Sambrook and Russell, 2001). Chromosomal
DNA of C. glutamicum ATCC 13032 was used as template
for PCR amplification of DNA fragments was and prepared
as described earlier (Eikmanns et al., 1994). DNA sequencing
and synthesis of oligonucleotides was performed by Eurofins
Genomics (Ebersberg, Germany).

For the construction of expression plasmids (Supplementary
Table S1), DNA fragments were amplified with oligonucleotides
given in Supplementary Table S2 and assembled into a vector
backbone either by Gibson et al. (2009) or via standard restriction
digestion and ligation. For the phoA/lacZ assays, pT7-5-phoA and
pT7-5-lacZ were used as vector backbones. Both plasmids were
kindly donated by the laboratories of G. Unden (Bauer et al.,
2011).

Wild type and mutant versions of hrrS and chrS were
expressed from the pkW3 plasmid backbone. The mutations
were introduced via “QuikChange Lightning” site directed
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mutagenesis according to the supplier's manual (Agilent
Technologies, Santa Clara, United States). The origin plasmid
was digested with Dpnl (digestion of methylated DNA) and
the mutant plasmid was transferred into E. coli TOP-10. The
introduced mutations were confirmed by sequencing.

Alkaline Phosphatase and

B-Galactosidase Assays

For both, the alkaline phosphatase (PhoA) and the
B-galactosidase (LacZ) assay, E. coli TG-1 was transformed
with truncated hrrS or chrS versions fused to either phoA
or lacZ in the pT7-5 vector and grown overnight in LB
medium containing kanamycin (50 jg/ml). The overnight
culture was diluted 1:50 in fresh medium and grown for 1.5 h
(~ODggp = 0.1). Subsequently, expression of the phoA/lacZ
fusions was induced with 1 mM IPTG for 1 h. The activities of
PhoA and LacZ fusions were measured as described as follows:
for the PhoA assay, 100 1 of the E. coli cells were harvested
and resuspended in 300 pul of 1 mM Tris-HCI (pH = 8.0). Cells
were permeabilized by the addition of 25 pl 0.1 % (w/v) SDS
and 25 pl chloroform to allow both substrates (p-nitrophenyl
phosphate and 2-nitrophenyl B-D-galactopyranoside) to enter
the cells. Samples were incubated for 20 min at room temperature
(Manoil, 1991). Subsequently, 200 pl of the upper phase was
transferred to a microtiter plate and the reaction was started
by the addition of 25 ul of a 5 mg/ml p-nitrophenyl phosphate
solution (in 1 mM Tris-HCl, 5 mM MgCl,, pH 8.0). For
background measurement and normalization, Absggg and Abssgg
were measured immediately. The plates were incubated at 28°C
for up to 2 h and the yellow color change was determined by
measuring the Absys.

For LacZ, the protocol was derived from a protocol published
by Miller (1992): 100 pl of the E. coli culture was harvested
and resuspended in 300 1 buffer Z (60 mM Na2HPO4-12H20,
40 mM NaH2PO4-H20, 1 mM MgSO4-7H20, 10 mM KCl, and
100 mM freshly added DTT).

The cells were permeabilized and transferred to a microtiter
plate. The reactions were started by addition of 25 pl of
a 5 mg/ml 2-nitrophenyl B-D-galactopyranoside solution (in
100 mM K;HPOy, pH = 7.0). Measurements were performed as
described for PhoA above. Miller units for both enzymes were
calculated according to Supplementary Formula S1.

Reporter Assays

For fluorescent reporter assays a 20 ml pre-culture of CGXII
minimal medium containing 2% (w/v) glucose was inoculated
from a 5 ml BHI culture of C. glutamicum carrying the reporter
plasmid (e.g., pJC1_Ppuo0-eyfp or pJC1_Py.pa-eyfp) (Hentschel
et al, 2014) and expressing a hrrS or chrS mutant gene (fused
to the flag-gene) from the plasmid pKW3 under control of the
native promotor. To cause iron starvation, no additional iron
source was added to the CGXII medium (PCA was present in
the pre-culture, allowing the uptake of trace amounts of iron).
The cells were incubated overnight at 30°C in a rotary shaker
and grew to an ODgq of ~10-20. Reporter assays in microtitre
scale were performed in the BioLector system (m2p-labs GmbH,
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Aachen, Germany). Therefore, 750 1l CGXII medium containing
2% (w/v) glucose and 2.5 wM hemin were inoculated from the
second pre-culture with iron-starved cells to an ODggg of 1 and
cultivated in 48-well Flowerplates® (m2p-labs GmbH, Aachen,
Germany) at 30°C, 95% humidity, 1200 r.p.m. For the hemin
stock solution, hemin (Sigma-Aldrich, Munich, Germany) was
dissolved in 20 mM NaOH to a concentration of 2.5 mM and
diluted in water to 250 WM. Biomass production of the growing
cells was determined as the backscattered light intensity of sent
light with a wavelength of 620 nm (signal gain factor of 12). For
the measurement of eYFP fluorescence, the chromophore was
excited at 510 nm and emission was measured at 532 nm (signal
gain factor of 50). The specific fluorescence corresponds to the
total eYFP fluorescence signal in relation to the backscatter signal
and is given in arbitraty units (a.u.) (Kensy et al., 2009).

Overproduction and Purification of

Full-Length Histidine Kinases

For the overproduction of HrrS-CStrep and ChrS-CStrep, E. coli
BL21(DE3) was either transformed with the vectors pET24b-
hrrS-Cstrep, pET24b-chrS-Cstrep or a mutated version and
cultivated in 500 ml LB medium at 37°C and 100 rpm. At
an ODggp of ~0.7, expression was induced by the addition of
0.5 mM IPTG. After 12-16 h at 20°C, cells were harvested
by centrifugation (4000 x g at 4°C, 10 min). The cell pellet
was stored at —20°C. For protein purification, the cell pellet
was resuspended in buffer W (100 mM Tris-HCI, pH = 8.0,
250 mM NaCl), containing “complete” protease inhibitor cocktail
(Roche, Germany). Cells were disrupted by passing a French
pressure cell (SLM Ainco, Spectronic Instruments, Rochester,
NY, United States) three times at 207 MPa. The cell debris
was removed by centrifugation (6900 x g, 4°C, 20 min),
followed by an ultracentrifugation of the cell-free extract for
1 h (150,000 x g, 4°C). Pellets containing the membrane
fraction were resuspended in 3 ml buffer W containing protease
inhibitor. For solubilization of HrrS-CStrep and ChrS-CStrep,
the membrane fraction was incubated with 1% n-Dodecyl-B-D-
Maltoside (DDM) (Biomol, Germany) at 25°C on a rotary
shaker for 1 h. After a second ultracentrifugation step (0.5 h,
150,000 x g, 4°C), solubilized HrrS-CStrep and ChrS-CStrep
present in the supernatant were purified by strep-tactin affinity
chromatography (1 ml column volume, CV). Equilibration was
performed with 15 CV buffer W containing 0.03% DDM. After
washing with 15 CV of buffer W containing 0.03% DDM,
CStrep-proteins were eluted with 5 CV of buffer W containing
0.03% DDM and 15 mM desthiobiotin. Fractions containing
the desired Strep-tagged proteins were pooled, and the buffer
was exchanged against HEPES-buffer (20 mM HEPES, pH 7.5,
20 mM KCl, 20 mM MgCI2, 200 mM NaCl) using a PD10
desalting column (GE Healthcare, Munich, Germany). The
purified proteins were kept at 4°C and immediately used for
heme-binding studies. Purity of protein samples was analyzed on
a12% SDS-polyacrylamide gel, which was afterward stained with
Coomassie brilliant blue (G250, VWR Chemicals, Pennsylvania,
United States). The protein concentration was determined using
the extinction coefficients [e(HrrS) = 35535, ¢(ChrS) = 51575]
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with a nano-spectrophotometer at 280 nm. In our elution
fractions, the DDM interfered with other assays such as Bradford
protein assay or Pierce BCA Protein Assay (Thermo Fisher,
Waltham, United States).

Western Blot Analysis

The production of HrrS and ChrS flag-tag variants was verified
by western blot analysis. C. glutamicum AhrrS AchrS strains
expressing a hrrS or chrS mutant gene (fused to the flag-
gene) from the plasmid pKW3 under control of the native
promotor were cultivated as described in the Section “Bacterial
strains and growth conditions.” After 12 h, the cells were
harvested and disrupted by passing a French pressure cell.
Subsequently, 20 pg of protein extract were resuspended
in SDS sample buffer (124 mM Tris-HCI, pH = 6.8, 20%
(v/v) glycerol, 4.6% (w/v) SDS, 1.4 M B-mercaptoethanol,
0.01% (w/v) bromophenol blue) and the proteins separated
by SDS-gel electrophoresis (12% separating gel, Bio-Rad
Laboratories, Inc., United States). The gel was electroblotted
via a Transblot Semi-Dry Transfer Cell (Bio-Rad Laboratories,
Inc., United States) to a nitrocellulose membrane (Amersham®
Hybond-ECL Membranes, GE Healthcare, Germany) in Towbin-
Blotpuffer (25 mM Tris, 192 mM Glycin, 20 % (v/v) Methanol).
Transfer was carried out for 45 min (15 V). The membrane
was blocked for 1 h in TBST (20 mM Tris-HCl pH = 7.5,
500 mM NaCl, 0.05 % (v/v) Tween 20) with 5 % (w/v)
skim milk powder and subsequently washed in TBST and for
the specific detection of FLAG-tagged proteins. Membranes
were incubated for 1 h in ANTI-FLAG®-antibody (produced
in mouse, 5 ug/ml, Sigma-Aldrich, Munich, Germany). After
washing in TBST (3x) the membrane was incubated in a
1:10000 dilution of peroxidase-coupled anti-mouse secondary
antibody for 1 h (GE Healthcare, Germany). For the detection of
peroxidase activity, the “Amersham ECL-Select Western Blotting
Detection” regent was used (GE Healthcare, Germany) and
analyzed with the LAS-3000 mini (Fuji Photo Film Co., Tokyo,
Japan).

Heme-Binding Assays with Purified

Protein

To assess the heme binding of purified kinases, we proceeded
as following: after cell disruption and removal of cell debris
by centrifugation, the cleared lysate of E. coli, overproducing
HrrS or ChrS, was incubated with 50 uM hemin for 1 h
at 4°C prior to ultracentrifugation of the cell-free extract
for 1 h (150,000 x g, 4°C). Subsequently, the proteins were
purified as described above. The purified protein was then
analyzed via UV-visual spectroscopy: The absorption from 280
to 600 nm was determined using the UV/Visible double beam
spectrophotometer UV-1601 PC (Shimadzu, Kyoto, Japan). For
in vitro binding assays, purified protein (no pre-incubation with
hemin) was added to buffer containing hemin concentrations
from 0.5 to 36 uM and incubated for 5 min at room
temperature. Subsequently, the absorption from 280 to 600 nm
was determined. The samples were then referenced to respective
hemin concentrations in buffer without protein.
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In Vitro Phosphorylation Assays

The autophosphorylation of both full-length HKs was
determined as follows: immediately after purification, both
kinases were incubated with 0.25 uM[y~33P]-ATP (10 mCi/ml;
PerkinElmer, United States) mixed with 80 LM non-radioactive
ATP. The mixture was incubated for up to 30 min and at different
time points 7 pl aliquots were removed, mixed with an equal
volume of 2 x SDS loading buffer (124 mM Tris-HCI, pH = 6.8,
20 % (v/v) glycerol, 4.6 % (w/v) SDS, 1.4 M B-mercaptoethanol,
0.01 % (w/v) bromophenol blue) and kept on ice. Without prior
heating, the samples were subjected to an SDS-PAGE (12%
separating gel, Bio-Rad Laboratories, Inc., United States). Dried,
gels were exposed on storage phosphor imaging films (Fuji Photo
Film Co., Tokyo, Japan) and analyzed with a Typhoon Trio
Scanner (GE Healthcare, Germany) after 24 h.

RESULTS

Transmembrane Organization of HrrS

and ChrS Is Highly Conserved

The HrrSA and ChrSA systems represent two homologous TCS
involved in heme-responsive gene regulation in C. glutamicum.
Whereas the cytoplasmic domains of the HrrS and ChrS kinases
show a high sequence identity (39.4% in the HisKA_3 domains),
the N-terminal sensor domains share only minor conservation
at the sequence level (8.5%, Supplementary Figure S1). In
order to unravel mechanistic differences or similarities in signal
perception, we analyzed the transmembrane topology of both
N-terminal sensor domains. For this purpose, we used online
prediction tools in combination with an experimental approach
based on PhoA/LacZ fusions. For the prediction of membrane
spanning a-helices different analysis tools were applied, including
TopPredII (Claros and von Heijne, 1994), TMPred (Hofman and
Stoffel, 1993), Hmmtop (Tusnady and Simon, 2001), Minnou
polyview (Porollo et al.,, 2004), CBS TMHMM (Krogh et al.,
2001), DAS (Cserzo et al.,, 1997) Mpex (Snider et al,, 2009),
TOPCONS (Tsirigos et al., 2015), and Phobius (Kall et al., 2007).

As indicated in Supplementary Table S3, five out of nine
programs suggested five transmembrane helices (TMHs) for
ChrS, whereas three tools predicted six TMHs. The outcome
of this analysis was even more diverse in the case of HrrS,
where predictions ranged from 3 to 7 TMHs for the HrrS
sensor domain - highlighting the importance of experimental
verification.

For each kinase gene, hrrS and chrS, several truncated versions
were fused to the phoA and lacZ genes at their 3’-end, encoding
the alkaline phosphatase (PhoA) or the B-galactosidase (LacZ),
respectively (Figure 1A). By expressing these fusion genes in
E. coli TG-1, C-terminally truncated forms of HrrS and ChrS
were obtained, that are linked to intact PhoA or LacZ enzymes.
While PhoA displays high enzymatic activity if located in the
periplasm, LacZ is only active if the enzymatic part of the protein
is accessible in the cytosol (Manoil, 1991). Positions of the fusion
constructs were distributed over the N-terminal sensor domain
while focusing on residues close to predicted TMHs. Remarkably,
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FIGURE 1 | Experimental analysis of HirS and ChrS membrane topology. (A) Sequence alignment of the N-terminal sensor domain of C. glutamicum HrrS and ChrS.
A total of 20 truncated versions of HrrS or ChrS fused to the alkaline phosphatase (PhoA) or the p-galactosidase (LacZ) at the indicated amino acids positions were
produced in E. coli TG-1 (A). Based on the results indicated in (B-E) fusion residues are marked in red (inside) or green (outside). (B)+(D): Enzymatic activities of 20
PhoA (up) and LacZ (down) fusions of HrrS and ChrS (given in miller units). The enzymatic activity of all fusion proteins was measured as described in the Section
“Materials and Methods." Data represent average values of three independent biological replicates. (C)+(E): Log1o of the PhoA-activity/LacZ-activity ratios. The graph
outlines the membrane topology of the histidine kinases (HKs) HrrS and ChrS: a ratio of > ~0.5 indicates an extracellular and < ~—0.5 a cytoplasmic localization.
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glucose containing 0-6 1M hemin. The maxima of the specific fluorescence after 7 h (Pamuo. A and C) or 3 h (Pxs4. B and D) are shown. The specific fluorescence
of mutant strains displaying background reporter levels was subtracted from the measurement (AhrSA for Ppmuo-eyfo and AchrSA for Ppaga-eyfp). The reporter
output over the time course of the experiment is shown in Supplementary Figure S2.
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this analysis revealed that both kinases, HrrS (Figures 1B,D)
and ChrS (Figures 1C,E), are embedded into the cytoplasmic
membrane via six TMHs. Thus, despite their minor sequence
similarity, HrrS and ChrsS share a conserved membrane topology.
Referring to the results of the topology prediction tools, only
TOPCONS (Tsirigos et al., 2015) and HMMTOP (Tusnady and
Simon, 2001) were in line with our experimental data for both
HrrS and ChrS.

Target Gene Profiling Revealed a Higher
Sensitivity of ChrS toward Heme in
Comparison to HrrS

As a next step in the comparative analysis of HrrS and ChrS,
we performed a profiling of target gene activation in response
to heme as a stimulus. To avoid cross-phosphorylation between
the systems and to focus on pathway activation mediated by
only one of the two HKs, the deletion strains AchrS and
AhrrS were transformed with the respective target gene reporter
constructs (pJC1_Pyyu0-eyfp and pJC1_Pjpa-eyfp, respectively)
(Hentschel et al., 2014). In the case of HrrS, the respective
target promoter P, already revealed a high background
output caused by the iron limiting conditions leading to DtxR
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derepression (Wennerhold and Bott, 2006) (Figure 2, full spectra
in Supplementary Figure S2). Heme-dependent activation via
HrrS was only observed for heme concentrations above 4 uM
resulting in a 1.5- to 1.7-fold induction (4 0.08/4 0.13) of the
reporter (Figure 2A). In contrast to that the ChrS target gene
reporter Pj.pa-eyfp (heme detoxification) showed almost no
background activity and displayed a sensitive induction profile
already at low (< 1.5 uM) heme concentrations, with a fold
change of about 8 in the lower micromolar range (+ 2.2,
0.2-1.5 uM) (Figure 2B). These findings are in agreement with
previous data (Hentschel et al., 2014), suggesting a very sensitive
response of the ChrSA system toward low heme levels, in contrast
to the HrrSA system which facilitates heme utilization as an iron
source, but only under iron limiting conditions (Figures 2C,D).
Taken together, these results confirmed the heme-responsive
activation of the HKs, but also provided evidence for differences
in signal perception and ligand-binding affinity.

HrrS and ChrS Are Heme-Binding

Proteins

In the following, we performed in vitro studies to test whether
both kinases bind heme via their N-terminal sensor domain.
Therefore, both proteins were purified from E. coli BL21
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FIGURE 3 | UV-Vis analysis of the heme-binding properties of HrrS and ChrS.
For hemin-binding assays, different amounts of hemin were titrated to 10 uM
purified HrrS or ChrS to a final concentration of 0, 2, 4, 8, 16, and 32 uM. The
mixture was incubated for 5 min at RT and then analyzed by UV-visual
spectroscopy. The resulting absorption was referenced against the absorption
of buffer containing only DDM micelles but no protein. The graph shows the
maxima of the soret peaks at 420 nm.

(DE3) by the means of an N-terminal Streptactin tag (see
the section “Materials and Methods”). Subsequently, 10 uM
of solubilized and purified protein was mixed with different
concentrations of hemin and analyzed by ultraviolet-visible
spectroscopy (UV-Vis). Resulting spectra with the characteristic
soret-peak at 406-420 nm were referenced against a buffer
control, containing only the DDM micelles, in the absence of
protein. The maximum values of the characteristic soret-peaks of
heme/protein interaction at 420 nm are shown in Figure 3.

In our assay, both HrrS and ChrS showed heme-binding
properties and the absorbance AAbsyyg saturated slightly above
8 |LM suggesting that both kinases bind heme in a 1:1 ratio
(see full spectra in Supplementary Figure S3). These data, thus,
emphasize that ChrS and HrrS contain a single heme-binding site
per monomer.

Identification of Putative Heme-Binding

Residues by Alanine Scanning of HrrS
Subsequently, we aimed at the identification of amino acid
residues potentially involved in heme binding. Therefore, several
conserved residues in the transmembrane domain of HrrS were
exchanged against alanine to disrupt the heme-protein interface.
The chosen amino acid residues are conserved among HrrS
orthologs of several Corynebacteriaceae species (Supplementary
Figure S4) and located within the N-terminal sensor domain
of the kinase. Proper synthesis of most resulting proteins
in C. glutamicum was confirmed by western blot analysis
(Figure 4B). The heme-responsive activation of HrrS was
monitored by using the Py,,,,,0-eyfp target gene reporter described
earlier (Hentschel et al., 2014).

Proteins were produced in a C. glutamicum AhrrSAchrS
mutant strain to avoid cross-activation by the respective non-
cognate kinase (Hentschel et al, 2014). The C. glutamicum
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AhrrSAchrS strain was transformed with the reporter plasmid
pECXC99E_Ppyu0-eyfp  (chloramphenicol —resistance) and
complemented with pKW3 (kanamycin resistance) carrying
either wild type hrrS under the control of its own promoter
(Ppprs-hrrS) or one of the 15 hrrS single residue exchange
variants. Whereas the empty vector control only displayed
background levels of fluorescence, a significant reporter output
could be restored by complementation with wild type hrrS
(Figure 4A, full spectra shown in Supplementary Figure S5).

With this approach several residues were identified, that,
upon exchange against alanine, led to a significantly reduced
reporter output [up to 66 % reduction (Y112) compared to
wild type HrrS]. Particularly interesting is a cluster of four
aromatic amino acids inside or in close proximity of o-helix
4; W100_y112_plI5_plI8  1pdeed, previous studies revealed that
tyrosine and phenylalanine residues are prime candidates for
heme-interaction (Li et al., 2011). However, the tryptophan W'%°
appeared to be of structural importance for HrrS. This residue
is located in the middle of a-helix three and purification of this
variant led to a highly unstable and aggregated eluate, while HrrS-
wt or other variants were purified as stable protein. Furthermore,
HrrSW100A and HrrST97A show slightly reduced protein
amounts in our western blot analysis (Figure 4B). Consequently,
we concentrated on the triple residue, intermembrane motive
YU2_FU5_FU8 (marked as * in Figure 4). Exchange of the residue
Y112 to alanine (HrrSY112A) resulted in reduced proteins levels
(data not shown), and thus, HrrSY112F was used for further
analysis (Figure 4B). In comparison with the single mutants,
a simultaneous exchange of all three conserved residues (Y'!2-
FU5-FU18) ‘however, led to no further decrease in target promoter
activation (Figure 4, marked as **). We speculate that even
after complete loss of signal perception, HrrS will still exhibit
background kinase activity resulting in the activation of hmuO
transcription.

Based on the finding for HrrS, we also investigated the
second kinase, ChrS, in an analogous experiment. However,
here, the plasmid-based overexpression of chrS variants was
hampered by the fact that ChrS appeared to exhibit a very
strong phosphatase activity resulting in weak target promoter
activation (pJC1_Py,pa-eyfp) upon overproduction. Even for an
expression of chrS on the same plasmid (pJC1_Pp,ipa-eyfp_Peurs-
chrS), only minor activities could be measured for the reporter
(Supplementary Figure S6). Nevertheless, again the exchange of
the three residues Y, F, and F* resulted in a significantly
lower reporter output. These residues are conserved in the sensor
domains of HrrS and ChrS in C. glutamicum. However, because
of the very low reporter output, the findings for ChrS must be
viewed critically.

HrrSY112A-F115A-F118A gho\ws Impaired
Heme-Binding Properties

In the following, the role of the three aromatic amino acids, as
putative heme-binding residues in HrrS, was further investigated
in in vitro hemin-binding assays. For this purpose, wild type
protein as well as the triple mutant Hrr$Y!12A-FIISA=FIISA (yere
overproduced in E. coli BL21 and subsequently solubilized and
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FIGURE 4 | Alanine scanning of the N-terminal transmembrane domain of
HrrS revealed putative heme-binding residues.(A) The C. glutamicum mutant
strain AhrrSAchrS was transformed with the target gene reporter
PECXCO9E_Ppmuo-eyfp and the pkW3 plasmid either containing wild type
hrrS under its native promoter (wt) or 1 of 15 hrrS variants, encoding the HK
with a single amino acid exchange. All proteins contained a C-terminal FLAG
tag fusion for western blot analysis. Cells were cultivated in a microbioreactor
system (Biolector) in CGXII minimal medium with 2% (w/v) glucose containing
2.5 M hemin. The specific fluorescence after 8 h is shown. *Highlights three
aromatic residues inside of helix 4 which were further investigated in following
experiments. **Activation of the target gene reporter by the triple mutant
HirSY112A-F115A-F118A (B) Western blot of HrrS variants (20 g raw protein
extract) using an anti-FLAG® primary monoclonal ANTI-FLAG M2 antibody
(5 pg/ml) and a peroxidase coupled anti-mouse secondary antibody.

purified as described in the Section “Materials and Methods.”
Upon analysis of 12 uM of both proteins (no addition of heme)
via UV-vis spectroscopy (280-600 nm) and normalization to
the protein absorption (Absyg), HrrS consistently showed a
soret band at 406 nm which was lacking for the triple mutant
(Figure 5). This peak corresponds to small amounts of heme co-
purified from the E. coli extracts. Remarkably, this peak was not
observed for the HrrSY!2A-FISA-FISA yriple mutant protein
providing first evidence that heme binding of HrrS was impaired
by the exchange of these residues (Figure 5). Also for the single
HrrS mutants (HrrSY““, HrrSFI15A and HrrSF“sA), ChrsS, and
the ChrSY$7A—FO0A—FA yariant, no co-purification was observed
either (Supplementary Figure S7).

However, only a small fraction of the purified HrrS appeared
to be in the heme-bound state. To enhance this effect, 50 uM
hemin was added to the cleared E. coli lysate prior to protein
purification. The lysate was incubated for 1 h at 4°C and
subsequently, purification was carried out as described above.
After this reconstitution, a significantly increased peak was
observed for wild type HrrS after the purification, and now, even
the single mutants or the triple mutant Hrr§Y!12A—FI15A-FI18A
were co-purified with small amounts of heme/hemin (Figure 6).
In contrast to the wild type protein, however, the binding was
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FIGURE 5 | Heme co-purifies together with wild type HrrS (solid line) but not
with the triple mutant HrrSY112A-F115A-F118A (dotted line). HrrS (solid line) and
HrrSY112A-F118A-F118A (dotted line) were purified from E. coli (BL21) cells as
described in the Section “Materials and Methods.” The cells were grown for
16 h, expressing the kinases. No additional heme/hemin was added to the
medium or lysate. The purified protein (12 £M) was conducted to UV-vis
spectroscopy in a range from 280 to 600 nm. Both spectra were normalized
to the absorption of the proteins (at 280 nm) and background absorption of
buffer with micelles was subtracted from both spectra. An arrow indicates a
small soret peak at 406 nm in the spectrum of wild type HIrS (solid line) which
is not observable in the triple mutant (dotted line). The box shows a zoom into
the peak area.

strongly reduced. Similar to the alanine scanning, no clear
difference between the single (Figure 6A) and the triple mutants
(Figure 6B) was noticeable, suggesting that all three residues
are equally important for the formation of the heme-protein
interface. In vitro autophosphorylation of HrrS and the triple
mutant HrrSY!12A-FUSA-FISA “indjcated that both proteins
are correctly folded and enzymatically active (Supplementary
Figure S8).

Analogous experiments were performed for ChrS and
the triple mutant ChrSY$7A—FOA=FMA Both proteins were
not purified with bound heme from E. coli membranes
(Supplementary Figure S7). However, upon addition of hemin
to the cleared lysate prior to purification a significant soret
band at 406 nm emerged for ChrS demonstrating the ability of
this protein to bind heme in vitro (Figure 6C). Interestingly,
for ChrSYS7A—F90A—F94A e peak volume was not reduced but
showed a significant red shift from 406 to 418 nm. Thus,
heme binding of ChrSY$7A=F0A-FMA j5 somehow affected but
obviously, the heme-protein interface differs from HrrS where
exchange of the same conserved triplet (HrrSY!12A-F115A—F1184)
almost abolished heme binding in the homologous HK.

DISCUSSION

Bacterial heme homeostasis relies on complex regulatory
networks integrating iron- and heme availability to harmonize
intracellular processes involved in heme degradation (e.g.,
HmuO), export (HrtBA), biosynthesis, and heme-containing
proteins (Andrews et al.,, 2003; Yasmin et al., 2011). The Gram-
positive soil bacterium C. glutamicum, remarkably, invests 2
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FIGURE 6 | Heme-binding studies with single- and triple mutants of HrrS and ChrS. For all samples, 50 M hemin was added to the cleared E. coli BL21 (DE3)
lysate of cells overproducing either HrrS, one of the three HrrS single mutants (A) or the HrrS triple mutant (B). Additionally, ChrS and ChrSY87A-F0A-F44 \yere
analyzed in an analog experiment (C). After incubation of the lysate with 50 .M hemin for 1 h, ultracentrifugation, solubilization, and purification were carried out as
described in the Section “Materials and Methods.” Purified protein samples (12 M) were conducted to UV-vis spectroscopy and the resulting spectra were
normalized to the absorption of the proteins at 280 nm. Background absorption of buffer with DDM micelles was subtracted.
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FIGURE 7 | Topology model of the N-terminal transmembrane domain of the two HKs HrrS and ChrS. (A) Sequence alignment of the N-terminal parts of HrrS and
ChrS was generated using ClustalW, and the transmembrane helices indicated are based on predictions and in agreement with our PhoA/LacZ-Screening. (B,C)
Scheme of the topology of HrrS and ChrS. Circles represent single amino acids, red indicates high LacZ-activity of the fusion protein (intracellular localization), and
green high PhoA activity (extracellular localization). The three putative heme-binding residues of HrrS, Y112, F115, and F118, are indicated as dark green circles in
helix number four (B).

out of 13 TCS for the maintenance of heme homeostasis
(Frunzke et al,, 2011; Bott and Brocker, 2012; Heyer et al,
2012). Information on iron availability is integrated into the
network via the global iron-dependent regulator DtxR, which
represses both the hmuO gene as well as hrrA encoding
the RR of the HrrSA “heme utilization system” (Wennerhold

and Bott, 2006). This overall network topology is conserved
between the non-pathogenic soil bacterium C. glutamicum and
the prominent pathogen C. diphtheriae highlighting that heme
regulatory processes are not restricted to pathogens of vertebrates
but represent a significant fitness trait of many bacterial species in
the battle for iron.
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In this study, we demonstrated that the two HKs of the TCS,
HrrSA, and ChrSA, bind heme in a 1:1 stoichiometry per HK
monomer. This is in agreement with previous studies reporting
the activation of HrrSA and ChrSA target gene expression (e.g.,
hmuO and hrtBA, respectively) in response to heme availability
(Bibb et al., 2007; Bibb and Schmitt, 2010; Frunzke et al., 2011;
Heyer et al., 2012; Hentschel et al., 2014; Burgos and Schmitt,
2016).

For both kinases, heme binding occurs at an N-terminal
sensing domain which is embedded in the cytoplasmic
membrane via six TMHs connected by only small loop
regions (Figure 7A). Although our studies revealed a similar
membrane topology, the sequence conservation of the sensor
domain is rather minor (8.5% sequence identity). This is in
line with the finding that heme recognition differs between
the systems. Whereas exchange of three conserved aromatic
residues (tyrosine 112 and the phenylalanine residues 115
and 118) almost abolished heme binding of HrrS, exchange
of these amino acids in the sensor domain of ChrS only
resulted in a red shift of the soret band toward an absorption
maximum at 418 nm. Differences in heme perception are
also reflected by the profiling assay demonstrating a much
more sensitive response of the ChrS kinase to heme as a
stimulus (Figure 2). The central iron atom of heme can either
be bound in a penta- or hexa-coordinated manner (Brewitz
et al,, 2017). The position of the soret band of heme-binding
proteins is significantly influenced by the chemical nature
of the amino acid ligands (Vickery et al., 1976). Because of
this, one can speculate that an altered set of ligands with
different chemical properties participates in heme binding
of the triple mutant ChrSYS7A—FO0A—FYA " requlting in a
red shift of the soret band. This set of alternative ligands
seems not to be present in HrrS, however. Based on these
findings, we cannot exclude that the triplet of conserved
aromatic residues is involved in ChrS heme binding as
well.

Sequence analysis of ChrS/HrrS paralogs revealed that the
three aromatic residues are highly conserved in different
Corynebacteriaceae species (Supplementary Figure S3). In their
recent study, Li et al. (2011) analyzed the top five amino
acids with high frequencies in heme-binding pockets and
concluded that cysteine, histidine, methionine as well as tyrosine
and phenylalanine are the most prominent residues in such
interaction centers. Attributed to the chemical versatility of
the heme molecule, different heme-protein interactions are
possible (Brewitz et al, 2017). Whereas amino acids may
act as axial ligands of the central iron atom via sulfur,
nitrogen or oxygen donor atoms (cysteine, histidine, lysine,
and tyrosine, respectively), m-stacking interactions via aromatic
residues (phenylalanine, tyrosine, or tryptophan) may also
contribute to the heme interface. For HrrS, we identified
three aromatic residues (Y''2, F!'°, and F''8), which upon
exchange, led to a reduced reporter output in response to
heme. Remarkably, an exchange of Y112 to phenylalanine
(lacking the hydroxyl group of tyrosine) led to a drastically
reduced heme binding (Figures 5, 6). We therefore speculate
that the tyrosine 112 may act as an axial ligand of the
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central iron atom. Also in NEAT (NEAr Transporter) proteins,
several well-studied cases confirmed single tyrosine residues
coordinating the central metal ion of the heme molecule
(Grigg et al, 2007; Sharp et al, 2007; Villareal et al,
2008).

While Y2 is concluded to be crucial for the interaction
with the iron atom, the phenylalanine residues F'” and
F''"® might be important for the interface through aromatic
stacking interactions with the porphyrin ring of heme (Schneider
et al, 2007; Smith et al, 2010; Li et al, 2011). Interestingly,
a single proline residue (P''®) is located between the two
phenylalanine residues and is, together with the YFF motif,
conserved between HrrS and ChrS (Figure 6A). This amino
acid might be involved in shaping the heme interface by
kinking the a-helix number four (von Heijne, 1991) thereby
creating a heme-binding pocket consisting of the three residues
Y2 plI5_yUI8 (Figure 7B). This effect has been demonstrated
for the cysteine-proline (CP) dipeptide motif representing
a prominent heme-regulatory motif (Lathrop and Timko,
1993).

In C. diphtheriae, the ChrS membrane topology was predicted
using the two tools TMpred and DAS and experimentally
analyzed via six PhoA/LacZ fusions (Bibb and Schmitt,
2010). Comparable to HrrS and ChrS in C. glutamicum,
six TMHs were postulated (Figures 7B,C). In this study,
alanine scanning of the N-terminus of this homologous protein
revealed several kinase mutants with inability to activate the
target operon hrtBA. A conserved tyrosine residue in TMH
number two (Y®') was postulated as a prime candidate for
heme binding (Bibb and Schmitt, 2010). This amino acid
YS! in ChrS (C. diphtheriae) corresponds to Y’* in HrrS
(C. glutamicum, see Supplementary Figure S3). However,
in our study the exchange of this residue to alanine had
no significant effect (Figure 4). In contrast, the exchange
of phenylalanine residue 114 to alanine in C. diphtheriae
ChrS (TMH number four) led to a 40% decreased Py,
activity. Interestingly, this residue is conserved between most
Corynebacteriaceae and as supporting evidence phenylalanine
F!8 is part of our postulated Y''2-F!'>_F!!8 heme-protein
interface in HrrS, suggesting a conserved function and mode of
interaction.

As a further heme-responsive TCS, Stauff and Skaar
(2009a,b) characterized the conserved HssRS of Staphylococcus
aureus and Bacillus anthracis and predicted an N-terminal
periplasmic sensing domain flanked by two transmembrane
helices. Their findings indicate that the mode of signal
perception of HssS (S. aureus and B. anthracis) vastly differs
from HrrS/ChrS from Corynebacterium species. Exchange of
several residues in the extracellular part of B. antracis HssS
did not lead to the identification of the heme-binding site,
but the fact, that the sensing domain is flanked by two
helices led to the prediction, that this protein detects a signal
located either in the periplasm or within the membrane
itself, similar to HrrS (Stauff and Skaar, 2009a). As in
our study, the exchange of residues likely not involved in
heme binding (such as arginine or lysine) showed reduced
phenotype complementation and led to the speculation that this
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domain might be more involved in signal transduction than
previously expected.

In summary, this study provides evidence for a direct sensing
of heme via the N-terminal sensor domain of the HKs ChrS
and HrrS in C. glutamicum. Although the particular binding
pocket may differ between the proteins, they represent two
further examples of proteins involved in transient heme-sensing
of bacteria. Considering the versatile composition of heme-
protein interfaces in nature, the molecular and structural analysis
of heme proteins provides an important basis for the prediction
of novel domains potentially involved in heme sensing.
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Heme is an essential cofactor and alternative iron source for almost all bacterial species but may cause
severe toxicity upon elevated levels and consequently, regulatory mechanisms coordinating heme
homeostasis represent an important fitness trait. A remarkable scenario is found in several
corynebacterial species, e.g. Corynebacterium glutamicum and Corynebacterium diphtheriae, which
dedicate two paralogous, heme-responsive two-component systems, HrrSA and ChrSA, to cope with
the Janus nature of heme. Here, we combined experimental reporter profiling with a quantitative
mathematical model to understand how this particular regulatory network architecture shape the
dynamic response to heme. Our data revealed an instantaneous activation of the detoxification
response (hrtBA) upon stimulus perception and we found that kinase activity of both kinases contribute
to this fast onset. Furthermore, instant deactivation of the P54, promoter is achieved by a strong ChrS
phosphatase activity upon stimulus decline.

While the activation of detoxification response is uncoupled from further factors, heme utilization is
additionally governed by the global iron regulator DtxR integrating information on iron availability into
the regulatory network. Altogether, our data provide comprehensive insights how TCS cross-regulation
and network hierarchy shape the temporal dynamics of detoxification (hrtBA) and utilization (hmuO) as
part of a global homeostatic response to heme.

“All things are poison, and nothing is without poison, the dosage alone makes it so a thing is not a poison”
Paracelsus, 1493-1541

central iron atom with the concomitant release of
carbon monoxide (5). One early-characterized
example for this class of enzymes is HmuO, a heme
oxygenase of Corynebacterium diphtheriae that was
found to be essential for the utilization of free and

Heme represents an important iron source for almost
all bacterial species (1) and is a ubiquitous cofactor of
a variety of enzymes (2). Elevated cellular
concentrations of heme can however, cause severe
toxicity. But this is basically true for all nutrients as

already emphasized by the Swiss physician and
founder of modern toxicology, Paracelsus (3, 4).
Consequently, a robust regulation of homeostasis is
key to the cell's survival and typically, sophisticated
regulatory mechanisms are engaged in maintaining
optimal intracellular conditions and tolerance to
environmental fluctuations. Once inside the cell, most
bacteria rely on heme oxygenases to catalyse the
conversion of heme to biliverdin, thereby salvaging the

hemoglobin-bound heme (6, 7). An ortholog of HmuO
was also identified in Corynebacterium glutamicum,
were the deletion of the corresponding gene led to
reduced growth on hemin as sole iron source (8). In
Gram-negative pathogens, including Neisseria spp.
and Pseudomonas aeruginosa, proteins of the
HemO/PigA family were found to catalyse the
cleavage of the porphyrin ring structure, but do not
share significant sequence similarity with HmuO of



Gram-positive species (9, 10). The cost and benefit of
using heme as an alternative iron source, however,
needs to be carefully considered by the cell
Corynebacterial species, for example, employ the
master regulator of iron homeostasis, DtxR, to feed
information on iron availability into the network
controlling heme homeostasis. DixR was shown to
repress hmuO under iron-replete conditions and
thereby adds an additional layer of regulation to the
physiological response to heme (6, 11).

While the cause of heme toxicity is not conclusively
unravelled (12), organisms have evolved a variety of
mechanisms to minimize toxic effects. Whereas some
bacteria rely mostly on their oxygenase to degrade
excess heme, such as Neisseria gonorrhoeae (13) or
Clostridium perfringens (14), an alternative strategy
can be found in the eukaryotic parasite Plasmodium
spp. which is capable to sequester excess heme in an
insoluble substance called hemozoin (12, 15, 16).
While in bacteria, ferritin-like proteins can store
excess heme, other forms of sequestration are not
well described so far (12). A third class of
detoxification systems are heme exporters, such as
HrtBA which have been described for several Gram-
positive species including Staphylococcus aureus (17,
18), Bacillus anthracis (17), Streptococcus agalactiae
(19) and can also be found in corynebacterial species
(20, 21) .

Bacterial two-component systems (TCS), consisting of
a membrane bound histidine kinase (HK) and a
cytoplasmatic response regulator (RR) (22, 23), play a
central role as transient heme sensor systems in
Gram-positive species (24). This is known from
bacteria such as Staphylococcus aureus and Bacillus
anthracis, both utilizing the heme sensor system
HssRS to react to heme as extracellular stimulus (17,
24). A common theme among Corynebacteriacea
appears to be the dedication of two paralogous TCS
for the regulation of heme homeostasis (8, 21, 25-27).
Here, the HirfSA and ChrSA systems coordinate the
expression of genes involved in heme biosynthesis,
heme detoxification (hrtBA), respiratory chain and the
heme oxygenase (hmuO). While it was suggested that
both TCS have partially overlapping regulons, HrrSA
was shown to play an important role in in the
utilization of heme as an alternative iron source by
activating expression of hmuO, whereas ChrSA is
crucial for the activation of the hrtBA operon encoding
a heme exporter (8, 21). Furthermore, previous
studies of our group revealed significant cross-
phosphorylation between these TCS but a highly

2

specific phosphatase activity of the HKs towards their
cognate RR (28). Previous studies focused mostly on
the identification of target genes, which were
confirmed by different in vivo and in vitro assays.
However, the systemic understanding of this
homeostatic network, maintaining balance between
heme detoxification and utilization, demands the
analysis of temporal dynamics and requires
comprehensive insights in the particular network
architecture.

In this study, we have conducted an analysis of
reporter assays of HrrSA and ChrSA target promoters
in the background of the wild type strain, as well as in
mutant strains lacking single components of the two
TCSs. These data were integrated in a quantitative
mathematical model, which was used to test functional
hypotheses and to simulate distinct differences in
autoregulation and ON/OFF kinetics of target
promoters. Finally, by studying the impact of the iron
regulator DixR on hrrA and hmuO expression at
temporal resolution our data as well as the model
revealed that DtxR adds a superior regulatory level
ensuring the appropriate timing of the heme utilization
response.

MATERIALS AND METHODS
Bacterial strains and growth conditions

Bacterial strains used in this study are listed in Table
S1. C. glutamicum strain ATCC 13032 was used as
wild type (29) and either cultivated in BHI (brain heart
infusion, Difco BHI, BD, Heidelberg, Germany) as
complex medium or CGXIl (30) containing 2 % (w/v)
glucose as minimal medium. All cultivations were
performed at 30°C and, if necessary, 25 upg/ml
kanamycin was added to the medium for selection.
For standard cloning applications, E. coli DH5a was
cultivated in Lysogeny Broth (Difco LB, BD,
Heidelberg, Germany) medium at 37°C in a rotary
shaker and for selection, 50 pg/ml kanamycin was
added to the medium.

Recombinant DNA work and cloning techniques

Standard cloning and other molecular methods were
performed according to standard protocols (31). For
most  applications, chromosomal DNA  of
C. glutamicum ATCC 13032 was used as template for
PCR amplification of DNA fragments and was
prepared as described previously (32). All sequencing
and synthesis of oligonucleotides was performed by



Eurofins Genomics (Ebersberg, Germany). For the
construction of plasmids, the DNA regions of interest
were amplified from chromosomal C. glutamicum DNA
with oligonucleotides listed in Table S2 and ligated
into the plasmid backbone (see Table S3) via
restriction sites indicated in the same table. Genomic
integrations and/or deletions were performed using
the pK19mobsacB plasmid and the two-step
homologues recombination method described earlier
(33). Point mutations for the integration of kinase
mutants or construction of a mutated reporter plasmid
were introduced via “QuickChange Lightning” site
directed mutagenesis according to the supplier's
manual (Agilent Technologies, Inc., Santa Clara,
USA).

Reporter assays

For reporter studies, C. glutamicum wild type or one of
the mutant strains were transformed with a reporter
plasmid (Table S3). A preculture in BHI medium
(25 pg/ml kanamycin) was inoculated from a fresh BHI
agar plate and incubated for 8-10 h at 30°C in a rotary
shaker. After that, cells were transferred into a second
preculture in CGXIl medium (30) containing 2 % (w/v)
glucose and 0 uM FeSO, to starve the cells from iron.
However, protocatechuic acid (PCA) was present in
the preculture, allowing the uptake of trace amounts of
iron. After growth overnight, the main culture was
inoculated to an ODgy of 1 in CGXIl medium and
cultivated in 48-well Flowerplates (m2p-labs GmbH,
Aachen, Germany) at 30°C, 95% humidity, 1200 rpm.
For the hemin stock solution, hemin (Sigma Aldrich,
Munich, Germany) was dissolved in 20 mM NaOH to a
concentration of 2.5 mM and, as an iron source,
added to the medium in the desired concentrations.
Growth of the cells (biomass production) was
recorded as the backscattered light intensity of sent
light with a wavelength of 620 nm (signal gain factor of
12). For the measurement of eYFP fluorescence, the
culture was excited at 510 nm and emission was
measured at 532 nm (signal gain factor of 50).

Electrophoretic mobility shift assays (EMSA)

To characterize the operator sequence of HrrA, the
protein was produced in E. coli BL21 and purified as
Hise-tagged variant from cells as described previously
(8). As ligand, 30 bp DNA fragments with triplet
mutations were amplified and subsequently, 100 ng of
the fragments were incubated with 0x, 10x and 30x
excess of HrrA in in EMSA buffer (2560 mM Tris-HCI
pH 7.5, 25 mM MgCl,, 200 mM KCI, 25% (v/v)
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glycerol). After 30 min at room temperature, the
samples were loaded to a native 12% polyacrylamide
gel (TBE-based, TBE (89 mM Tris base, 89 mM boric
acid, 2 mM NaEDTA, loading dye: 0.01% (w/v)
xylene cyanol dye, 0.01% (w/v) bromophenol blue
dye, 20% (v/v) glycerol, 1 x TBE). Electrophoresis was
carried out for 60 min at 160 V. DNA was
subsequently stained with SYBR Green | (Sigma
Aldrich, Munich, Germany).

Mathematical models and mutant simulation

Two mathematical models were developed to assess
the determining factors of the dynamics of the heme
detoxification ~and  utilization ~ modules  (see
Supplementary Text; Model equations M1 and M2). A
set of ordinary differential equations (ODEs) describes
the time-dependent changes in the different
components of the two networks under varying heme
concentrations as stimulus of both systems. The
interactions between the kinases and the response
regulators of the two TCSs were described based on
the modelling approach by Groban and co-workers
(34), while thermodynamic modelling (35) was used to
describe the target gene regulation in both systems.
The dynamics of the individual components were
simulated for wild type conditions as well as different
mutant strains. The numerical solution of the ODEs as
well as the individual simulations were performed with
MATLAB™ software (The MathWorks, Inc.).

RESULTS

Temporal hierarchy in the heme utilization and
detoxification response.

Under iron limiting conditions the growth of
C. glutamicum is significantly impaired, but can be
restored by the presence of heme in the medium.
Provided that excess heme is toxic to the cells, we
wondered which strategy C. glutamicum uses to
regulate the balance between its heme utilization and
detoxification modules. To this end, we studied the
expression dynamics of the two major components
responsible for heme utilization (hmuO) and
detoxification (hrtBA) in response to an extracellular
heme stimulus, by monitoring promoter-reporter
fusions for the two systems (28). Interestingly, a wild
type strain of C. glutamicum transformed with
plasmids  carrying the  reporter  constructs
(pJC1_Ppmuo-eyfp or pJC1_Pp.a-eyfp) revealed highly
distinct response profiles and a temporal hierarchy in
reporter output of the Pynu0 and Pyqg4 promoters (Fig.



1): While we observed a nearly instant but transient
response for the heme detoxification module hrtBA to
4 uM extracellular heme (Fig. 1, red line), the heme
utilization module hmuO displayed higher initial
expression levels compared to hrtBA, and
experienced an expression boost after a delay of
about 5 hours (Fig. 1, green line). This increase in
hmuO expression temporally coincides with a
declining hrtBA expression. From a physiological
perspective, these antagonistic expression profiles
seem plausible and impressively demonstrate the
urgency of detoxification over utilization after first
contact with the stimulus.

How does C. glutamicum implement appropriate
timing of detoxification and utilization by using two
paralogous TCS responsive to the same stimulus? In
this study, we formulated three distinct questions and
addressed those by experiments described in
following:

1) How does cross-regulation between ChrSA and
HrrSA  affect hrtBA and hmuO  expression,
respectively?

2) Does the differential interpretation of their common
stimulus, i.e. the external heme concentration, impact
the response?

3) How does regulatory hierarchy and network
architecture affect the response profile?

To test the first hypothesis we tested two mutant
strains deleted for either one of the HKs (AchrS and
AhrrS) and transformed them with a reporter plasmid
carrying the  non-cognate target promoter
(AchrSHIC1_Ppmuo-eyfo and AhrrS/HPJIC1_Pyusa-eyfp).

Strikingly, despite some quantitative differences (as
discussed below), neither of the deletions changed the
qualitative response of the non-cognate target
promoter towards heme (Fig. 1B), i.e. the Pyga-eyfp
response was still transient in a AhrrS mutant and the
Prmuo-€yfo response was still delayed in a AchrS
mutant, indicating that cross-regulation between the
TCS cannot explain the antagonistic regulation
strategy in C. glutamicum.
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Figure 1: Activation of Ppmo and Puusa in response to
extracellular heme addition.

(A) The C. glutamicum wild type strain was transformed with
one of the target gene reporters pJC1_Ppmo-eyfp or
pJC1_Phisa-eyfp. Iron deprived cells were subsequently
cultivated in a microbioreactor system (Biolector) in CGXII
minimal medium with 2% (w/v) glucose containing 4 uM hemin.
The eYFP fluorescence was measured as the output of target
promoter activation, and backscatter values were recorded to
monitor biomass formation. The specific fluorescence
(fluorescence/backscatter) was normalized according to
material and methods and the reporter activity (%) was
calculated with the maximum reporter output. (B)
C. glutamicum AchrS/pJC1_Prmuo-eyfp and AhrrS/pJC1_Phasa-
eyfp grown as described in (A). Non-cognate sensor kinases do
not significantly affect the response profile.

Modelling of heme uptake and consumption

Therefore we wanted to test whether the depletion of
external heme could serve as a joint trigger to cause
opposing regulation of heme utilization and
detoxification systems. However, before turning to this
question we first asked how long it would take to
deplete heme in our experiments? To this end, we
considered a simple mathematical model describing
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Figure 2: The model reprod the experi | growth curves quantitatively.

(A) Growth curves of the C. glutamicum wild type strain under increasing hemin concentrations (1 uM, 2 pM and 4 pM). (B) The
mathematical model can reproduce the the average growth behaviour (left). (C) The mathematical model predicts the consumption of
extracytoplasmic heme and (D) the consumption of the internal heme pool that contributes to growth.

the uptake and consumption of heme, assuming that
the reproduction of C. glutamicum requires ~ 5x10°
Fe** molecules per single cell (see Supplementary
Text for details). Interestingly, at the given final
biomass and at the experimentally determined growth
rate in our medium (Fig. 2A) the model predicts a
depletion of 4 uM initial heme approx. 3.5 hours after
the start of the experiment (Fig. 2C). Within the model,
after depletion of extracytoplasmatic heme (defined as
extracellular and membrane associated heme), there
is a time delay of approx. 2 hours until the cytoplasmic
heme pool is also depleted below a threshold required
for cell growth (Fig. 2D). When comparing the
experimental growth curves (Fig. 2A) with the
theoretical predictions, the time points of internal

heme exhaustion (Fig. 2D) in fact correlate with the
cease of growth of the cultures in experiment and
theory (Figs. 2A, B). Also the time point of growth
cessation can be tuned by adding different initial heme
concentrations (1-4 pM) to the medium (Fig. 2A), as
predicted by our model (Fig. 2B).

Transient expression of the C. glutamicum hrtBA
detoxification module

Next, we asked whether the depletion of heme could
also explain the transient activity of the hrtBA
promoter. To this end we extended our mathematical
model to also describe stimulus perception and
regulation within the two TCSs, as well as the
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(A) Scheme of the regulatory interactions considered in the mathematical model for the heme detoxification module. Uptake of
external heme molecules via HmuTUV and subsequent consumption/incorporation via diverse enzymes is crucial for bacterial growth
under iron starvation. The fine-tuned response to heme in order to avoid intoxication is mainly based on the two TCSs ChrSA and
HrrSA. The two kinases ChrS and HrrS are autophosphorylated in response to external hemin. After activation, they (cross-)
phosphorylate the response regulator ChrA. In addition, the non-phosphorylated form of ChrS functions as a phosphatase on the
phosphorylated response regulator ChrA. The phosphorylated response regulator activates expression of its target genes hrtBA and
chrSA. The gene product of hrtBA is a heme exporter that transports internal heme to the extracellular space. (B) Dynamical
response of our computational model for the detoxification module (Supplementary Text; Model equations M1) towards different
external heme levels, as given by the simulation of specific fluorescence of a Prusa-eyfp reporter, normalized to the maximal specific
fluorescence at 4 uM heme. (C) Experimental dynamical response of a Pxsa-eyfp reporter in wild type C. glutamicum cells towards
different heme concentrations supplied in the medium att =0 h.
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minimal medium with 2% (w/v) glucose containing 4 pM hemin as iron source. (B) Simulated specific fluorescence of the
C. glutamicum wild type strain and in the mutant strains chrSQ797A (phosphatase=off), chrSH186A (kinase=off) and AchrS.

dynamical response of the chrSA and hrtBA operons
(for details the reader is referred to the Supplementary
text). Briefly, the model considers sensing of
externally added heme and subsequent
autophosphorylation of ChrS and HrrS (36), (cross-)
phosphorylation of ChrA by phosphorylated HKs
(ChrS~P and HrrS~P) and promoter activation of
Penrsa @and Prysa by phosphorylated response regulator
ChrA~P (Fig. 3A). Simulations of the model predict
that the depletion of external heme dictates the time
point of deactivation of Pp.gs, leading to a prolonged
promoter activity and higher overall HrtBA production
at higher initial heme concentrations (Fig. 3B). In fact,

when experimentally supplying different heme
concentrations (1-9 pM) to the medium, we found that
both the strength as well as the duration of Pg4-eyfo
expression increased with increasing amounts of
supplied heme (Fig. 3C). In the light of a bifunctional
ChrS kinase/phosphatase, exhaustion of external
heme is sufficient to explain the transient response
dynamics of P,.g4-eyfp expression.

Interestingly, our experimental data also showed that
for all heme concentrations the initial promoter activity
was almost identical (Fig. 3C) and that the overall
peak height is only modulated by the time point of



stimulus decline. This suggests that either (i) despite
varying levels of ChrA~P the P4 promoter is nearly
fully saturated or (ii) the applied heme concentrations
lead to saturation of the sensor kinase and thus to
similar phosphorylation levels of ChrA. In order to
discriminate between these scenarios, we sought to
increase ChrA~P levels in the cell and test whether
the Ppqg4 Will be more active than in the wild type. To
this end, we analysed a chrS phosphatase-OFF
mutant (chrSQ191A) still harbouring its kinase activity
(28), supposedly leading to higher ChrA~P levels.
Interestingly, the chrSQ191A phosphatase mutant
strain displayed a 7-fold increased P,qg4-eyfp output
(Fig. 4A), as incurred by a higher and more sustained
promoter activity within the first 4 hours of incubation
when compared to the wild type (Fig. 4A insetf). A
similar behaviour can also be observed in our
computational models, in which the maximal
phosphorylation level of ChrA is 25% in the wild type
as compared to 100% in the phosphatase mutant,
leading in our model to a stronger initial promoter
activity in the latter case (Fig. 4B). The predicted
increase of initial promoter activity is, however, more
prominent in the model than in our experimental data,
in which the kinase mutant showed a wild type-like
behaviour for around 1 h before reaching a stronger
promoter activity (Fig. 4A inset). This discrepancy
emphasized that saturation of kinase activity is not
sufficient to explain the experimental data and that
instantaneous promoter occupancy by phosphorylated
response regulator may contribute to the fast onset of
the detoxification response (see “Memoryless
activation of the hrtBA detoxification module”).

Another interesting feature of the model is that the
depletion of external heme leads to a quick
dephosphorylation of ChrA~P and promoter shut-off in
the wild type. In contrast, in the phosphatase mutant
ChrA~P is only slowly diluted and/or degraded by
growth or spontaneous dephosphorylation, leading to
a significantly delayed promoter shut-off about 1 h
after external heme depletion. Thus, the strong
phosphatase activity of ChrS is important in wild type
cells in order to quickly turn off hrtBA expression once
external heme is depleted.

Both kinases, ChrS and HrrS, contribute to a fast
onset of the Pj,5, promoter

Next, we wanted to study the response of the heme
detoxification module in a strain featuring reduced
ChrA~P levels. However, a chrS mutant deficient in its
kinase activity (chrSH186A) was unable to activate the

8

Pwwa promoter altogether (Fig. 4A; grey line),
suggesting that ChrSH186A retains its strong
phosphatase activity and likely reduces ChrA~P below
a level required to activate P g,
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Figure 5: HrrS mediated cross-phosphorylation of ChrA
might act as a kick-start impulse contributing to a fast ON-
set of the Pjsa response.

Reporter output of C. glutamicum wild type cells and the mutant
strains AhrrS and AchrS, carrying the vector pJC1_Pqga-eyfo
and cultivated in CGXII minimal medium with 2% (w/v) glucose
containing 4 uM hemin as iron source.

Instead, our model predicted that in a AchrS mutant,
which lacks both kinase and phosphatase activity from
ChrS, the non-cognate HrrS sensor kinase should be
able to slowly, but gradually phosphorylate ChrA~P
(28) and thus activate Puugs (Fig. 4B; light red).
Indeed, the experimental kinetics of the Pj.ga-eyfp
reporter showed a weaker activation during the first
2 hours, but also displayed a more sustained and
eventually a stronger expression peak compared to
the wild type (Fig. 4A). Within our computational
model this sustained response is again caused by the



slow rate of dilution and/or dephosphorylation of
ChrA~P after heme depletion, given the lack of
phosphatase activity in the AchrS mutant (Fig. 4B).
Taken together, these data show that in the absence
of ChrS, the non-cognate kinase HrrS is sufficient to
activate the promoter of the detoxification module,

PhnBA'

This provoked the question as to whether the non-
cognate kinase HrrS also has an effect on the
induction kinetics of Ppa in wild type cells.
Interestingly, when measuring the Pj.ga-eyfp reporter
activity in a AhrrS mutant, the mutant indeed showed
delayed promoter activation and was about 20-30 min
slower than the wild type (Fig. 5). This suggests that
HrrS acts as a “kick-starter” in order to speed up the
induction of the detoxification system. The additional
kinase activity conferred by HrrS might in fact be
needed as a support for ChrS to achieve higher ChrA
phosphorylation levels, given that our analysis above
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suggested that ChrS is already fully in its kinase state
for all heme concentrations applied here.

Memoryless activation of the hrtBA detoxification
module

Above described results suggested that a high
promoter occupancy by ChrA~P may contribute to the
fast onset of the detoxification response. Considering
this scenario, we would not expect memory in the
Puisa response if two heme pulses were applied at
subsequent times. Theoretically, our model predicted
nearly identical levels of promoter saturation for
different heme levels, suggesting that the application
of a second heme pulse should not lead to a faster
response and no priming effect on the output should
be observable.

o
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Figure 6: Additional heme pulses do not “prime” the Psqs4 output.

(A) C. glutamicum wild type cells were transformed with the target gene reporter pJC1_P1s4-eyfp and starved from iron overnight as
described in material and methods. Subsequently, the cells were inoculated in CGXIl minimal medium without iron source and eYFP
fluorescence (=reporter output) and backscatter (biomass) was measured every 5 minutes. After 45 min, hemin (A, grey line) or
FeSO:; (A, black line) was added to a final concentration of 4 uM. A second pulse of 4 uM hemin was applied to both conditions after
225 min. (B) Promoter activities (calculated as derivation of the specific fluorescence over time) of (A) in relation to the first or second

pulse.

While lag phase cells (growth depicted in Fig. S1)
needed up to 45 minutes to reach maximum promoter

activity following a heme pulse, promoter activity was
nearly instantaneously observable after an additional



heme pulse in the early exponential phase (Fig. 6A).
This finding was irrespective of whether the cells were
primed with a first heme pulse (Fig. 6A, red line) or
with an iron pulse (Fig. 6A, black line). Furthermore,
the time point of the second heme pulses did not
affect the onset of the P54 response (Fig. S2). These
data support the hypothesis, that promoter saturation
by phosphorylated response regulator contributes as a
significant determinant of response kinetics.

Heme utilization is co-regulated by DtxR
integrating information on iron availability.

While a detoxification response must be fast and
rather uncoupled from other regulatory interference,
utilization of a particular nutrient has to be carefully
considered in the light of the current physiological
status of the cell: As shown above, the activation of
the detoxification module hrtBA is solely influenced by
the amount of heme in the medium. In contrast, for a
decision on heme utilization as an alternative iron
source, information on general iron availability needs
to be incorporated into the network controlling hmuO
expression. In this context, it was already revealed by
previous studies that both hrA and hmuO are
repressed by the iron regulator DtxR in response to
iron availability (11).

Given that DtxR repression and HrrA activation seem
to have opposing effects on the timing of hmuO
expression, we asked how these signals are
prioritized at the Ppm,0 promoter. To investigate the
impact of both regulators on the activation of the heme
utilization system, we developed a second
mathematical model that focuses on HrrSA and DixR
as main regulators of the Ppy,0 und Py, activity (Fig.
7A). Like before, in this model the description of the
non-cognate two-component system (ChrSA) was
limited to the cross-phosphorylation of ChrS on HrrA.
In addition, we made the simplifying assumption that
the activation of DtxR is proportional to the internal
heme levels, based on the fact that the iron availability
is proportional to the conversion of the internal heme
pool under our experimental (iron-limiting) conditions.
Activated DtxR and phosphorylated HrrA bind to both
Pumuo @and Pp.4 promoters, where they repress and
activate gene expression, respectively. Ultimately,
increased production of the heme oxygenase HmuO
contributes to heme consumption (8) (see
Supplementary Text; Model equations M2 for all
details).

Simulations of this computational model revealed a
biphasic induction pattern of the P, promoter with a
quick activation within the first hour after heme
addition, followed by a significantly delayed
expression boost at approx. 4-5 hours (for 4 uM
heme) (Fig. 7B), very similar to the experimental
dynamics observed before (Fig. 1). Interestingly, when
lowering the initial heme concentration, the model
predicts an earlier onset of Py,,0 activation. Strikingly,
when experimentally tuning the initial heme levels, we
found this exact hierarchy in the activation of the
heme utilization module (Fig 7C): A short delay of
3 hours at 1 pM heme and a longer delay of 5 hours at
4 uM heme. As such, this biphasic induction of hmuO
strikingly differs from hrtBA activation by ChrSA and is
governed by the influence of the iron repressor DixR
on hmuO expression (Fig. 8). Upon depletion of
internal heme (and thus iron-levels) below a critical
threshold, DtxR dissociates from its target promoters
and allows their activation (Fig. 7B, D). Accordingly,
lower initial heme concentrations within the medium
do also shift the time-point of heme exhaustion to
earlier times, thereby rationalizing the earlier induction
of gene expression in the heme utilization module.
From a physiological perspective this again seems
very plausible, suggesting that high levels of the heme
utilization system are only required under iron
limitation when external heme sources are available.

Regarding the regulatory hierarchy of HrrA and DtxR
on Ppno activity, one can think of two potential
scenarios: either (i) HrrA is a bona fide activator of
hmuO expression or (i) HrrA-binding competes with
the binding of the repressor DtxR thereby acting as an
activator by derepressing hmuO, as might be
suggested by the close proximity of their binding sites
within the Ppm,0 promoter (Fig. 8A). Altogether, our
experimental data are clearly in favour for HrrA acting
as a bona fide activator. While Pp,,0 activity is
completely abolished in a AhrrA mutant, it is strongly
increased in mutant lacking the dtxR gene (Fig. 8B).
Furthermore, we tested different triplet mutations in
the HrrA binding site in their ability to disrupt HrrA
binding. In EMSA-studies, an AAC:TTG mutation in
the middle of the HrrA operator completely abolished
in vitro binding of HrrA to Pumo (Fig. S3).
Subsequently, this mutation was inserted to the
pJC1_Pumo-eyfo  reporter, resulting in  the
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(A) The mathematical model of the heme utilization module in C. glutamicum shares many basic assumptions with the model of heme
detoxification (for description see Fig. 3). Here, heme consumption is assumed to be supported by the heme oxygenase HmuO,
whose production is regulated by the phosphorylated response regulator HrrA~P and the iron repressor DtxR. The activation of DtxR
is expected to be influenced by internal heme levels. DtxR repression and HrrA activation shape the delayed response of the heme
utilization module hmuO. (B) The Punuo promoter is activated by the phosphorylated response regulator HrrA~P after a significant



time delay of 3 to 5 hours. Higher heme concentrations lead to a prolonged delay and a lower hmuO expression in general. (C) The
mathematical model of the heme utilization network in C. glutamicum could reproduce this behaviour and gave an explanation
regarding (D) the temporal dynamics of both regulators on Psm.0. Levels of the activated iron repressor DtxR increase immediately
after addition of heme and repress the promotor activation of Pumuo, proportional to stimulus strength. However, HrrA~P levels
increase with a short time delay in response to the stimulus and activate the promotor to a certain extend at the beginning and with
increasing intensity upon DtxR dissociation.

pJC1_Pmuo-eyfo™ ¢ plasmid (Fig. 8A). Irrespective  (Figs. 8B and S5). These findings clearly indicate that
of whether it was introduced to the wild type strain or HrrA is does not compete with DtxR for the binding of
the AdixR strain, disruption of HrrA binding decreased the Ppmuo promoter but is indeed a crucial activator of

the activity of the Pj,,,0 reporter to background levels hmuO expression.
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Figure 8: HrrA and DtxR cooperate to control hmuO expression in response to iron and heme availability. (A) Promoter
architecture of hmuO. The DtxR binding site was published previously (11). The AAC:TTG mutation (grey letters) was shown to
disrupt HrrA binding to Psmwo in vitro (Fig. S3). (B) Mutational analysis of Pumuo. HrrA binding was abolished by introducing the
AAC:TTG mutation into the Pxmuo-eyfp reporter. All strains were grown in BHI complex medium supplemented with 4 uM hemin as the
AdtxR strain grows poorly in CGXIl medium. After iron starvation overnight, the three strains (wild type, AhrrA and AdixR) were
inoculated in BHI and the specific fluorescence (eYFP-fluorescence/backscatter) was recorded in 15 minutes intervals. The graph
shows the specific fluorescence after 20 h. Full reporter outputs are shown in the supplementary Fig. S4.



DISCUSSION

Orchestration of heme homeostasis and detoxification
of excess heme appears to be of utmost importance
for Corynebacteriaceae, as remarkably, several
species dedicate two paralogous TCS to this
regulatory task (25). Here, we provide comprehensive
insights into the temporal dynamics of hmuO and
hrtBA expression modulated by HrrSA and ChrSA in
C. glutamicum. Similar regulatory setups, with two
paralogous, exclusively heme-dedicated systems are
for example found in C. diphtheria, Corynebacterium
pseudotuberculosis, and Corynebacterium
lipophiloflavum (25, 37), where the corresponding
sequence identities and a conserved genomic synteny
suggest a similar role of these systems in the
coordinated control of heme detoxification and
utilization (20, 26). To our knowledge, these systems
represent the first example studied in detail, where
two paralogous systems coordinate a complex
physiological response by perceiving the same
stimulus: heme.

As a general principle, the integrative signalling
pathway design appears to be especially beneficial if a
multifaceted stimulus requires different regulatory and
appropriately timed outputs. The response of
C. glutamicum to extracellular heme sets an
interesting example for this, as the physiological
adaption is shaped by a fast-reacting ChrSA system
regulating expression of the detoxification module and
the HrrfSA system contributing to a layered dynamic
regulation of heme utilization. In a recent study, we
could show that the HKs of both TCS, HrrS and ChrS,
slightly differ regarding their responsiveness and their
general mode of heme-protein interaction (36).
However, kinase activity is not the only factor
influencing differential target gene activation. While
the Pcnsa promoter and the divergently located Pjqga
promoter are positively autoregulated from one
centred ChrA binding site (Fig. 3A), hrrS and hrrA are
controlled from two distinct promoters. For hrrA as
well as hmuO, the global iron regulator DtxR adds an
additional regulatory layer, thereby integrating
information on general iron availability in the cell (8,
11). Here, we could show that HrrA does not simply
displace DtxR on the promoter of hmuO but is in fact
an essential activator, also in the absence of DtxR
repression (Fig. 8B). By this means, information on
heme (stimulus of HrrS) and Fe®* (co-repressor of
DtxR) is directly integrated at the level of hmuO
expression and RR (hrrA) synthesis.

In contrast, ChrSA-mediated activation of hrtBA
expression is solely influenced by heme availability, as
expected for a detoxification system. Here, our data
suggested an instantaneous saturation of the ChrS
kinase and strong activation of P in response to
exogenous heme - independent of the applied heme
concentrations tested in our setup (Fig. 3). Our model
and experiments revealed that the overall strength of
hrtBA expression was determined solely by the
duration of the response, as governed by the
timescale of heme exhaustion in the medium. Thus, it
seems that the comparable levels of P4 promoter
occupancy independent from stimulus strength ensure
an effective detoxification response even for low toxic
heme concentrations, as claimed for a detoxification
module.

Another important factor in the maintenance of
intracellular heme homeostasis is the previously
reported cross-phosphorylation between HrrSA and
ChrSA (28). While deletion of chrS did not significantly
influence the Py, activation pattern in our reporter
studies (Fig. 1B), deletion of hrrS resulted in a delayed
Prsa activation in response to heme (Fig. 5). These
findings suggest a role of HIrfSA as a ‘“kick-start”
system of chrSA, thereby giving C. glutamicum a
competitive edge by shortening the reaction time to
mount the detoxification response. Furthermore, the
bifunctionality of ChrS ensures efficient proof-reading
of ChrA~P counteracting cross-phosphorylation by
HrrS under non-inducing conditions where ChrS is
dominantly in its phosphatase state.

Physiologically ~ relevant cross phosphorylation
between TCSs was, for example, shown in
Bacillus anthracis (38). In this case the heme
responsive HssRS system was shown to cross
interact with HitRS, which is activated by cell envelope
stress. Cross-regulation between HssRS and HitRS
thereby enables an integrated response of B.
anthracis to heme and to heme-induced cell envelope
damage (39). Interestingly, HrrSA and ChrSA as well
as HssRS and HitRS are among the closest related
TCS in the particular species reflecting that duplication
and subsequent specialization represents an
evolutionary driver of TCS signalling towards the
integration of multiple signals and the creation of a
multifaceted response to complex stimuli. A similar
scenario is found with the NarPQ and NarXL systems
regulating the response to nitrate and nitrite in
Escherichia coli (40). For these closely related



systems, significant cross phosphorylation appears to
play a role in the modulation of target gene activation
and maintenance of nitrogen homeostasis (41).

The regulatory setup shaping the response to heme
may also have considerable impact on heme
tolerance of the particular species. Already decades
ago, van Heyningen reported on the differential
sensitivity of Bacillus species to heme (42). Mike and
coworkers correlated an increased tolerance, as
observed for B. anthracis, with the employment of two
cross-regulating TCS coordinating heme export
(HssRS) and cell envelope stress (HitRS) (39).
Therefore, it might be conceivable that the
employment of two heme-responsive TCSs by some
corynebacterial species enables a more robust control
of heme homeostasis compared to the regulation by a
single system. Remarkably, while the HrtBA exporter
is conserved among many Gram-positive species, the
TCS systems ‘in charge’ do not share significant
sequence similarity — especially not in their
membrane-embedded sensor domains (24, 36). This
overall scenario of two cross-regulating TCSs
modulating heme homeostasis and detoxification
underlines a favorable concept nature employs to
respond to the multifaceted stimulus heme.

In summary, we have approached the regulatory
interplay between the heme-responsive HrrSA and
ChrSA TCSs of C. glutamicum by a comprehensive
screening of various mutant strains carrying different
target promoters. Generation of a mathematical model
based on this dataset revealed the underlying
mechanisms triggering the antagonistic temporal
dynamics in TCS signaling, which shape the cellular
response towards the “toxic, but tasty” heme
molecule. In the future, we expect that similar work —
combining  time-resolved  monitoring of gene
expression and systems-level modeling of the
underlying regulatory networks — will help to unravel
the logic behind further homeostatic responses.
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Heme is a multifaceted molecule. While serving as a prosthetic group for many important proteins,
elevated levels are toxic to cells. The complexity of this stimulus has shaped bacterial network
evolution. However, only a small number of targets controlled by heme-responsive regulators have
been described to date. Here, we used a genome-wide approach to monitor the in vivo promoter
occupancy of HrrA, the response regulator of the heme-regulated two-component system HrrSA of
Corynebacterium glutamicum. Time-resolved profiling revealed dynamic binding of HrrA to more than
250 different genomic targets encoding proteins associated with heme biosynthesis, the respiratory
chain, oxidative stress response and cell envelope remodeling. By repression of sigC, which encodes
an activator of the cydABCD operon, HrrA prioritizes the expression of genes encoding the cytochrome
bci-aas supercomplex. These data describe for the first time the systemic response strategy that
bacteria have evolved to respond to the versatile signaling molecule heme.

Heme (iron bound protoporphyrin IX) is a versatile
molecule that is synthesized and used by virtually all
aerobic eukaryotic and prokaryotic cells (1) because it
serves as the prosthetic group of hemoglobins,

hydroxylases, catalases, peroxidases, and
cytochromes (2) and is thereby essential for many
cellular processes, such as electron transfer,

respiration and oxygen metabolism (3). Furthermore,
salvaged heme represents the most important iron
source for a variety of pathogenic bacteria (4, 5), and
also non-pathogenic bacteria can meet their iron
demand by degradation of environmental 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 sophisticated regulatory networks to
tightly control heme uptake, detoxification, 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), which is
conserved in mammalian cells (8, 9); and the rhizobial
Irr protein, which is a heme-regulated member of the
Fur family of transcriptional 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 system HssRS of Staphylococcus
aureus and Bacillus anthracis, which controls the
expression of the hrtBA operon, encoding a heme
efflux system in both species (15, 16).

Remarkably, several members of the
Corynebacteriaceae family, including the human
pathogen Corynebacterium diphtheriae and the
biotechnological platform strain  Corynebacterium
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 observed
between the closely related systems; however, this
crosstalk is proofread by a highly specific
phosphatase activity of the kinases toward the
cognate response regulators under non-inducing
conditions (23). While the ChrSA system 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 targets have been
described for HrrA, including genes encoding
enzymes involved in heme synthesis (hemE, hemA
and hemH) and heme utilization (hmuO, encoding a
heme oxygenase) and the ctaE-qcrCAB operon,
encoding the heme-containing cytochrome bci-aas
supercomplex of the respiratory chain (18).

C. glutamicum possesses a branched electron
transport chain comprising the cytochrome bci-aas
supercomplex (encoded by ctaD, the ctaCF operon,
and ctaE-qcrCAB) and the cytochrome bd oxidase,
encoded by the first two genes of the cydABDC
operon (24). Although both the cytochrome aas
oxidase and bd oxidase are involved in the
establishment of a proton-motive force (PMF), the aas
oxidase is an active proton pump that is responsible
for the increased proton translocation number (6 H*/2
e) of the cytochrome bci-aas supercomplex compared
to that of the bd oxidase (2 H*/2 e) (24). The
presence of the cytochrome bci-aas supercomplex
was previously shown to be a characteristic feature of
almost all Actinobacteria because members of this
phylum lack a soluble cytochrome c, instead harboring
a diheme cytochrome c¢i1 that directly shuttles
electrons from the bei complex to the aas oxidase (25-
29). Furthermore, both terminal oxidases differ in
heme content, as the bci-aas supercomplex harbors
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 described activation of the ctaE-qgcr
operon by HrrA, the hydrogen peroxide-sensitive
regulator OxyR was described as a repressor of the
cydABCD operon (30, 31). Furthermore, the
extracytoplasmic function (ECF) sigma factor SigC
(0°) was shown to activate expression of the
cydABCD operon (30, 32). For ¢° a speculated
stimulus is the defect electron transfer in the aas
oxidase (32) and such a defect was observed under
copper-deprivation, which resulted in activation of the
o regulon (33).

)

Interestingly, the regulons of prokaryotic heme
regulators described thus far comprise only a low
number of direct target genes, most of which are
involved in heme export (e.g., hrtBA) or degradation
(hmuO). This picture of prokaryotic heme signaling,
however, does not match the complexity of the
stimulus. In this study, we performed a time-resolved
and genome-wide binding profiling (ChAP-Seq) of
HrrA in C. glutamicum describing the transient HrrA
promoter occupancy of more than 250 genomic
targets in response to heme. The obtained results
emphasize that HrrSA is a truly global regulator of
heme homeostasis, which also integrates the
response to oxidative stress and cell envelope
remodeling. Transcriptome analysis (RNA-Seq) at
different time points after heme induction revealed
HrrA to be an important regulator of the respiratory
chain, which coordinates the expression of
components of both quinol oxidation branches as well
as menaquinol synthesis and reduction. Remarkably,
HrrA was found to prioritize the expression of operons
encoding the cytochrome bci-aas supercomplex by
repressing sigC expression.

RESULTS

Genome-wide HrrA

occupancy

profiling  of promoter

In previous studies, a number of direct target operons
were described in C. glutamicum and C. diphtheriae,
emphasizing the important role of the HrrSA TCS in
the control of heme homeostasis (17-20). In this study,
we investigated the genome-wide binding profile of
HrrA by chromatin affinity purification of twin-Strep-
tagged HrrA combined with DNA sequencing (ChAP-
Seq). A series of preceding experiments revealed that
plasmid-based expression of hrrA is required for the
envisaged analysis, as, for instance, several known
HrrA targets were obscured when hrrA was expressed
only from one genomic copy. For this purpose,
C. glutamicum ATCC 13032 lacking both heme-
dependent TCSs (AhrrSAAchrSA) was transformed
with a plasmid encoding the particular systems under
the control of their native promoters (pJC1_Phrsa-
hrrSA-twin-strep_Pcnsa-chrSA-his). To obtain insights
into the stimulus-dependent DNA association and
dissociation, C. glutamicum cells starved of iron (see
Material and Methods) were grown in iron-depleted
glucose minimal medium, and samples were obtained
before (To) and 0.5, 2, 4, 9 and 24 h after the addition
of 4 uM hemin. HrrA was purified, and the bound DNA
fragments were sequenced (Figure 1A).
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Figure 1: Genome-wide profiling of HrrA binding in response to addition of external heme. (A) ChAP-Seq analysis on the
C. glutamicum strain AhrrSAAchrSA (pJC1_P hisa-hrrSA-twin-strep_P cnisa-chrSA-his) grown in iron-depleted glucose minimal medium
before and after addition of 4 uM hemin. The experimental approach is briefly depicted: Cells were harvested at different 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 250 genomic regions bound by HrrA upon addition of hemin after 30 minutes. Exemplarily shown is
the HrrA binding to regions upstream of operons involved in (B) heme degradation (hmu0O), (C) heme biosynthesis (hemE) and (D)
the respiratory chain (ctaE).



We obtained substantial enrichment of known HrrA
targets in response to heme (e.g., 10-fold hmuO, 33-
fold hemkE, 52-fold ctaE; Figure 1B, C, D, respectively)
and identified more than 250 previously unknown
HrrA-binding sites in the C. glutamicum genome
(Table S3).

As expected, the highest number of peaks was
identified at the first time point after the heme pulse
(0.5 h), with 272 peaks meeting our applied threshold
(peak maximal coverage >3-fold average genomic
coverage and a distance of <700 bp to the next
translational start site). In comparison, 79 peaks were
identified before hemin addition (To). These data
illustrate the fast and transient DNA binding by HrrA in
response to heme. It has to be noted, that the
membrane embedded HrrS sensor kinase is also
activated by endogenously synthesized heme (Figure
S1 and (21)) and that the addition of external heme
led to a boost of the HrrSA response. In general, the
majority of the discovered HrrA binding sites were
close to gene start sites (Figure S2). The binding of
HrrA to 11 selected targets was confirmed by
electrophoretic mobility shift assays (Figure S3), and a
weak palindromic binding motif was deduced from the
tested DNA fragments (Figure S4).

The HrrA binding patterns depicted in Figure 1B-D are
representative of many bound regions. Thirty minutes
after the heme pulse, the average peak intensities
increased approximately 4.5-fold in comparison to
those at To (Figure 2A). After 2 h of cultivation in
hemin, the average peak intensity dropped 2.6-fold in
comparison to that of the sample taken after 30
minutes, further decreasing for the sample taken after
4 h (7.1-fold decrease). In our approach, the HrrA
peaks reached a minimum after 9 h of cultivation
(Figure 2). This dissociation of HrrA from its target
promoters is caused by rapid depletion of heme,
which was confirmed by spectroscopy of
C. glutamicum cells (Figure 2A, dashed line) and was
also obvious upon visual inspection (Figure S5).
However, a slight increase in HrrA DNA binding was
noted for cells in the stationary phase, which was
likely triggered by the intrinsic heme pool and DtxR
derepression of the hrrA gene when iron sources
become limiting (34) (Figure 2A and D). Of all peaks,
that passed our threshold, 128 were upstream of
uncharacterized genes, while 144 could be assigned
to genes with known or predicted function (Figure 2B).

A relatively high correlation between peak intensities
for the time points 0, 0.5, 2 and 4 h (Figure 2C)
showed that, while the strength of HrrA binding
changed in response to heme availability, the system
reacted proportionally for a majority of the binding
sites. As expected, the binding at 9 h exhibited the
lowest correlation to other time points (Figure 2C).
This sample was obtained during the early stationary
phase and the low correlation of HrrA peak intensities
demonstrated overrelaxation and rewiring of the
regulatory network. Here, interference with other
regulators likely contributed to the significant changes
in the HrrA binding pattern.

The HrrSA TCS shapes heme homeostasis by
integrating the response to oxidative stress and
cell envelope remodeling

Our dataset confirmed the binding of HrrA to all the
targets identified thus far. HrrA was found to bind to
the upstream promoter region of genes encoding
components of heme biosynthesis (hemE, hemH and
hemA), degradation (hmuO), and export (hrtBA)
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 a separate, supplementary file (Table
S3); selected target genes are listed in Table 1.
Among the more than 250 novel targets identified in
this study, we observed HrrA binding upstream of
ctaB, which encodes a protoheme IX
farnesyltransferase that catalyzes the conversion of
heme b to heme o (24) and upstream of ctaC, which
encodes subunit 2 of the cytochrome aas oxidase.
Remarkably, HrrA binding was also observed
upstream of the cydABDC operon, which encodes the
cytochrome bd oxidase of the respiratory chain.
Altogether, this set of target genes highlights the
global role of the HrrSA system in heme-dependent
coordination of both branches of the respiratory chain.
The HrrA regulon appeared to cover also the aspect of
cofactor supply for the respiratory chain, as several
HrrA  targets encode enzymes involved in
menaquinone biosynthesis (menA, menD, and menG)
and reduction (sdhCD, IldD and dld).
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Table 1: Selected target genes of HrrA. Shown are the locus tag (cg number), the gene name and annotation together with a) the
distance of the HrrA binding peak, identified via ChAP-Seq, to the start codon (translational start site, TLS) and b) the corresponding
peak intensity (*indicate regions on the pJC1_P nssa-hrrSA-twin-strep_P cwsa-chrSA-his plasmid), c) relative ratios of the transcript levels
in the AhrrA deletion mutant compared to wild type (log. fold change). The values are derived from a comparison between the two
strains 0.5 h after hemin addition (in brackets are fold change values after 4 h for AhrrA/wt). The logz(AhrrA/wt) value was not
determined for the hrrA gene (n.d.).

Locus tag

o

Gene name

Annotation

expression

family

Dist.
TLS®

Peak
intensity®

logo(AhrrAiwt)®
RNA-Seq

cg2445 hmuO heme oxygenase 150 10.4 -3.1
cg0516 hemE uroporphyrinogen decarboxylase 60 33.7 3.1
cg0497 hemA glutamyl-tRNA reductase 26 25.8 0.6 (1.0)
cg0517 hemY protoporphyrinogen oxidase 642 6.4 2.8
cg3156 htaD secreted heme  transport-associated 151 17:8 -0.3
protein
cg3118 cysl sulfite reductase hemoprotein 498 3.7 -0.7 (3.1)
cg1734 hemH ferrochelatase 16 52.9 4.0
cg3247 hrrA Heme-dependent response regulator 108 5 n.d.
cg2201 chrS heme-dependent histidine kinase (chrSA 32 * -0.4
operon)
€g2202 hrtB heme exporter (hrtBA operon) 78 % -1.0

€g2406 ctaE cytochrome aas oxidase, subunit 3 324 52.9 1.7
cg2780 ctaD cytochrome aas oxidase, subunit 1 314 21.8 -1.1
cg1301 cydA cytochrome bd oxidase i 17.9 -0.7 (-2.6)
€g2409 ctaC cytochrome aa3 oxidase, subunit 2 259 16.1 -1.4
cg0645 cred part of a putative cytochrome P450 system 678 5 -0.1 (-1.3)
cg1773 ctaB(/tkf) protoheme IX farnesyltransferase 204 147.0 0.4 (-1.4)
cg2403 qcrB cytochrome bc1 complex, cytochrome b 221 4.8 -1.8
subunit

cg3226 L-lactate permease, operon with /ldD 622 55 -1.7
cg0309 sigC{/katA) RNA polymerase o factor 38 25.4 23

cg3315 malR transcriptional regulator, MarR-family 91 5.2 1

cg0444 ramB transcriptional  regulator, involved in 224 26.7 -0.7
acetate metabolism

cg2831 ramA transcriptional regulator, acetate 42 5.0 =0:5
metabolism, LuxR-family

cg2103 dixR master regulator of iron-dependent gene 579 33 -0.4

cg3422 trxB thioredoxin reductase 5 5.8 -0.8

cg2078 msrB peptide methionine sulfoxide reductase- 282 3.0 =07
related protein

€g2867 mpx mycothiol peroxidase, GSH peroxidase- 56 5.6 -15




cg0310 katA(/sigC) catalase ??? 25.4 -0.7 (-1.2)

cgl1774 tki(/ctaB) transketolase 16 147.0 0.0

cg1791 gapA glyceraldehyde-3-phos.  dehydrogenase, 287 44 -0.3
glycolysis

cg1069 gapB glyceraldehyde-3-phos.  dehydrogenase, 284 3.5 1.6
gluconeogenesis

Cell envelope

cg3323 ino1 D-myo-inositol-1-phosphate synthase 156 7.6 i/

cg0337 whcA negative role in SigH-mediated oxidative 125 6.4 -0.5
stress response

©g2747 mepA putative cell wall peptidase 69 4.1 -0.2(-1.4)

cg0061 rodA putative FTSW/RODA/SPOVE-family cell 389 8.7 -1.1
cycle protein

cg0306 lysC aspartate kinase 40 12.2 0.7

€g2373 murF D-alanine:D-alanine-adding enzyme 133 23.1 -0.2

cg0423 murB UDP-N-acetylenolpyruvoylglucosamine 2 18.7 -0.3
reductase

Remarkably, HrrA binding was also observed (e.g., ramA, ramB, amtR and dixR) were identified as

upstream of gapA (glyceraldehyde-3-phosphate
dehydrogenase) and tkt (transketolase), encoding
enzymes involved in the central metabolism and
previously described as important hubs in the cellular
response to oxidative stress (35). However, due to the
binding of HrrA in the intergenic region of tkt and the
divergently encoded ctaB, as described earlier, no
further regulatory function could be ascertained
(Figure S6). Additional genes involved in the oxidative
stress response were identified, including trxB
(thioredoxin  reductase (36)), mpx (mycothiol
peroxidase), tusG (trehalose uptake system (37)) and
msrB (methionine sulfoxide reductase (38)). 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, murB, murF), lysine (lysl, lysA,
lysC), the peptidoglycan precursor meso-2,6-
diaminopimelate (mDAP), inositol-derived lipids (ino7)
and arabinogalactan (aftC). HrrA also exhibited
binding to the promoter region of malR, which
encodes a global regulator involved in stress-
responsive cell envelope remodeling (Hlnnefeld &
Frunzke, manuscript submitted). In addition to malR,
other genes encoding global transcriptional regulators

direct HrrA targets, adding a further level of complexity
to this systemic response to heme.

Temporal dynamics of promoter occupancy reveal
hierarchy in the HrrA regulon

With this time-resolved and genome-wide analysis of
HrrA binding, we were also able to visualize distinct
binding patterns of HrrA in response to addition and
depletion of stimulus. Consequently, we asked
whether the binding patterns (ChAP-Seq coverage)
could provide information regarding the dissociation
constant (Kq) of HrrA to specific genomic targets. We
compared the in vivo binding patterns of ctak, cydAB
and hmuO (Figure 1). While a constitutively high peak
was observed upstream of the ctaE promoter, the
relative increase upon the addition of exogenous
heme was smaller than that observed for other targets
(Figure 1D). In contrast, binding to the promoter of
hmuO occurred with apparently high stimulus
dependency and appeared to be very transient, as
HrrA was fully dissociated from this promoter 4 h after
the addition of hemin (Figure 1B). The addition of
heme also resulted in the appearance of secondary
binding sites in the ctaE, cydAB and hmuO upstream
promoter regions, providing evidence for cooperative
binding and/or DNA loop formation in response to high
heme levels. In general, we found that genes that
were not bound or only moderately bound before the
addition of a stimulus generally exhibited higher fold
increases in coverage than constitutively bound
targets (Figure S7).
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Subsequently, we determined the in vitro affinity of
phosphorylated HrrA to the promoter regions of ctaE,
cydAB and hmuO (Table 2, Figure S8). Consistent
with the ChAP-Seq data, we measured the highest
affinity of HrrA to Pcae with an apparent Kq of 0.10 uM
(+ 0.003). We therefore hypothesize that the ctakE
promoter is a prime target that is constitutively
activated by HrrA to maintain high gene expression of
the operon encoding the bci-aas supercomplex. In
contrast, we measured an almost 3-fold lower
apparent Kq for Peyaas, which was consistent with the
relatively transient binding pattern observed for this
target. With an apparent Kg of 0.19 uM, the in vitro
binding affinity of HrrA to the hmuO promoter was
rather high considering 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
been previously described to repress hmuO
expression by binding to adjacent sites (34). Taken
together, these results show 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 internetwork interference.
Consequently, high in vivo promoter occupancy
indicates high binding affinity, but conclusions based
on weakly bound regions may be confounded by
competition with other binding factors.

Table 2: Apparent K, values of HrrA to the promoters of hmuO, ctaE, sigC and cydA. The affinity of phosphorylated HrrA to the
indicated regions was measured using purified protein in increasing concentrations and its ability to shift 15 nM DNA fragments
covering 250 bp up- and downstream of the maximal ChAP-Seq peak height (for detailed information, see Figure S8).

Promoter Function

Apparent Ka(pM)

Peak intensity after hemin
addition (ChAP-Seq)

Subsequently, we determined the in vitro affinity of
phosphorylated HrrA to the promoter regions of ctaE,
cydAB and hmuO (Table 2, Figure S8). Consistent
with the ChAP-Seq data, we measured the highest
affinity of HrrA to Paaewith an apparent Kq of 0.10 pM
(+ 0.003). We therefore hypothesize that the ctaE
promoter is a prime target that is constitutively
activated by HrrA to maintain high gene expression of
the operon encoding the bci-aas supercomplex. In
contrast, we measured an almost 3-fold lower
apparent Kq for Peaas, which was consistent with the
relatively transient binding pattern observed for this
target. With an apparent Ka of 0.19 uM, the in vitro
binding affinity of HrrA to the hmuO promoter was
rather high considering 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
been previously described to repress hmuO
expression by binding to adjacent sites (34). Taken
together, these results show 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 internetwork interference.
Consequently, high in vivo promoter occupancy
indicates high binding affinity, but conclusions based
on weakly bound regions may be confounded by
competition with other binding factors.

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

To evaluate how HrrA binding impacts the expression
of individual target genes, we analyzed the
transcriptome (RNA-Seq) of the C. glutamicum wild
type strain (ATCC 13032) as well as a AhrrA mutant.
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Analogous to the ChAP-Seq experiments, RNA-Seq
analysis was performed prior to the addition of heme
(To) and 0.5 and 4 h after the heme pulse (in medium
containing no other iron source).

At To, before the addition of heme, already 158 genes
showed a more that 2-fold altered expression level in
wild type cells compared to AhrrA cells (AhrrA/wt). In
contrast, directly after the addition of stimulus, the
expression of 274 of the significantly affected genes
(Figure 3A, orange dots) changed more than 2-fold. Of
these genes, 120 were upregulated and 154 were
downregulated in the hrrA deletion strain. 4 h after
addition of heme, only 118 genes exhibited a greater
than 2-fold increase or decrease (scatter plots for
additional time points are presented in Figure S9).

A

non-differential

The hrrA expression decreased after 0.5 h upon the
addition of heme, which was likely caused by DtxR
repression in response to increased intracellular iron
levels (Figure 3B). In contrast, after 4 h of cultivation,
hrrA levels significantly increased, reflecting the
depletion of heme as an alternative iron source and
dissociation of DtxR. Furthermore, differential gene
expression analysis revealed HrrA to be an activator
of all genes encoding components of the respiratory
chain (ctaE, ctaD, ctaF and cydA) and as a repressor
of heme biosynthesis (hemA, hemE and hemH)
(Figure 3C)
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Figure 3: Differential gene expression analysis of wild type C. glutamicum and a AhrrA mutant.

(A) Differential gene expression analysis (RNA-Seq) revealed 120 upregulated and 154 downregulated genes in the hrrA deletion
strain compared to the wild type (in transcripts per million, TPM) after 30 minutes of cultivation in iron-depleted glucose minimal
medium containing 4 pM heme. (B) Expression levels of hrrA (TPM) 0, 0.5 and 4 h after the addition of hemin. A scheme depicts
HrrA autoregulation and iron-dependent DtxR repression. (C) Impact of hrrA deletion on the transcript levels of six selected target
genes at three different time points (0 h, 0.5 h, 4 h; orange: HrrA acts as a repressor, turquoise: HrrA acts as an activator). (D)
ChAP-Seq and RNA-Seq experiments demonstrate higher correlation of ChAP-Seq peak intensities and impact on gene expression
(RNA-Seq, AhrrA/wt) for targets where HrrA functions as a repressor instead of an activator.



Additionally, //dD, encoding a lactate dehydrogenase
contributing to the reduced menaquinone pool, was
downregulated more than three-fold upon deletion of
hrrA. Remarkably, we identified HrrA as a repressor of
sigC, encoding an ECF involved in the control of the
branched respiratory chain in response to cytochrome
aas deficiency (32). In addition to the considerable
differences between the wild type and the AhrrA
mutant, we also observed slightly decreased mRNA
levels of genes involved in the oxidative stress
response (e.g., mpx, mycothiol peroxidase) or cell
envelope remodeling (e.g., malR, murB) in the AhrrA
mutant, suggesting HrrA to be an activator of these
targets. In many cases, promoter occupancy by HrrA
did not result in altered expression levels of the
particular target gene (e.g., genes involved in
peptidoglycan biosynthesis or the transketolase tki) in
a AhrrA mutant under the tested conditions (Table 1).
This finding is, however, not surprising considering the
multiplicity of signals and regulators affecting gene
expression under changing environmental conditions.

Correlation between promoter occupancy and
differential gene expression is higher for
repressed targets

In nature, all relevant stimuli for a specific gene act as
inputs, and therefore, the output and adaptation of
gene expression is affected by a multitude of
parameters. We examined how HrrA binding (ChAP-
Seq) translates to changes in expression of target
genes (RNA-Seq) and found that binding and
differential gene expression exhibit significantly higher
correlation for repressed targets than for genes
activated by HrrA (Figure 3B). This phenomenon can
be attributed to a generally high hierarchical position
of repressors and can be demonstrated for the
transcriptional control of the heme oxygenase HmuO.
While HrrA binds to Pamuo directly after addition of the
stimulus, the iron-dependent regulator DtxR also binds
to this promoter and represses hmuO. As a result,
HrrA binding does not instantly translate to increased
expression but is delayed until DtxR dissociates (see
Figure S10 for mRNA levels of hmuO in wild type and
AhrrA cells). In cases where HrrA represses
expression, such as of hemE/hemY, binding is
apparently enough for heme-dependent inhibition, just
as DtxR-mediated repression of hmuO overwrites the
activation of this gene by HrrA.

10

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 revealed that HrrA activates the
expression of genes encoding the cytochrome bci-aas
supercomplex (ctaE-qcrCAB, ctaD, ctaFC, Figure 4)
and of cydAB, encoding the cytochrome bd branch of
the respiratory chain. In both cases, multiple HrrA
peaks were identified in ChAP-Seq experiments;
however, the association of these multiple peaks with
the control of particular target operons remains to be
studied. Remarkably, the mRNA profiles of the
corresponding operons exhibited significantly delayed
activation of cydAB in response to heme, which was
abolished in the AhrrA mutant (Figure 4). In contrast,
ctaE expression was significantly higher in wild type
cells, even before hemin addition (To), and reaches a
plateau 30 minutes after stimulus addition. In this
context, notably, we also observed binding of HrrA
upstream of sigC, which encodes an extracytoplasmic
sigma factor that was shown to be involved in the
activation of the cydAB operon (32). The mRNA level
of sigC increased more than two-fold in the AhrrA
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 4E). Additionally, the
higher cydAB expression, observed in the AhrrA strain
before addition of stimulus (Figure 4C) is likely a
byproduct of increased sigC expression (Figure 4B)
and the subsequent o® activation of the cydAB operon
in the same strain. Dissociation of HrrA from Psigc at a
later time point (4 h after heme pulse) led to
derepression of sigC and concomitantly increased
expression of cydAB in the wild type. Because cydAB
levels were constitutively low in the AhrrA 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. Thus, the cells were able to channel most of the
available heme pool into the more efficient
cytochrome bci-aas  supercomplex. The lower
apparent Ka of HrrA for the ctaE promoter (0.1 uM)
than for PcydAB (0.26 uM) or PsigC (0.27 pM) also
reflects  this  prioritization of HrrA  targets.
Consequently, this almost 3-fold decrease in affinity
(apparent Kg) increases the threshold for HrrSA
activity to control these targets.



HrrSA Orchestrates a Systemic Response to Heme

85

A B Genomic position (bp)
2297000 2297600 2298200 273600 273900 274200 1204000 1204500 1206000
+— +— +—
— ctaF sigC 18— cg1302
40 ctakE 20| e cydA
| T=0h
20 10 6
. —d | EOR—— g - _,._L -
> T=05h
2 40
3 |
£ 2
]
3 0
a
40 | T=4h
20 |
0 I Y | N— Q__A_A;___
- o o 32008
—am— ——————
20000 2000
2 60000 AhrrA 2000| 6000
@ 60000 2000| 6000 T=05h
[
> 20000“ “ 2000
s} e IDaetiatiD ————a—
© 20000 2000
g 40000 2000 6000 B
P4 60000‘ 2000/ 6000 Ta_ 4h
20000 —. e - i 2000“
20000 2000
60000] 2000 6000
D ctaE E sigC F cydA
260 HrrA binding 50003 =30 HrrA binding 1503 =20 HrrA binding 5003
240 > 220 1()0)_> £ = >
%‘ 3000% % E _(% % 300%
220 3 2&10 53 & =
- 10002 # . £23° 1002
= = 0 = 0
Oh 05h 2h 4h Oh 05h 2h 4h Oh 05h 2h 4h
Time point Time point Time point
Figure 4: HrrA prioritizes the exp ion of genes di p its of the bci-aa; supercomplex. Depicted are HrrA

binding peaks as identified by ChAP-Seq analysis (Figure 1 and 2) in comparison to the normalized coverage of RNA-Seq results (wild
type and the AhrrA mutant) for the genomic loci of ctak (A, D), sigC (B, E) and cydA (C, 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 C. glutamicum cells 0, 0.5 and 4 h after the addition of hemin.

DISCUSSION enzymes involved in heme biosynthesis, heme-
containing proteins, components of the respiratory

In this study, we used a genome-wide approach to
identify more than 250 genomic target regions of the
“heme-responsive regulator” HrrA in C. glutamicum.
This intriguingly diverse set of target genes, encoding

chain, oxidative stress response proteins and proteins
involved in cell envelope remodeling, provided
unprecedented insight into the systemic response to
heme coordinated by the TCS HrrSA.
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of the respiratory chain by HrrSA. The results of this study reveal

HrrSA as a global regulator of heme homeostasis coordinating the expression of genes involved in heme biosynthesis, oxidative stress
responses and cell envelope remodeling. An important part of the HrrA regulon is comprised by genes encoding the components of the
branched respiratory chain of C. glutamicum. While HrrA acts as an activator of all components (ctaE-qcrCAB, ctaA, ctaB, cydAB), it
represses transcription of the sigC gene encoding an 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 bci-aas
supercomplex. Bordered boxes, b, c, a, d: heme b, heme ¢, heme a, heme d.

In Gram-positive bacteria, TCSs appear to play a
central role in transient heme sensing, and heme-
responsive systems have been described in several
prominent pathogens, including C. diphtheriae,
S. aureus and B. anthracis (15-18). For all prokaryotic
heme regulatory systems, however, only a small
number of target genes have been described to date,
focusing on targets involved in degradation (hmuO
(18, 39)), heme export (hrtBA (19, 40)) or heme
biosynthesis (hemA (18, 20)). Systems orthologous to
HrrSA are found in almost all corynebacterial species,
and the high amino acid sequence identity shared by
response regulators (87 %, between C. glutamicum
and C. diphtheriae HrrA, Figure S11) suggests that

the important role of HrrSA in the control of heme
homeostasis is conserved.

Coping with heme stress

While being an essential cofactor for many proteins,
heme causes severe toxicity to cells at high levels (4).
In mammalian cells, the BACH1 regulator is
inactivated by heme binding and plays a key role in
maintaining the balance of the cellular heme pool (8,
41). Heme oxygenases are targets of various heme-
dependent regulators (18, 42, 43), and consistent with
this principle, the mammalian HMOX1 gene, encoding
an NADPH-dependent oxygenase, is regulated by
BACH1 (41). Other identified BACH1 targets are
involved in redox regulation, the cell cycle, and



apoptosis as well as subcellular transport processes
(9), and the regulon includes genes encoding
thioredoxin reductase 1, the iron storage protein
ferritin (44) and NAD(P)H menadione oxidoreductase
1 (45).

Although neither the regulator nor the constitution of
the regulon is conserved, the responses of BACH1
and HrrSA share a similar logic. Analogous to
eukaryotic BACH1, we observed HrrA-mediated
activation of trxB (thioredoxin reductase), mpx
(mycothiol peroxidase), and katA (catalase), which
appear to be required to counteract oxidative stress
caused by elevated heme levels. Additionally, HrrA
binds to the intergenic region between the divergent
genes ctaB and tkt, the latter encoding a
transketolase. While BACH1 has previously exhibited
regulation of a transketolase (TKT) (9), the effect of
HrrA on the expression of tkt could not be conclusively
determined in this study (see Table 2). Notably,
however, transketolase, an important enzyme of the
nonoxidative part of the pentose phosphate pathway
(PPP), was recently shown to be required for cancer
cell growth, helping the cells meet the high demand
for NAPDH (35).

Remarkably, HrrA binding was also observed
upstream of both gapA and gapB, which encode
glyceraldehyde-3-phosphate dehydrogenases
(GapDHs) and are involved in glycolysis and
gluconeogenesis, respectively. Previous studies have
revealed that oxidative stress may block glycolysis by
inhibiting glyceraldehyde-3-phosphate dehydrogenase
(GapDH) in baker's yeast and mammalian cells (46,
47). Furthermore, GapDH of C. diphtheriae was
recently shown to be redox-controlled by S-
mycothiolation (48). Slight activation of gapA by HrrA
may thus counteract an impaired glycolytic flux under
conditions of heme stress.

Furthermore, several HrrA targets play a role in the
biosynthesis and remodeling of the corynebacterial
cell envelope, including mepA (a putative cell wall
peptidase (49)); ino?, which is required for the
synthesis of inositol-derived lipids (50); and malR,
encoding a MarR-type regulator that is possibly
involved in  stress-responsive cell envelope
remodeling (Hunnefeld & Frunzke, manuscript
submitted). Taken together, these insights emphasize
the important role of the HrrSA system in the control of
heme stress responses.

Coordinated control of the respiratory chain

Among the most significantly affected targets in the
AhrrA mutant were many genes encoding components
of the respiratory chain (24), including all the genes
constituting the cytochrome bci-aas branch of the
respiratory chain (ctaE-qcrCAB, ctaCF and ctaD) (51);
genes encoding the cytochrome bd branch (cydAB
(24)); ctaA (52) and ctaB (53), encoding enzymes
responsible for heme a synthesis; and /ldD and dld,
encoding lactate dehydrogenases that contribute to
the reduced menaquinone pool (24).

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-qcrCAB operon was shown to be significantly
downregulated after o€ overexpression due to binding
of the sigma factor to the antisense strand of the
promoter (32). Here, we demonstrated that this
repression is counteracted by HrrA, which not only
represses sigC but also activates ctaE-qcrCAB
expression. While the two proteins have antagonistic
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 Kq values of HrrA
with Pcaa and Psige, which were two-fold lower than
those with the promoter of ctaE. These findings were
also consistent with the ChAP-Seq experiments,
where the peaks upstream of ctaE and ctaB were
among the highest peaks at To and after 0.5 h (Figure
4A). These data suggest that under conditions of
sufficient heme supply, production of the cytochrome
bei-aas supercomplex is preferred, which is highly
effective but requires the incorporation of six heme
cofactors. Repression of sigC by HrrA and the
relatively low affinity to the cydAB promoter results in
delayed production of the bd branch. At high cell
densities (mid-exponential phase), available heme is
thus first channeled to the cytochrome bci-aas
supercomplex before the cytochrome bd oxidase is
used, which is less efficient but has a higher oxygen
affinity.

There is further overlap between the HrrA and o®
regulons in the case of ctaB, which encodes a
farnesyltransferase, catalyzing the conversion of
heme b to heme o. Because both HrrA and o°
positively regulate ctaB, the expression of this gene



parallels that of the cyd operon, exhibiting delayed
induction (Figure S6) in response to heme. This
phenomenon is counterintuitive because the
conversion of heme b to heme a is needed to fulfill the
heme a requirement of the bci-aas supercomplex. In
general, only a few studies have examined the
transcriptional regulation of heme a synthesis in
prokaryotes. In B. subtilis, ctaA and ctaB are regulated
by the ResDE TCS in an oxygen-dependent but
heme-independent manner (54). Furthermore, upon
production of CtaA and CtaB of B. subtilis in
Escherichia coli, the in vivo formation of a
physiologically relevant complex was suggested that
efficiently catalyzed the heme b to heme a conversion
with heme o as intermediate (55). In C. glutamicum,
further studies are needed to unravel the
stoichiometry of this complex. For now, one can only
speculate that cellular heme a stock is used to meet
the initial cofactor demand of the bci-aas
supercomplex. Subsequently, upregulation of the
ctaB-ctaA synthesis pathway is needed to replenish
these stores. This concept would foster a rapid
response to potentially available external heme
sources and may represent an important adaptive trait
of pathogenic species.

Interference with other regulatory networks

Deletion of the hrrA gene led to more than 2-fold
upregulation of 120 genes, while 154 genes were
downregulated after the addition of heme. Several
other genes were significantly affected but to a lesser
extent. Remarkably, among the direct target genes
controlled by HrrA, we identified several prominent
global regulators, including the regulators of acetate
metabolism ramA and ramB (56, 57); malR, which is
involved in cell envelope remodeling (Hinnefeld &
Frunzke, manuscript submitted); and dtxR, encoding
the global iron-dependent regulator in corynebacterial
species (34, 58). This finding is intriguing because it
reveals the close association and reciprocal control
between HrrA and DtxR. While DtxR represses hrrA
transcription under conditions of sufficient iron supply
(34), HrrA slightly upregulates dtxR expression (~1.5-
fold) in response to heme.

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 unprecedented insight into the systemic
response to heme coordinated by the HrrSA TCS.
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Given the many properties of this molecule, the
complexity of this response is actually not surprising
but paves the way for further functional analysis of
HrrA targets with so far unknown functions.

MATERIALS AND METHODS

Bacterial strains and growth conditions

Bacterial strains used in this study are listed in Table S1. The
Corynebacterium glutamicum strain ATCC 13032 was used as
wild type (27) and cultivations were performed in liquid BHI
(brain heart infusion, Difco BHI, BD, Heidelberg, Germany), as
complex medium or CGXII (59) containing 2 % (w/v) glucose as
minimal medium. The cells were cultivated at 30°C; if
appropriate, 25 pg/ml kanamycin was added. E. coli (DH5a and
BL21 (DES)) was cultivated in Lysogeny Broth (Difco LB, BD,
Heidelberg, Germany) medium at 37°C in a rotary shaker and
for selection, 50 pg/ml kanamycin was added to the medium.

Recombinant DNA work and cloning techniques

Cloning and other molecular methods were performed according
to standard protocols (60). As template, chromosomal DNA of
C. glutamicum ATCC 13032 was used for PCR amplification of
DNA fragments and was prepared as described previously (61).
All sequencing and synthesis of oligonucleotides was performed
by Eurofins Genomics (Ebersberg, Germany). For ChAP
sequencing, the plasmid pJC1_Phrsa-hrrSA-twin-strep P cnsa-
chrSA-his was constructed after amplification of hrrS-hrrA-twin-
strep and chrS-chrA-his, including promoter (500 bp upstream of
the first gene) from stock plasmids, using the primers indicated
in Table S2. The fragments were cloned into pJC1 using the
created overhangs and Gibson assembly(62).

ChAP Sequencing — Sample preparation

The preparation of DNA for ChAP sequencing was adapted from
(63). The C. glutamicum strain AhrrSAAchrSA was transformed
with a plasmid carrying genes for both TCSs encoding tagged
RRs (PJC1_Ppusa-hrrSA-twin-strep_P cwsa-chrSA-his). A
preculture was inoculated in liquid BHI medium (25 pg/ml
kanamycin) from a fresh BHI agar plate and incubated for 8-10 h
at 30°C in a rotary shaker. After that, cells were transferred into
a second preculture in CGXIl medium containing 2 % (w/v)
glucose and O0pM FeSO, to starve the cells from iron.
Protocatechuic 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 ODgoo of 3.0 in
1 L CGXIl medium containing 4 uM hemin as sole iron source.
For the time point t=0, the cells were added to 1 L fresh CGXIl|
containing no additional iron source. After 0 h, 0.5h, 4h, 9h
and 24 h, cells corresponding to an ODgo of 3.5 in 1 L were
harvested by centrifugation at 4 °C, 5000 x g and washed once
in 20 ml CGXIl. Subsequently, the cell pellet was resuspended
in 20 ml CGXI! containing 1 % (v/v) formaldehyde to crosslink
the regulator protein to the DNA. After incubation for 20 min at
RT, the cross linking was stopped by addition of glycine
(125 mM), followed by an additional 5 minutes of incubation.
After that, the cells were washed three times in buffer A (100



mM Tris-HCI, 1 mM EDTA, pH=8.0) and the pellets stored
overnight at -80 °C. For cell disruption, the pellet was
resuspended buffer A containing “complete” protease inhibitor
cocktail (Roche, Germany) and passed through a French
pressure cell (SLM Ainco, Spectronic Instruments, Rochester,
NY) five times at 207 MPa. The DNA was fragmented to ~500
bp by sonication (Branson Sonifier 250, Branson Ultrasonics
Corporation, Connecticut, 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 material (IBA
Lifesciences, Géttingen, Germany) according to the supplier's
manual (applying the gravity flow protocol, 1.5 ml column
volume). Washing of the column was performed 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) SDS was added to the elution 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 alcohol (Carl Roth GmbH, Karlsruhe,
Germany) was added to the samples in a 1:1 ratio and the
organic phase was separated using Phase Lock Gel (PLG)
tubes (VWR International GmbH, Darmstadt, Germany)
according to the supplier's manual. Afterwards, the DNA was
precipitated by adding ice cold ethanol (to a conc. of 70 %) and
centrifugation at 16.000xg, 4 °C for 10 min. The DNA was
washed with ice cold 70 % ethanol, then dried for 3 h at 50 °C
and eluted in dH:O. The resulting DNA was used for library
preparation and indexing using the TruSeq DNA PCR-free
sample preparation kit (lllumina, California, USA) according to
the manufacturer's instructions, only skipping fragmentation of
the DNA. The resulting libraries were quantified using the KAPA
library quant kit (Peglab, Bonn, Germany) and normalized for
pooling.

RNA ing — prep:

For RNA sequencing, C. glutamicum wild type and the [JhrrA
mutant strain were cultivated under the same conditions as
described for ChAP Sequencing. Both strains did not contain
any plasmids and, hence, were cultivated without addition of
antibiotics in biological duplicates. After 0 h (no heme), 0.5 h and
4 h, cells corresponding to an ODgy of 3 in 0.1 L were harvested
in falcon tubes filled with ice by centrifugation at 4 °C and 5000 x
g for 10 minutes 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 (150.000 x g, 4 °C, 1 h), the RNA was purified
using the RNeasy Mini Kit (QIAGEN GmbH, Hilden, Germany)
according to the supplier's manual. Subsequently, the ribosomal
RNA was removed by running twice the workflow of the Ribo-
Zero rRNA Removal Kit [Bacteria] (lllumina, California, USA) in
succession. Between steps, the depletion of rRNA as well as the
mRNA quality was analysed using 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
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(lllumina, California, USA) according to the supplier's manual.
Afterwards, the cDNA was purified using Agencourt AMPure XP
magnetic beads (Beckman Coulter, Indianapolis, USA). The
resulting libraries were quantified using the KAPA library quant
kit (Peglab, Bonn, Germany) and normalized for pooling.

Sequencing and sequence analysis

Pooled libraries were sequenced on a MiSeq (lllumina,
California, USA) generating paired-end reads with a length of
2x75 bases. Data analysis and base calling were performed
with the lllumina instrument software and stored as fastq output
files. We then proceeded as follows:

ChAP-Seq analysis

The obtained DNA fragments of each sample (up to 2 pug) were
used for library preparation and indexing using the TruSeq DNA
PCR-free sample preparation kit according to the manufacturer’s
instruction, yet omitting the DNA size selection steps (lllumina,
Chesterford, UK). The resulting libraries were quantified using
the KAPA library quant kit (Peglab, Bonn, Germany) and
normalized for pooling. Sequencing of pooled libraries was
performed on a MiSeq (lllumina) using paired-end sequencing
with a read-length of 2 x 150 bases. Data analysis and base
calling were accomplished with the lllumina 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) for trimming and base quality
filtering. The output was mapped to accession BX927147 as
C. glutamicum reference genome
(www.ncbi.nlm.nih.gov/pubmed/12948626). Genomic coverage
was convoluted with second order Gaussian 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 following procedure: 1) all the peaks
higher than 3 mean coverage were detected 2) Points at which
their coverage dropped below 2 of the maximal peak height
were found and the distance between them was considered as a
peak width 3) The “estimated peak width” was set equal to the
median peak width. The convolution profile was scanned in
order to find points were first derivative changes its sign from
positive to negative (Figure S12). Each such point was
considered as a potential peak and was assigned with a
convolution score (that is convolution with second order
Gaussian kernel centered at the peak position). Further we
explored the distribution of the convolution scores. It appeared
to resemble normal distribution, but with a heavy right tail. We
assumed that this distribution is indeed bimodal of normal
distribution (relatively low scores) representing ‘noise’ and a
distribution of ‘signal’ (relatively high scores). We fit the
Gaussian curve to the whole distribution (via optimize.fit function
from SciPy package (64)) 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. Filtered peaks were
normalized to allow inter-sample comparisons. 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 intensities were divided by
this coefficient.



RNA-seq analysis

Sequencing reads quality was explored with the FastQC (65)
tool. Since reads appeared to be of a good quality and didn't
harbor significant fraction of adapters or overrepresented
sequences, no preprocessing was undertaken. 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 (BX927147)
with Bowtie2 (66). 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 proportionally
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 (67) we assign 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 (68).

Furthermore, we analyzed which genes are significantly
differentially  expressed between conditions. We set
combinatorial thresholds on normalized GEC (gene expression
change) [lexpri-expr2|/(expri+expr2)] and MGE (mean gene
expression) [ log2((expri+expr2)/2) | where “expr1” 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 (false discovery rate) less than 0.05. FDR
was estimated as GECintra/(GECintra + GECinter); where
GECintra is a number of genes passed the thresholds based on
intrasample GEC (that is gene expression change between the
replicates 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 conditions).
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 expressed genes while keeping FDR
below 0.05.

Accession numbers

All ChAP-Seq and RNA-Seq datasets were deposited in the
GEO database under the accession number GSE120924.

ement of cell iated hemin

The C. glutamicum strain AhrrSAAchrSA (carrying the
PJC1_Phasa-hrrSA-twin-strep_Pcusa-chrSA-his  plasmid) ~ was
cultivated in 4 uM hemin as described above (see ChAP
Sequencing). To measure the cell-associated heme pool, CGXI|
minimal medium supplemented with 2 % (w/v) glucose and 4 uM
heme was inoculated to an ODggo of 3.5. Samples were taken
0.5, 2, 4, 9 and 24 hours after addition of heme. Cells were
harvested, resuspended in 100 mM Tris-HCI (pH 8) and
adjusted to an ODsgo of 100. Cells cultivated in 4 pM FeSO,

supplemented medium were taken as a control and harvested at
the same time points. Absolute 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 combination with 5 mm light path cuvettes.
Absorption values at 406 nm were normalized by subtracting the
measured absorption values of Fe-cultivated cells.

Electrophoretic mobility shift assays (EMSA)

The promotor regions of HrrA target genes were chosen based
on the ChAP-Seq analyses and comprised 50 bp up- and
downstream of the maximal peak height (for primers see Table
S2) . For quantitative measurements, the DNA fragments were
increased to 250 bp up- and downstream of the peak maximum.
Before addition of DNA, HrrA was phosphorylated by incubation
for 60 min with MBP-HrrSA1-248 in a ratio of 2:1 and 5 mM
ATP. Binding assays were performed in a total volume of 20 pl
using 15 nM DNA and increasing HrrA concentrations from 25 to
100 nM or 75 to 1500 nM, respectively. The binding buffer
contained 20 mM Tris-HCI (pH 7.5), 50 mM KCI, 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 stained using Sybr green | (Sigma Aldrich). The
band intensities of unbound DNA were quantified using AIDA
v.4.15 (Raytest GmbH, Germany) and Kd values calculated
using GraphPad Prism 7.
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Figure S1: Reporter screening, Phrisa

Reporter output of C. glutamicum wild type and AhrtBA mutant strains carrying the vector pJC1_Phra-eyfp. Cells
were inoculated in CGXIl minimal medium with 2% (w/v) glucose containing hemin in varying concentrations as
iron source. For further information on target gene reporter screenings, see Keppel et al. (2018c).
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Figure S2: Reporter screening, Phrs

Reporter output of C. glutamicum wild type and mutant strains carrying the vector pJC1_Pnrs-eyfp. Cells were
inoculated in CGXIl minimal medium with 2% (w/v) glucose containing either hemin or FeSQO4 as iron source.
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Figure S3: Reporter screening, Phra
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Reporter output of C. glutamicum wild type and mutant strains carrying the vector pJC1_Pnra-eyfp. Cells were
inoculated in CGXII minimal medium with 2% (w/v) glucose containing either hemin or FeSQO4 as iron source.
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Figure S4: Reporter screening, Pchrsa
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Reporter output of C. glutamicum wild type and mutant strains carrying the vector pJC1_Pcnrsa-eyfp. Cells were
inoculated in CGXIl minimal medium with 2% (w/v) glucose containing either hemin or FeSO4 as iron source.
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Figure S5: Reporter screening, Phrsa

Reporter output of C. glutamicum wild type and mutant strains carrying the vector pJC1_Pnrea-eyfp. Cells were
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inoculated in CGXIl minimal medium with 2% (w/v) glucose containing either hemin or FeSO4 as iron source.
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Figure S6: Reporter screening, Phmuo

Reporter output of C. glutamicum wild type and mutant strains carrying the vector pJC1_Pnmuo-eyfp. Cells were
inoculated in CGXIl minimal medium with 2% (w/v) glucose containing either hemin or FeSO4 as iron source
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Supplementary Figure S1 - Amino acid sequence alignment of the histidine kinases HrrS and
ChrsS of C. glutamicum. The alignment was performed using Clustal Omega and jalview. Sequences
were obtained from the NCBI database (https://blast.ncbi.nlm.nih.gov).
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Supplementary Figure S2 - Promoter profiling in AhrrS and AchrS deletion mutants. The
C. glutamicum mutant AchrS or AhrrS were transformed with the target gene reporter pJC1_Pruo-
eyfp or pJC1_Pnupa-eyfp, respectively. Cells were cultivated in a microbioreactor system (Biolector)
in CGXII minimal medium with 2% (w/v) glucose containing 0-6 uM hemin. The specific
fluorescence was referenced against the reporter output of strains showing background level of the
particular reporter construct as described previously (AhrrSA / pJC1-Puuo-eyfp and AchrSA / pJC1-
Pinsa-eyfp (Hentschel et al., 2014)).
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Supplementary Figure S3 - UV-Vis analysis of the heme binding properties of HrrS and ChrS.
For hemin binding assays, different amounts of hemin were titrated to 10 uM of purified HrrS or
ChrS protein to a final concentration of 0, 2, 4, 8, 16 and 32 pM. The mixture was incubated for 5
min at RT and then analyzed by UV-visual spectroscopy. The resulting absorption was referenced
against the absorption of buffer containing only DDM micelles without protein.
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Supplementary Figure S4 - Sequence alignment of HrrS (top) and ChrS (bottom) of different
Corynebacteriaceae. Alignment was performed using Clustal Omega and jalview. Sequences were
obtained from the NCBI database (https://blast.ncbi.nlm.nih.gov). Asterisks mark amino acids
analyzed by alanine-scanning of HrrS (Figure 4) and ChrS (Figure S6). The conserved trio (Y112-
F115-F118, in C. glutamicum HrrS) of aromatic residues are highlighted in yellow. Exchange of the
respective residues resulted in an almost abolished heme-binding of HrrS in vitro (Figure 5 and 6).
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Supplementary Figure S5 - Alanine scanning of the transmembrane domain of HrrS reveals
putative heme binding residues. The C. glutamicum mutant strain AhrrSAchrS was transformed
with the target gene reporter pPECXC99E_Pumo-eyfp and the pKW3 plasmid either containing wild
type hrrS under its native promoter (wt) or one of fifteen 4rrS variants, encoding the histidine kinase
with a single amino acid exchange. All proteins contained a C-terminal FLAG tag fusion for western
blot analysis. Cells were cultivated in a microbioreactor system (Biolector) in CGXII minimal
medium with 2% (w/v) glucose containing 2.5 uM hemin.
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Supplementary Figure S6 - Alanine scanning of the transmembrane domain of ChrS revealed
amino acid residues putatively involved in heme binding. A C. glutamicum AhrrSAchrS mutant
strain was transformed with the target gene reporter pJC1_PhrtBA-eypf (kanamycin resistance) and
either containing wild type chrS under native promoter (labeled wt) or one of fifteen chrS variants,
encoding the histidine kinase with a single amino acid exchange. Cells were cultivated in the
BioLector system in CGXII minimal medium with 2% (w/v) glucose containing 2.5 uM hemin. The
peak specific fluorescence (fluorescence signal per backscatter signal, given in arbitrary units, a.u.)
after 4 h is shown in the graph. The data represent average values of three independent biological
replicates.
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Supplementary Figure S7 - Heme/hemin binding properties of purified ChrS and ChrSY87A-
F90A-F94A. ChrS is not co-purified together with heme from the E. coli lysate, but shows
significant hemin binding properties after incubation with 50 uM hemin in the E. coli crude extract.
The membrane proteins were purified by the means of a C-terminal Strep-tag and analyzed the
UV/Visible double beam spectrophotometer UV-1601 PC (Shimadzu, Kyoto, Japan).
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Supplementary Figure S8 - Autophosphorylation of full length histidine kinases HrrS-Strep
and ChrS-Strep. Immediately after purification, both kinases were incubated with 0.25 pM[y~>*P]-
ATP (10 mCi/ml; PerkinElmer, USA) mixed with 80 pM non-radioactive ATP. The mixture was
incubated for up to 30 min and at different time points aliquots were removed and the
phosphorylation state was analyzed on storage phosphor imaging films (Fuji Photo Film Co., Tokyo,
Japan) and with a Typhoon Trio Scanner (GE Healthcare, Germany).

12 uM of purified HrrS/HrrSY112F-F115A-F118A (C) and ChrS/ChrSY87A-F90A-F94A (A) either
with (top) or without (bottom) addition of hemin. B and D: Band intensities were analyzed with Fiji
Imagel] (https://fiji.sc/).

2.2 Supplementary Tables

Supplementary Table S1. Bacterial strains and plasmids.

Strain or plasmid Relevant characteristics Source or reference

E. coli

DH5q fhuA2  lac(del)U169  phoA  ginv44  ©80'
lacZ(del)M15 gyrA96 recAl relAl endAl thi-1
hsdR17; for general cloning purposes

Invitrogen
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B F~ ompT gal dcm lon hsdSg(rs=ms™) A(DE3 [lacl (Studier & Moffatt
lacUV5-T7p07 ind1l sam7 nin5]) [malB*]k-12(A%); 1986) ’
overexpression of membrane proteins.

BL21(DE3)

ATCC 13032 Wildtype strain Corynebacterium glutamicum (Kinoshita et al,
2004)

ATCC 13032 Deletion mutant of the open reading frame (orf) (Hentschel et al,
AhrrS encoding the HK HrrS 2014)

Plasmids

pIC1_Pupa-eyfp ~ Target gene reporter for the ChrSA system (Heyer et al., 2012)

pT7-5-phoA Expression plasmid for E. coli, carries phoA as 3° (Bauer et al., 2011)
extension behind the MCS, kindly supplied by the
laboratories of G. Unden

pT7-5_hrrS-phoA  The pT7-5 plasmid was digested with BamHI and This work
(hrrSA30- Nhel and 20 different truncated versions of hrrS
hrrSE424) were amplified (Oligo 1-21), digested with the
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same restriction enzymes and ligated into the
linearized plasmid.

pT7-5_chrS-phoA
(chrSE12-
chrSA160)

IPTG inducible expression plasmid for the
overexpression of ArrS-strep (full-length) in E. coli
BL21. Amplification of hArrS wt from
chromosomal DNA with the oligonucleotides 44
and 45, ligation into pET24b via Gibson assembly.

pET24b-hrrS-
Cstrep

The pT7-5 plasmid was digested with BamHI and
Nhel and 20 different truncated versions of chrS
were amplified (Oligo 22—41), digested with the
same restriction enzymes and ligated into the
linearized plasmid

This work

This work

pET24b-
hrrSY112F-
FI115A-F118A-
Cstrep

Single mutations were introduced into the plasmid
via the “quik-change-lightning” kit (Agilent
Genomics, Santa Clara, United States) and for the
triple mutations additional rounds of mutagenesis
were performed

This work

pKW3

Expression plasmid; containing a high copy
number ori for E. coli and a low copy number ori
for C. glutamicum

(Eggeling et al.,
1998)
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pPKW3_hrrS-flag 16 single mutations were introduced into the This work
(hrrSW70A- pKW3_hrrS-flag plasmid to generate 16 different
F172A) single mutation expression plasmids. Mutations
were introduced into the plasmid via the “quik-
change-lightning” kit (Agilent Genomics, Santa
Clara, USA) and the oligonucleotides 48 - 79 as
described in material and methods.

Supplementary Table S2. Oligonucleotides used in this study. Restriction sites are underlined.

# Oligonucleotide Sequence

hrrS_phoA-lacZ_fw GCGCGGATCCATGCAGTCAAGCCTAGATCG

3 hrrS-H38_phoA/lacZ_rv GCGCGCTAGCGTGGATACTGTTGCGATAGCTC

5 hrrS-A51_phoA/lacZ_rv GCGCGCTAGCAGCTCCCAACCCCACGACCAG

7 hrrS-G77_phoA/lacZ_rv GCGCGCTAGCTCCATAGAAGTACAGAAAACCCC

hrrS-G87_phoA/lacZ_rv GCGCGCTAGCGCCGTGGCTCAAATCTACGC

11 hrrS-L96_phoA/lacZ_rv GCGCGCTAGCCAGCACAAACAGCCAGCCCAG

13 hrrS-L117_phoA/lacZ_rv. ~ GCGCGCTAGCCAGCGGGAACAGCAGATAAATGG

15 hrrS-A133_phoA/lacZ_rv.  GCGCGCTAGCCGCAATAATGCCTCTCACGTC

—
(=]



17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41

42
43

44
45
46
47

hrrS-Q145_phoA/lacZ _rv
hrrS-A171_phoA/lacZ_rv
hrrS-E181_phoA/lacZ_rv
hrrS-H214_phoA/lacZ_rv
hrrS-E424_phoA/lacZ_rv
chrS-E18_phoA/lacZ_rv
chrS-A30_phoA/lacZ_rv
chrS-S41_phoA/lacZ_rv
chrS-A49_phoA/lacZ_rv
chrS-G59_phoA/lacZ_rv
chrS-F66_phoA/lacZ_rv
chrS-L77_phoA/lacZ_rv
chrS-G88_phoA/lacZ_rv
chrS-F96_phoA/lacZ_rv
chrS-F100_phoA/lacZ_rv
chrS-F104_phoA/lacZ_rv
chrS-K110_phoA/lacZ_rv
chrS-A112_phoA/lacZ_rv
chrS-A116_phoA/lacZ_rv
chrS-A122_phoA/lacZ_rv
chrS-A127_phoA/lacZ_rv
chrS-F132_phoA/lacZ_rv
chrS-G135_phoA/lacZ_rv
chrS-L156_phoA/lacZ_rv
chrS-A167_phoA/lacZ_rv

PhmuO_fw
PhmuO_rv

hrrS_Cstrep_fw
hrrS_Cstrep_rv

chrS_Cstrep_fw
chrS_Cstrep_rv

Point mutations hrrS/chrS

48
49
50
51
52
53
54
55
56
57

hrrS-W70_A_fw
hrrS-W70_A_rv
hrrS-Y74_A_fw
hrrS-Y74_A_rv
hrrS-T97A-fw
hrrS-T97A-rv
hrrS-W100_A_fw
hrrS-W100_A_rv
hrrS-Y112A_fw
hrrS-Y112A_rv

GCGCGCTAGCCTGGCTGGCAATCGCAATCG
GCGCGCTAGCCGCGTAATCAATAGCCACGG
GCGCGCTAGCTTCATTATTCACCCGCCACAAC
GCGCGCTAGCATGCGCAATACGTTGACGTTC
GCGCGCTAGCCTCATCGTCAGTTGGAGAAC
GCGCGCTAGCCTCAATTCGGGCGATGGTC
GCGCGCTAGCGGCAATGAGTAAATGCAATC
GCGCGCTAGCGCTGGCACGCCAACACACCAAC
GCGCGCTAGCAGCGAGCACCCACACACCCC
GCGCGCTAGCACCCGCCACATAAACCACG
GCGCGCTAGCAAACGGCGAATTCGGGACCAC
GCGCGCTAGCCAGCACAAGAAACCACGCCATAG
GCGCGCTAGCTCCATCCCAAATCAGGCTCG
GCGCGCTAGCAAACACCAAATACGCAGGCTCC
GCGCGCTAGCGAAAAACATCGGAAACACC
GCGCGCTAGCCAACACTGCGAGGAAAAACATC
GCGCGCTAGCTTTCAGCGGTGTCGTGATCAAC
GCGCGCTAGCCGCGGATTTCAGCGGTGTCG
GCGCGCTAGCTGCAATGATGATCGCGGATTTCAG
GCGCGCTAGCCGCGATCGCCGTCAGTATTG
GCGCGCTAGCAGCCAACGTAACCACCGCGATC
GCGCGCTAGCAAACCCCAGGTGCATAGCCAAC
GCGCGCTAGCGCCAACAGAAAACCCCAGGTG
GCGCGCTAGCTAACTGAAAACACGTACCC
GCGCGCTAGCTGCGTCGACAAGCTCCTTTAAG
PECXC99E reporter
GCGCCATATGCTAGCGAAGTTCTTGAAGTG
GCGCGTCGACTTATCTAGACTTGTACAGCTCG
Overexpression plasmids HrrS/ChrS-Strep
ACTTTAAGAAGGAGATATACATATGATGCAGTCAAGCCTAGATCG
CCTGAAAATACAGGTTCTCGCTAGCCTCATCGTCAGTTGGAGAAC
ACTTTAAGAAGGAGATATACATATGGTGAAAACTAGCCAAGCGACC
CCTGAAAATACAGGTTCTCGCTAGCCTTATCTTGGTCCTTTTGTGG

ATAGAAGTACAGAAAACCCGCCACAAACAACAGCACGCAC
GTGCGTGCTGTTGTTTGTGGCGGGTTTTCTGTACTTCTAT
CGTTTGGTTGATCCATAGAAGGCCAGAAAACCCCACACAAACAA
TTGTTTGTGTGGGGTTTTCTGGCCTTCTATGGATCAACCAAACG
CTGGCTGTTTGTGCTGGCGCTGGTGTGGATTTT
AAAATCCACACCAGCGCCAGCACAAACAGCCAG
GATCGGCACCATAAAAATCGCCACCAGCGTCAGCACAAAC
GTTTGTGCTGACGCTGGTGGCGATTTTTATGGTGCCGATC
GCGGGAACAGCAGAGCAATGGACACGGGCACGATC
GATCGTGCCCGTGTCCATTGCTCTGCTGTTCCCGC

11
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58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
929
100

hrrS-Y112F-fw
hrrS-Y112F-rv
hrrS-F115A-fw
hrrS-F115A-rv
hrrS-F118_A_fw
hrrS-F118_A_rv
hrrS-F119_A_fw
hrrS-F119_A_rv
hrrs-Y121_A_fw
hrrs-Y121_A_rv
hrrS-Q145A-fw
hrrS-Q145A-rv
hrrS-T151A-fw
hrrS-T151A-rv
hrrS-S161A-fw
hrrS-S161A-rv
hrrS-V164_A_fw
hrrS-V164_A_rv
hrrS-Y170F-fw
hrrS-Y170F-rv
hrrS-F172A-fw
hrrS-F172A-rv
chrS-H20A-fw
chrS-H20A-rv
chrS-H36A-fw
chrS-H36A-rv
chrS-W37A-fw
chrS-W37A-rv
chrS-Y46F-fw
chrS-Y46F-rv
chrS-F60A-fw
chrS-F60A-rv
chrS-H63A-fw
chrS-H63A-rv
chrS-W67A-fw
chrS-W67A-rv
chrS-W75A-fw
chrS-W75A-rv
chrS-Y87F-fw
chrS-Y87F-rv
chrS-FO0A-fw
chrS-FO0A-rv
chrS-F93A-fw

CGATCGTGCCCGTGTCCATTTTTCTGCTGTTCC
GGAACAGCAGAAAAATGGACACGGGCACGATCG
CGTGTCCATTTATCTGCTGGCCCCGCTGTTTTTCCTCTAT
ATAGAGGAAAAACAGCGGGGCCAGCAGATAAATGGACACG
CACCTGTAGATAGAGGAAAGCCAGCGGGAACAGCAGATAA
TTATCTGCTGTTCCCGCTGGCTTTCCTCTATCTACAGGTG
CACCTGTAGATAGAGGGCAAACAGCGGGAACAGCAGATAA
TTATCTGCTGTTCCCGCTGTTTGCCCTCTATCTACAGGTG
GTCAGGCATCACCTGTAGAGCGAGGAAAAACAGCGGGAAC
GTTCCCGCTGTTTTTCCTCGCTCTACAGGTGATGCCTGAC
GATTGCGATTGCCAGCGCGTATTCCGTGGGGTTG
CAACCCCACGGAATACGCGCTGGCAATCGCAATC
GTATTCCGTGGGGTTGGCCTTTGGTGGTGTGAT
ATCACACCACCAAAGGCCAACCCCACGGAATAC
GGGTCCGGTGGTCGCTGCGATCGTGAC
GTCACGATCGCAGCGACCACCGGACCC
CAATAGCCACGGTCGCGATCGCAGAGACC
GGTCTCTGCGATCGCGACCGTGGCTATTG
GTGACCGTGGCTATTGATTTCGCGTTCCGC
GCGGAACGCGAAATCAATAGCCACGGTCAC
GGCTATTGATTACGCGGCCCGCACGTTGTGGCGG
CCGCCACAACGTGCGGGCCGCGTAATCAATAGCC
GAGAGTTCTCATTTGGGGATTGGCTTTACTCATTGCCGTTTTGTTG
CAACAAAACGGCAATGAGTAAAGCCAATCCCCAAATGAGAACTCTC
GTTGGCGTGCCAGCGCTTGGGGTGTGTGGG
CCCACACACCCCAAGCGCTGGCACGCCAAC
TGGCGTGCCAGCCATGCGGGTGTGTGGGT
ACCCACACACCCGCATGGCTGGCACGCCA
TGGGTGCTCGCTTTTGGCTTTGGCGTGGTT
AACCACGCCAAAGCCAAAAGCGAGCACCCA
GTGGTCCCGAATTCGCCGGCTAAGAATCACCCTATGGC
GCCATAGGGTGATTCTTAGCCGGCGAATTCGGGACCAC
TCCCGAATTCGCCGTTTAAGAATGCCCCTATGGCGTG
CACGCCATAGGGGCATTCTTAAACGGCGAATTCGGGA
TAAGAATCACCCTATGGCGGCGTTTCTTGTGCTGAGTTTG
CAAACTCAGCACAAGAAACGCCGCCATAGGGTGATTCTTA
CTTGTGCTGAGTTTGTTGGCGGCGAGCCTGATTTGGG
CCCAAATCAGGCTCGCCGCCAACAAACTCAGCACAAG
GACCGGAGCCTGCGTTTTTGGTGTTTCCGAT
ATCGGAAACACCAAAAACGCAGGCTCCGGTC
GAGCCTGCGTATTTGGTGGCTCCGATGTTTTTCCTCGC
GCGAGGAAAAACATCGGAGCCACCAAATACGCAGGCTC
CGTATTTGGTGTTTCCGATGGCTTTCCTCGCAGTGTTGATCA




101
102
103
104
105

106
107

chrS-F93A-rv
chrS-H123A-fw
chrS-H123A-rv
chrS-F126A-fw
chrS-F126A-rv

PhrrS-hrrS_fw
PhrrS-hrrS_rv(FLAG)

TGATCAACACTGCGAGGAAAGCCATCGGAAACACCAAATACG
GTGGTTACGTTGGCTATGGCCCTGGGGTTTTCTGTTGG
CCAACAGAAAACCCCAGGGCCATAGCCAACGTAACCAC
GGCTATGCACCTGGGGGCTTCTGTTGGCGTTGTC
GACAACGCCAACAGAAGCCCCCAGGTGCATAGCC

Generation of pKW3_Pis-hrrS-flag
TATAGAATTCCGGCGACCCAGTCGGTGC

GCGCGGATCCTTACTTGTCGTCATCGTCTTTGTAGTCCTCATCGTCAGT
TGGAGAACTTAG

13
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Supplementary Table S3. Number of transmembrane helices (TMHs) predicted by several different
online tools. The transmembrane domain of both HKs was analyzed using six different online tools
for the prediction of membrane spanning helices: TopPredII (Claros & von Heijne, 1994), TMPred
(Hofman & Stoffel, 1993), Hmmtop (Tusnady & Simon, 2001), Minnou polyview (Porollo et al.,
2004), CBS TMHMM (Krogh et al., 2001), DAS (Cserzo et al., 1997), Mpex (Snider et al., 2009),
TOPCONS (Tsirigos et al., 2015) and Phobius (Kall et al., 2007). TopPredII predicted three and five
helices for HrrS and ChrS, respectively, but suggested a forth (or sixth) helix with lower probability.
The prediction of Hmmtop and TOPCONS were in line with the experimental data and are
highlighted in yellow.

Links: TopPredlIl [https://bioweb.pasteur.fr/seqanal/interfaces/toppred.html], TMpred
[https://www.ch.embnet.org/software/ TMPRED_form.html], HMMTOP [www.enzim.hu/hmmtop],
Minnou polyview [http://minnou.cchmc.org/], CBS TMHMM [www.cbs.dtu.dk/servicess TMHMM/],
DAS [tmdas.bioinfo.se/], Mpex [http://blanco.biomol.uci.edu/mpex/], TOPCONS
[http://topcons.cbr.su.se] and Phobius [http://phobius.sbc.su.se].

HrrS ChrS
Program predicted TMHSs predicted TMHSs

TopPredIl 3(47) 5(67)
TMPred 3 5
HMMTOP 6 6
Minnou polyview 7 5
CBS TMHMM 4 5
DAS 5 S
Mpex 5] 5
TOPCONS 6 6
Phobius 5 6

Abs420 — 1,7 x Abs550

Mill its = 1000
Heer units * time (min) * Abs600

Formula S1: Calculation of alkaline phosphatase and B-galactosidase activity in miller units.
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Figure S1: Growth curves after application of additional heme pulses

C. glutamicum cells were transformed with the target gene reporter pJC1_P.gs4-eyfp and starved from
iron overnight as described in material and methods. Subsequently, the cells were inoculated in CGXII
minimal medium with 2% (w/v) glucose containing no iron source and transferred to the
microbioreactor system (Biolector) where eYfp fluorescence (=reporter output) and backscatter
(biomass) was measured in 5 minutes intervals. After 45 min, hemin (red line) or FeSO, (black line)

was added to a final concentration of 4 uM. A second pulse of 4 pM hemin was applied to both
cultures after 225 min.
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Figure S2: Additional heme pulses do not prime P.z4.
C. glutamicum cells were transformed with the target gene reporter pJC1_Pnug4-€yfp and starved from
iron overnight as described in material and methods. Subsequently, the cells were inoculated in CGXII
minimal medium with 2% (w/v) glucose containing no iron source and transferred to the

microbioreactor system (Biolector) where eYfp fluorescence (=reporter output) and backscatter



(biomass) was measured in 5 minutes intervals. After 30 min, hemin was added to a final
concentration of 4 uM. A second pulse of 4 pM hemin (resulting in a final hemin concentration of 8 uM)
was applied after 1h, 3h, 4h 5h, 6h, 7h or 24h, respectively.
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Figure S3: Electrophoretic Mobility Shift Assays (EMSAs) reveal crucial nucleotides for HrrA
binding to the operator.

For all EMSAs, 36 Bp of mutated DNA fragments (100 ng) were used and purified HrrA-His protein
was applied in 0, 10 and 30-fold molecular excess for each sample. Mutation 6 (ACT:TTG) and
mutation 8 (GGG::CCC) led to strongly reduced binding of HrrA to Pp,u0 and similar Ppy,,0-eyfp output
like observed in a AhrrA deletion mutant (Fig. S5B).
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Figure S4: Control of Pp,,0 by HrrA and DtxR.
HrrA binding was abolished by introducing the AAC::TTG mutation into the Ppn.0-eyfp reporter. After
iron starvation overnight, the three strains (A: wildtype, B: AhrrA and C: AdixR) were inoculated in BHI
complex medium supplemented with 4 pM hemin and the specific fluorescence (eYFP-
fluorescence/backscatter) was recorded in 15 minutes intervals. The strains were grown in BHI
complex medium as the AdtxR strain grows poorly in CGXII medium.
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Figure S5: The in vitro data suggest a cross-phosphatase activity of HrrS which did not result

in a model that quantitatively fits to the behavior of the AchrS mutant in vivo data

Setting k475 to 5.72 x 10° 1/molecules/min as expected from the in vitro data in (Hentschel et al.,
2014) led to an excessive response of Puusain the AchrS mutant (dashed red line). A reduced cross-
phosphatase avtivity of HrrS by a factor of 10 reproduces the mutant behaviour quantitatively (solid
red line).
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Figure S6: An increased phosphatase activity of HrrS prevents a delayed Pj,,0 activation by
HrrA~P.

Setting k47 to 3.40 x 10° 1/molecules/min as expected from the in vitro data in (Hentschel et al.,
2014) did not result in a model that quantitatively fits to the behaviour of the in vivo data in wild-type.
The strong phosphatase activity decreases HrrAP levels immediately after stimulus reduction and no
delayed P,n,0 activation is possible. Decreasing k4™ about a factor of 10 improved the ability to

reproduce the in vivo behaviour.



Description of mathematical models

The heme detoxification and utilization network contains different layers of regulation that

have to be considered within the mathematical model.

Bacterial growth kinetics

The overall flux of the stimulus heme through the network represents the first layer that was
quantified within the model. As the cells are heavily iron-starved, heme is used as alternative
iron source for growth. Based on the experimental growth curves, we included the
assumption of heme-dependent effects on the growth rate of C. glutamicum into our model
and ended up with a growth rate y(t) that varies over the time, according to hemin uptake via
the heme importer HmuTUV and incorporation into biomass. Thus, bacterial growth could be
described based on an effective Michaelis-Menten expression:

d|cells] [Hin]

dt *K,$,°N+[H,N]

* [cells]

[Hn] is the internal heme concentration and the Michaelis-Menten term with its Michaelis

CON

constant Kj,”~" and the maximal growth rate B functions as an effective description of the

heme consumption via diverse enzymatic reactions.

Stimulus perception and signalling in the two-component systems

As a second layer of regulation, the dynamics within the TCSs were quantified. According to
the reporter assays, we assumed a constitutive expression and thereby production of HrrS,
while the phosphorylated response regulator HrrA activates the production of HrrA and
HmuO. Besides, ChrS, ChrA and HrtBA production is dependent from ChrA. We expected a
production of the non-phosphorylated form exclusively, both in case of the histidine kinases
as well as the response regulators. Given that no information is available about the copy
number of the heme importer HmuTUV, we assumed a constant number of transporter
molecules independent from time and hemin levels. Both kinases, HrrS and ChrS,

phosphorylate their cognate and non-cognate response regulator (Hentschel et al., 2014) in



response to external heme as their stimulus (Keppel, Davoudi, Gatgens, & Frunzke, 2018).
In the following, we will give the quantification of different reactions for ChrSA as an example
but the description is identical for HrrSA. Following this approach of Groban and co-workers
(Groban, Clarke, Salis, Miller, & Voigt, 2009), we described the transition from the non-
phosphorylated form into the phosphorylated one of the histidine kinases and the response
regulators but did not quantify the phosphotransfer in detail. Thus, we expected the

autophosphorylation of the kinases (ChrS) in response to stimulus perception

ChrS Hﬂ ChrS~P
and described the reaction by

d[ChrS~P]

=P = Icnrs(Hgx) [ChrS],

while Icp-s(Hgy) = kEMTS « —exl Gescribes the autophosphorylation rate, dependent on
Kupy+[Hex]

the external heme concentration. The autophosphorylation threshold is given by Kyex, while
k.’ determine the speed of the autophosphorylation reaction. [ChrS] and [ChrS~P]
describe the concentration of the phosphorylated or non-phosphorylated form of the kinase.
A phosphorylated kinase (ChrS~P) can donate its phosphate to the response regulator

ChrS~P + ChrA - ChrS + ChrA~P.
During the reverse process of dephosphorylation of the response regulator, the phosphate is
not passed back to the kinase

ChrS + ChrA~P — ChrS + ChrA.

The phosphorylation and dephosphorylation of ChrA was expected to follow second order
kinetics, which were quantified by the rate constants k;

d[ChrA~P]

T = kS « [ChrS~P] * [ChrA] — k§""S + [ChrS] * [ChrA~P]

S while

The phosphotransfer from ChrS~P to ChrA is determined by the rate constant k;
the reverse reaction (ChrS dephosphorylates ChrA~P) occurs with a rate dependent on the

rate constant k.°"°. Cross-phosphorylation of both kinases to their non-cognate response



regulators was expected, cross-dephosphorylation could not be observed previously and was

therefore not included into the model.

Regulatory dynamics of target genes

The target gene activation of the phosphorylated response regulators represents the third
layer of regulation and a mathematical description based on thermodynamic modelling
quantified the observed transcriptional regulation. Following the approach of Bintu and co-
workers (Bintu et al., 2005), the activation of gene expression from the Pg4 and the Pgprsa
promoter by phosphorylated ChrA could then be formulated in terms of ChrA~P

concentrations, such that the dynamic equation for the HtBA protein levels, [HrtBA], read:
[ChrA~P]\"
d[HrtBA] Lrisll (f)

ax | ——— 5
dt 14 ([Chr;;l~P])

— vy * [HrtBA]

We assumed a basal protein production with an effective rate a and dilution with a rate
proportional to y for all components within the systems according to growth. The basal
production of the proteins is a combined representation of the processes of transcription and
translation, justified by the fact that e.g. mMRNA maturation and degradation proceed on much
faster time-scales than the signalling and target gene regulation within the system and were
therefore not relevant for the investigated dynamics. The ratio of maximal to basal promoter
activity is defined as the fold-change w (Bintu et al.,, 2005). K in turn represents a
measurement of the concentration of phosphorylated response regulator ChrA at which Ppuga
is activated and the hill coefficient n reflects all forms of cooperativity in ChrA binding to the
promoter. According to the fact that we based our mathematic model on the experimental
data of the performed reporter assays, we discriminated within our model between the
proteins of the systems itself and the reporter output that reflects the production of detectable
fluorescence proteins based on the original promoter activity. To this end, we formulated one
equation for the regulated protein production and one equation for the corresponding YFP

production each and integrated an effective parameter for YFP bleaching and degradation



processes in the latter equation. The dynamic equations for all components can be found in

M1 and M2.

Model parameters

In order to calibrate the model, various parameters concerning the cell growth as well as the
dynamics within the TCSs could be fixed to their physiological values based on experimental
data. The remaining ones were adjusted within physiological intervals to reproduce the
experimental data of promoter activity within the mathematical model (for further descriptions

see Tables S4 and S5 and Fig. S5/S6).

Mutant simulations

For the purpose of predicting the behaviour of several mutants within the model of the heme
detoxification module, we adapted the individual parameters of the mathematic equations to
the experimentally given scenarios. For the wild type, we simulated the time-dependent
dynamics based on the complete set of parameters we fixed within our model. To knock out
a protein in the model, we set the participating rate constants of the protein-based reactions
as well as the initial concentrations to zero. In case of the AchrS mutant, we set the basal
concentration ChrSy, as well as the rate constants for phosphorylation (k™) and
dephosphorylation (k,°™) to zero. Within the phosphatase mutant chrSQ191A, the
dephosphorylation step of ChrA is not possible. Thus, we exclusively chose k" to zero. In
contrast, inhibition of ChrS kinase activity (chrSH186A) leads to a lack in the ability of
autophosphorylation of ChrS and thereby the option of phosphotransfer to the response
regulator ChrA. Disrupting the autophosphorylation of ChrS could be simulated by setting

k%S to zero. In addition, the lack of phosphotransfer could be quantified by k,° = 0.



Model equations M1: ODEs of the mathematical model of the C. glutamicum heme
detoxification module

Variables within the model:

Name Description

Hex External heme

Hin Internal heme

cells Cells of C. glutamicum

ChrS Unphosphorylated histidine kinase ChrS
ChrS~P Autophosphorylated histidine kinase ChrS

HrrS Unphosphorylated histidine kinase HrrS
HrrS~P Autophosphorylated histidine kinase HrrS

ChrA Unphosphorylated response regulator ChrA
ChrA~P Phosphorylated response regulator ChrA
HrtBA Heme exporter HtBA

ChrStor-YFP  YFP proteins corresponding to the total amount of the kinase ChrS
(The production is under the control of Pcnsa promoter)

ChrAror-YFP  YFP proteins corresponding to the total amount of the response
regulator ChrA (The production is under the control of Pgusa
promoter)

HrtBA-YFP  YFP proteins corresponding to the total amount of the heme
exporter HrtBA (The production is under the control of Puusa

promoter)
ODEs:
% =- vﬁ%ﬁ% [cells] + kfrtBA [HrtBA]% [cells] (1)
] o ol A KA A e e = Yl @
d[CdE[llS] = K’sorElH_;_N[]H’—N] [cells] (3)
1+ wghra ([Ch::lr = P])"gm‘ “)
AT, yIChrSini] M\ Krewss - KEMTS[ChreS) (Hex]

Ky + [Hex]

dt g
ChrA—P chrsa
1+ ([ ChrA ]>
Pchrsa

+kSMS[ChrS~P][ChrA] — y[ChrS]

d[ChrS~P] ... (Hex] — cpr " _ B 5)
= k§S[ChrS] Ry + Ha] kRS [ChrS~P][ChrA] — y[ChrS~P] (
d[HrrS] - [Hgx] rr S - 6
= Y[HrSpor] — KYS[HrrS) 7,(’.!” + ax + kY S[HrrS~P][ChrA] — y[HrrS] ( )
d[HrrS~P] = KYS[Hrrs) [Hex] — kYTS[HrrS~P][ChrA] — y[HrrS~P] (7)

dt Ky + [Hex]



" enrsa 8
dichra] 1+ wfis, (7[%%; P]) ®)
= Y[Chram] Do i - k§hTS[ChrS~P][ChrA] + k§"S[ChrS][ChrA~P]
[ChrA = P]\ Fetrsa
Pchrsa
—kHS[HrrS~P][ChrA] — y[ChrA]
d[ChrA~P
dichra~P] ;t 1_ KEMS[ChrS~P][ChrA] + k§"S[ChrS)[ChrA~P] — kY™ [HrrS~P][ChrA] — y[ChrA~P] (9)
ChrA
o, (122 P]) (10)
d[HrtBA] _ TR wesa \ g e
a7 Nt —chA iz
[ChrA — P]\ Frrsa
e e
Phrepa
ChrA
1+ wlhr4 [Ch;,:l; ]\ Fetrsa (11)
d[ChrSyor — YFP] aarsa g
+ = y[ChrSiv] Letrsd nChTA -y + kp)[ChrSror — YFP]
1+ ([ChrA - p]) Penrsa
KChrA
Pchrsa
ChrA
cra ([ChrA = PT)" eirsa (12)
1+ wp hrsa KCT—
d[ChrAqor — YFP chr
diChraror —YFP] _ ot chray] Porsa J_ ~( + ko) [ChrAgop — YFP]
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14| = e
Pehrsa
ChrA
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Model equations M2: ODEs of the mathematical model of the C. glutamicum heme
utilization module

Variables within the model:

Name Description
Hex External heme
Hin Internal heme
cells Cells of C. glutamicum
ChrS Unphosphorylated histidine kinase ChrS
ChrS~P Autophosphorylated histidine kinase ChrS
HrrS Unphosphorylated histidine kinase HrrS
HrrS~P Autophosphorylated histidine kinase HrrS
HrrA Unphosphorylated response regulator HrrA
HrrA~P Phosphorylated response regulator HrrA
HmuO Heme oxygenase HmuO
DtxR* Activated form of the iron repressor DixR
DitxR Non-activated form of the iron repressor DixR

HrrAtor-YFP  YFP proteins corresponding to the total amount of the response
regulator HrrA (The production is under the control of Ppya
promoter)

HmuO-YFP  YFP proteins corresponding to the total amount of heme
oxygenase HmuO (The production is under the control of Pumuo

promoter)

ODEs:

% == V’n’zi% [cells] (14)
L = oL g K B+ a0 e s = 1] (15)
% = B'KEON ([ECON] + [HmuO]) % [cells] (16)
d[cdhtrs] = ¥[ChrSror]- k§"™S[ChrS) % + k§MS[ChrS~P[ChrA] — y[ChrS] (17)
w = kM [Chrs) —KHEX[TX[L“] — K§""S[ChrS~P][ChrA] — y[ChrS~P] (18)
d[lizrs] = y[HrrSror] = Ki™S[Hrrs] % + KIS [HrrS~P][ChrA] — y[HrrS) (19)
AHTTS~P]_ s ipipes) o) pmers s pl{chra] — yiHrrs~p) (20)

dt Kpgy + [Hex]
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HrrA DtxR
KPprra KPprra
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1 2 3
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d[Hmu0] wo \ Kpl
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KHrrA DtxR
Prmuo Phmuo
[HrrA — P] e
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DtxR activation:

DtxRyor = DtxR + DtxR*

[Hin]

DtxR* = DtxRror 50—
ror Ky + [Hin]

H
DtxR = DtxRyop (1 ] )

" Ky + (Hin

Supplementary Table S1. Bacterial strains used in this study.
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Strain or plasmid Relevant characteristics Source or
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 decm lon hsdSg(rs mg) N(DE3 [lac/ (Studier & Moffatt,
lacUV5-T7p07 ind1 sam7 nin5]) [malB’]K.m()\s); 1986)
overexpression of proteins.

Corynebacterium glutamicum

ATCC 13032 C. glutamicum wild type strain (Kinoshita, Udaka,
& Shimono, 2004)

ATCC 13032 AhrrS Deletion mutant of the open reading frame (orf) (Hentschel et al.,

encoding the HK HrrS 2014)

ATCC 13032 Phosphatase=OFF mutant of hrrS (Hentschel et al.,

hrrSQ222A 2014)

ATCC 13032 AchrS Deletion mutant of the orf encoding the HK ChrS (Hentschel et al.,
2014)

ATCC 13032 Phosphatase=OFF mutant of hrrS (Hentschel et al.,

chrSQ191A 2014)

ATCC 13032 Kinase=OFF mutant of chrS This study

chrSH186A

ATCC 13032 AdtxR Deletion mutant of the orf encoding DtxR (Wennerhold &
Bott, 2006)

ATCC 13032 AhrrA Deletion mutant of the orf encoding the RR HrrA (Frunzke, Gatgens,
Brocker, & Bott,
2011)

Supplementary Table S2. Oligonucleotides used in this study. Restriction sites
mutations are underlined.

Special
# Name Sequence feature
1 chrS-fw GCGCAAGCTTGTGAAAACTAGCCAAGCGAC Hindlll RS
2 chrS-rv TATACCCGGGTCACTTATCTTGGTCCTTTTG Smal RS
CCACAGTGTCAGCTATTTCGCCCGCTATGCGGGC Mutation
3 chrSH186A H186A
GCCCGCATAGCGGGCGAAATAGCTGACACTGTGG Mutation
chrSH186A H186A

Pomuc 0 TTE CACACCTACATATAGTCCCTTACAAGGAACAATTTTCCGCAACTTTGG Mutation Prmuo
aac:t7c CCAAAGTTGCGGAAAATTGTTCCTTGTAAGGGACTATATGTAGGTGTG :
6 P hmuo Mutation Ppmuo

Supplementary Table S3. Plasmids used in this study. If plasmids were constructed
in this study, primers used are indicated in Table S2.

Reporter plasmids

1 pJC1_PhrtBA-eyfp Kanamycin (Heyer et al., 2012)
2 pJC1_thuO-eyprAc“TrG Kanamycin (Heyer et al., 2012)
3  pJC1_PhmuO-eyfp™™" Kanamycin This study #5, #6
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m Cloning: #1, #2
4  pK19_AchrS"::chrSH184A Kanamycin This study Mut.: #3, #4

Supplementary Table S4. Parameters used in the mathematical model of the C.

glutamicum heme detoxification module.
Parameter Notation

Value Source

Michaelis-Menten constant for Kime 1.19x 10" molecules
heme import via heme
transporter HmuTUV

Michaelis-Menten constant for KgoN 1.84 x 10° molecules/cell
heme consumption via diverse
enzymes

Initial OD 0D, 2.2~6.6x10 cells

Autophosphorylation rate of kShrS 1 1/min Adjusted to match a rate of
ChrS autophosphorylation as expected
in (Groban et al., 2009), taking
the ChrS/HrrS levels into account.

Effective rate constants of Ksrrs 3.98 x 10™ 1/molecules/min  Correspond to the in vitro data in
phosphorylation reaction of (Hentschel et al., 2014), multiplied
the cognate kinase ChrS on by a factor of 10 due to the

ChrA observation of (Gao & Stock,

2017; Kremling, Kremling, &
Bettenbrock, 2009), that in vitro
rates are often about 10'-10fold
lower than the actual in vivo ones.

Effective rate constants of 5.72x 10" 1/molecules/min ~ Correspond to the in vitro data in
phosphorylation reaction of (Hentschel et al., 2014),
the non-cognate kinase HrrS decreased by a factor of 10,

on ChrA suggested by Fig.S5.

Initial ChrA concentration ChrAy, 100 molecules/cell

Initial HtBA concentration HrtBA;y; 10 molecules/cell Arbitrary choice

Michaelis-Menten constant for KijjrtoA 8 x 10 molecules/cell
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heme export via HtBA

Fold-change of Ppga promoter — wgf™4 150

Phrsa activation threshold xghra, 75 molecules/cell

Hill coefficient Ppsa ngrre

Supplementary Table S5. Additional parameters used in the mathematical model of
the C. glutamicum heme utilization module (all other parameters are taken from the
model of C. glutamicum heme detoxification module, cf. Supplementary Table S4).

Parameter Notation Value Source

Effective rate constants of Pras 1.40 x 10™ 1/molecules/min Correspond to the in vitro data

phosphorylation reaction of the in (Hentschel et al, 2014),
non-cognate kinase ChrS on multiplied by a factor of 10 due
HrrA to the observation of

(Gao & Stock, 2017; Kremling
et al., 2009), that in vitro rates
are often about 10'-10%fold
lower than the actual in vivo
ones.

Initial HrrA concentration HrrA;y; 100 molecules/cell

Initial HmuO concentration HmuO;y; 100 molecules/cell Arbitrary choice
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Concentration of other enzymes 1000 molecules//cell
responsible for heme
consumption next to HmuO

Total DtxR concentration 1000 molecules/cell Arbitrary choice

Fold-change of Pxra promoter 1) Suggested by wildtype data in

Fig. Sta; within physiological

range of 1-10* (see e.g. (Lutz &

Bujard, 1997) for promoters

with high dynamic range)

Prira activation threshold KpTTA 100 molecules/cell Correspond to the total levels
of ChrA~P and activated DtxR.

Pmmo  threshold of DR kPR 300 molecules/cell Experimental Data suggest a
repression R significant higher activation via
HrrA than the repression via
DtxR on Ppra

Hill coefficient of HrrA binding to mpte Assuming no cooperativity in
Phrra promoter binding on Ppra

Hill coefficient of DtxR binding npteR Adjusted to have a strong

to Phmuo repressive effect on
Prmuo/Phrsa

Supplementary Table S6. Transformation of the units within the mathematical
models

Exierimental unit Unit within the mathematical models Source
Heme [uM]in the growth  ~ 6 x 10" molecules heme in the growth Assuming a reaction volume of ~100
medium medium uL
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Supplement

Strains, plasmids and oligonucleotides used in this study.

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 ginvV44  ®80' Invitrogen

lacZ(del)M15 gyrA96 recAl relAl endAl thi-1
hsdR17; for general cloning purposes

BL21(DE3) B F~ ompT gal decm lon hsdSs(rsms”) A(DE3 [lacl *
lacUV5-T7p07 ind1 sam7 nin5]) [malB*]x12(N%);
overexpression of proteins.

Corynebacterium glutamicum

C. glutamicum ATCC13032  Biotin-auxotrophic wild type strain 2

C. glutamicum DhrrA Derivative of ATCC13032 with in-frame deletion of the 3
hrrA gene

C. glutamicum  AhrrSA Derivative of ATCC13032 with in-frame deletions of *

AchrSA the hrrS (cg3248) and hrrA (cg3247) genes and the

chrSA (cg2201-cg2200) operon.

Plasmid

Name Resistance Source
pJC1 Kanamycin >
PJC1_Phrrsa-hrrSA-twin- Kanamycin This study

strep_Pchrsa-chrSA-his
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Table S2: Oligonucleotides used in this study.

# |Name Sequence

1 | hrrsA-twin-strep-fw | TTTTGCGTTTCTACAAACTCTTTTGTTAGAGACCAAGATTCTGG
CTGTAAAACGACGGCCAGTACTAGTCTATTTTTCGAACTGCGGGTG

2 | hrrSA-twin-strep-rv

3 | chrsA-his-fw CAGCGACGCCGCAGGGGGATCCCTACTACACTACATCATGCGCAGTAG

4 | chrsa-his-rv AGTAATCCAGAATCTTGGTCTCTAACAAAAGAGTTTGTAGAAACG

5 | Pamuo (EMSA) fw GAGAAATCCTCACGCTCAC

6 | Phmuo (EMSA) rv GGTGGGAGCCCCAAAGTTG

7 | Pctae (EMSA) fw CCCAAAGTGGTTTCCGCAGG

8 | Pctar (EMSA) rv ACGCCTTTTATTCGGGTTC

9 | Ppk (EMSA) fw CTTTCTATGGAGATGATCG

10 | Poek (EMSA) rv CGATTTAAATGGACCCTAAAC

11 | Prams (EMSA) fw CCTGCGCAAAGTTGCTCCCTG

12 | Prams (EMSA) rv CTCACAGGATACCGATCCGAAC

13 | Pegaos0 (EMSA) fw CGCTCCTCTGTGGGATTTGTC

14 | Pcgios0 (EMSA) rv GCCTTCACTCCCTCAAAC

15 | Pyerc(EMSA) fw CTTAGGCTTGCCTCACACAC

16 | Prerc(EMSA) rv AATGCGGAAATGCCATAAAACC

17 | Pcgzao2(EMSA) fw CATAGGGGTATAGCCTTGAG

18 | Pcg3a02(EMSA) rv CAGTGTGCGCAGGTCATGCC

19 | Petac(EMSA) fw GGAATACCTAAAGTCTAGGC

20 | Petac(EMSA) rv GTAGGAACGTAGGGGGTAAG

21 | Psigcikata(EMSA) fw GGTCACCATAAAGGTGTGTAG

22 | Psigcikata(EMSA) rv GCCACCAAATAATCAGCCC

23 | Pya (EMSA) fw GTTCCCGCTCACAGCTTAAC

24 | Peyd(EMSA) rv GGTGACTTGTCAACAAGGGG

25 | Pyps (EMSA) fw GACTTGTTTACCCAAGCAATAC

26 | Perps (EMSA) rv CCGGTGAGGCAACATTTACC

27 | Phtaa (EMSA) fw GTCATGATGGCGTCTCGGGC

28 | Phtaa (EMSA) rv GTAATCAACGCACAAATG




Table S3: Partial 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 AhrrSAAchrSA harboring the
plasmid pJC1_PhrrSA-hrrSA-twin-strep_PchrSA-chrSA-his was cultivated in CGXIl minimal medium supplemented with 2% (w/v)
glucose and 4 pM hemin and was harvested at different time points as described in Figure 1. For RNA-Seq, wild type cells and a
AhrrA were cultivated accordingly and harvested 0 h, 0.5 h and 4 h after hemin addition. For RNA-Seq analysis strains contained
no plasmids and consequently no antibiotics were added to the medium. Column 1 and 2 show the locus and gene name and
column 3 indicates the distance of the peak maximum to the translational start site of the gene in column 1/2. For all known
transcriptional start sites, the distance to the TSS is indicated in column 4. In grey (5-10),ChAP-Seq peak intensities are indicated
at0 h,0.5h,2h,4h,9hand 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 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. (2018a).

cg0019
cg0046
cg0061
cg0074
cg0076
cg0104
cg0109
cg0113
cg0134
cg0142
cg0152
cg0153
cg0163
cg0204
cg0219
cg0222
cg0222
cg0247
cg0296
cg0306
cg0309
cg0319
cg0335
cg0337
cg0359
cg0382
cg0389
cg0390
cg0411
cg0415
cg0420
cg0422
cg0423
cg0431
cg0432

cg0437

rodA

codA

lip1

ureA

abgB

SiXA

hde

iolG

dnaZX

lysC

sigC

arsC2 (arsX)

whcA
(whiB4)

ptpA2

murA

murB

wzy

24

129

389

203

245

72

199

585

76

253

30

313

438

246

251

413

30

202

56

40

38

70

125

468

259

31

387

238

696

354

701

76

49

303

unknown

mRNA  mRNA wt mRNA wt [ mRNA mRNA mRNA
wt t=0 t=4 AhrrA t=0 AhrrA t=0.5 AhrrA t=4
1.4 4.7 21| 13| 10 1.0 21.0 20.8 23.5 28.5 21.6 572
.3 Sl 10| 10| 1.0 1.0 2733 179.3 181.8 1715 177.1 256.8
.7 8.7 26| 10| 1.0 1.0 141.2 331.2 212.2 159.7 157.7 148.7
26| 121 41| 29| 1.0 1.0 7.0 15 9.2 4.9 2.2 6.3
32| 189 82| 31| 1.0 1.5 21.7 5.7 15.2 11.3 3.6 11.8
1.0 34 21| 10 10 1.0 196.4 30.3 35.4 57.2 64.4 21.5
1.0 6.1 1.0| 16| 1.0 1.0 135.2 108.0 66.7 145.0 157.0 41.0
32| 214 55| 19| 1.0 1.0 391.8 157.5 111.5 155.0 204.3 89.3
1.0 3.8 13| 10| 1.0 1.2 96.7 63.7 207.1 52.6 45.1 108.9
1.0 4.4 10| 17| 1.0 1.0 32.9 29.5 42.2 36.2 40.2 32.2
1.0 83 1.0| 10| 1.0 1.0 20.1 13.0 16.3 17.9 11.8 izl
25 4.4 23| 16| 10 1.9 19.2 16.7 28.6 19.7 19.7 15.0
24| 120 42| 22| 16 1.0 160.3 290.8 172.4 53.3 48.0 84.1
35| 16.8 59| 30| 22 1.9 20.4 38.2 55.9 243 25.2 35.8
1.1 519 20| 10| 17 1.0 40.8 40.5 35.4 49.1 66.8 229
41] 110 59| 30| 10 1.0 41.6 27.1 35.8 20.8 23.7 20.9
1.0 3.8 20| 10 10 1.0 41.6 27.1 35.8 20.8 23.7 20.9
1.0 17.2 46| 10| 1.0 1.0 38.8 20.2 27.0 35.1 329 22.3
1.0 5.1 22| 10| 1.0 1.0 183.7 140.0 225.0 131.2 137.8 181.2
35| 122 77| 41| 43 6.3 578.7 576.4 655.1 680.0 919.0 730.8
78| 254 | 128 | 50| 7.1 4.8 37.5 28.1 79.5 74.8 124.4 118.7
1.0 6.8 29| 10| 10 1.0 83.0 112.1 32.8 724 47.4 24.2
1.0 31 1.0| 16| 1.0 1.0 99.0 95.2 143.5 121.9 125.0 113.9
1.0 6.4 46| 16| 1.0 1.0 | 1149.5 986.9 1054.7 709.3 702.9 648.4
1.0 Sl 19] 10| 10 1.6 573.5 562.7 658.7 483.6 663.5 542.4
0.9 7.8 25| 10| 1.0 1.0 23.7 44.3 21.9 21.0 27.2 11.7
24| 152 47| 17] 10 1.0 368.0 157.6 247.8 275.8 213.8 157.0
35 6.6 35| 21| 1.0 3.0 92.6 92.5 52.4 55.5 85.7 41.9
1.1 4.4 1.0| 11] 1.0 1.0 150.3 72.0 32.7 59.9 80.3 34.1
13 8.0 32| 10 10 1.0 311.2 176.8 498.8 272.4 229.8 476.3
48| 256 | 122| 47| 1.0 1.0 178.4 88.3 136.7 61.4 78.0 45.7
3.0[ 141 62| 24| 10 2.8 221.0 151.3 206.6 223.7 136.7 196.5
21| 187 54| 19| 1.0 2.1 219.5 148.5 240.5 205.2 1223 210.4
2.0 6.9 22| 10| 1.0 1.0 93.6 58.7 64.3 65.7 46.4 52.3
38| 293 60| 19| 1.0 1.2 238.1 186.5 242.2 194.1 156.2 214.2
35| 303| 101 | 37| 21 13 149.3 115.5 201.3 83.3 117.4 153.8




cg0438
cg0444
cg0453
cg0465
cg0475
cg0497
cg0500
cg0505
cg0505
cg0516
cg0517
cg0556
cg0557
cg0566
cg0612
cg0614
cg0617
cg0636
cg0636
cg0645
cg0656
cg0671
cg0673
cg0688
cg0752
cg0753
cg0778
cg0831
cg0842
cg0844
cg0875
cg0879
cg0880
cg0908
cg0928
cg0931
€g0931
cg0950
cg0951
cg0986
cg0996
cgl017
cgloa4
cg1050
cgl052
cg1069

cg1076

ramB

hemA

qsuR

hemE

hemY

menG (ubiE)

gabT

dkg

creB

creB

crel (cytP)

plQ

rpIM

tusG

fkpA

accD3

amtR

cgtR2

metS

cmt3

gapB (gapX)

glmuU

65

224

45

95

386

26

19

462

60

642

61

33

227

120

145

629

33

453

678

696

13

38

Sl

106

4

25

35

56

60

49

157

277

369

34

684

84

414

120

60

249

284

118

2.1 8.5 48| 15| 1.0 3.0 399.7 345.9 433.0 364.2 378.1 251.8
9.7 | 267 | 180 7.1|127 13.5 641.0 690.2 441.8 329.1 413.1 301.9
2.1 5.4 38| 10| 10 1.6 212.1 301.0 475.9 411.8 531.9 398.6
24| 104 40| 19] 10 17 83 11 83 3.8 1.0 10.8
13.8| 344 | 167 | 72| 83 12.0 588.0 681.2 1518.0 1042.4 1302.8 1540.3
64| 258 | 146| 55| 3.1 5.2 1111 469.9 129.2 599.2 727.3 263.6
43 ] 223 88| 36| 24 2.0 37.3 24.6 19.4 21.1 19.4 13.4
2.1 6.2 1.0] 13] 10 1.0 76.6 57.8 77.2 1193 88.5 40.0
13 4.8 33| 13| 10 1.0 76.6 57.8 77.2 1193 88.5 40.0
10.8 | 33.7| 196| 79| 6.1 5.0 54.6 329 51.2 275.3 273.6 249.9
3.0 6.4 39| 10 10 1.0 63.5 36.3 91.7 202.5 244.4 284.7
2.5 6.8 10| 13| 1.0 1.0 132.0 77.8 176.0 155.6 132.8 173.2
2.5 7.0 40| 24] 29 2.1 234 24.1 27.0 32.0 52.8 41.1
18 4.2 22| 10 10 11 3.1 3.9 3l 2.8 23 3.1
1.5 4.8 1.0] 10| 1.0 1.0 76.4 60.2 137.1 95.1 107.3 68.7
1.0 4.5 10| 10 1.0 1.0 75.8 189.2 50.7 69.2 136.1 323
37| 153 55| 19| 10 1.0 219.6 670.2 82.7 145.8 343.0 51.8
4.4 | 285 9.0| 3.0| 10 1.0 48.8 48.0 17.9 39.6 29.4 12.5
35| 122 47| 19| 17 17 48.8 48.0 17.9 39.6 29.4 12.5
13 Sl 18| 10| 1.0 1.0 4.5 1.8 16.0 2.1 17 6.4
2.2 6.1 34| 16| 10 1.0 1323.1 721.0 2899.2 1339.1 1385.0 3899.9
38| 123 46| 18| 1.0 1.0 7.6 2.1 83 B Bi0) 3.0
1.6 57/ 29| 10| 10 2.4 | 1686.2 1495.2 3974.2 2555.6 2381.4 5428.0
51| 16.1 86| 40| 55 6.1 47.7 39.8 108.3 61.8 713 86.2
1.6 B} 1.0] 10| 1.0 1.0 107.4 130.8 2711 148.5 177.2 371.0
7.7 29.0| 164 | 57| 33 5.0 278.2 365.7 329.4 476.8 563.7 199.4
49| 152 85| 29| 10 2.1 126.0 77.7 108.5 141.4 115.5 149.1
26| 234 66| 21| 09 1.0 140.9 125.0 428.3 122.7 122.0 385.2
1.0 53 1.0] 10] 10 1.4 21.0 21.3 114.6 HaN 40.2 87.0
17 82 38| 19| 10 1.5 552 67.4 209.5 73.8 83.2 166.0
2.6 6.3 31| 19| 10 2.6 3.6 3.8 3.4 2.0 3.0 1.6
1.0 7.0 10| 10| 18 1.0 25.5 13.1 20.5 6.7 16.6 31.7
58| 13.2 52| 30| 10 4.7 64.3 43.1 59.8 72.4 67.2 49.3
1.8 3338 55| 10| 10 1.0 18.3 21.6 24.9 29.4 24.9 17.3
1.0 5.6 1.0] 12] 10 17 819.4 41.5 224.7 119.2 21.7 752.8
3.5 7.6 48| 10| 338 31 26.2 16.8 7.5 16.3 12.0 5.4
2.1 4.8 24| 15| 1.0 1.0 26.2 16.8 7.5 16.3 12.0 5.4
50| 124 44| 28| 1.0 4.8 662.5 526.2 1121.2 677.8 902.8 1376.1
49| 259 | 103| 27| 19 1.0 488.6 701.6 553 126.5 148.0 114.8
24| 135 33| 23| 10 1.0 263.8 233.6 2213 196.1 279.4 231.8
1.5 6.4 25| 13| 10 1.0 221.1 218.7 193.3 207.2 204.4 125.1
1.0 85 1.0| 10| 1.0 1.0 612.9 545.6 419.0 551.7 132.2 383.1
i3 3.6 1.7] 10| 10 1.0 261.9 181.7 641.7 440.0 412.9 444.4
86| 246 | 133| 50| 3.0 1.0 48.1 25.8 87.0 97.4 1111 161.1
2.2 6.2 23| 19| 10 2.1 86.1 64.8 72.2 70.3 84.9 414
3.4 85 1.0| 10| 1.0 2.8 72.8 92.4 509.6 84.1 288.5 481.9
1.0 3.8 1.0] 10| 1.0 1.0 285.1 226.7 718.8 249.7 330.3 665.7




cg1077
cglo77
cg1086
cg1087
cg1105
cgl145
cgl233
cgl233
cgl272
cg1289
cg1292
cg1301
cgl301
cgl328
cgl334
cgl346
cgl346
cg1355
cgl449
cgl449
cgl454
cgl1459
cgl464
cgla74
cgl484
cgl516
cgl1526
cgl531
cg1538
cg1568
cg1603
cgl1607
cgl628
cgl668
cgl691
cg1695
cg1702
cgl728
cgl731
cgl734
cgl736
cgl767
cgl773
cgl774
cgl791
cgl796

cg1801

lysl

fumC (fum)

cseE

cydA

cydA

lysA

mog

mog

prfA

rpsA

coakE

ugpA

arc (mpa)

hemH

ctaB

tkt

gapA (gap)

ribX

rpe

17

424

257

59

517

109

494

33

132

546

105

177

571

98

116

528

476

606

608

139

303

696

125

552

23

32

29

391

150

253

42

49

18

177

50

188

345

91

140

16

95

19

204

16

287

63

38

14.7 | 418 | 189105 [ 15.4 13.6 4.3 2.8 6.8 21.7 24.3 20.4
1.0 7.7 1.0] 10] 10 1.0 4.3 2.8 6.8 21.7 24.3 20.4
1.0 4.8 1.0] 10| 10 1.0 78.6 39.8 538 58.3 59.0 40.7
36| 169 83| 22| 21 2.6 182.7 263.3 656.8 439.7 333.2 367.6
2.2 4.2 23| 16| 16 2.6 22.5 13.8 12.9 19.0 16.9 10.7
2.2 4.0 30| 19| 10 1.5 639.1 692.5 1421.6 634.5 1145.9 1466.3
1.5 59 1.7] 10] 10 1.0 55.3 70.7 64.7 69.6 75.9 373
1.0 3.8 1.0) 10| 11 1.0 55.3 70.7 64.7 69.6 75.9 37.3
1.0 4.2 1.0] 10| 10 1.0 978.8 1099.2 464.4 1055.0 1012.8 280.6
1.6 4.7 16| 10| 1.0 1.0 12.7 30.2 12.8 7.8 23.1 13.1
4.1] 107 43| 19| 43 2.8 80.2 28.5 3317 72.8 38.8 312.0

103 | 179 125 52| 88 8.3 29.1 1135 423.4 163.6 70.3 71.4
1.0 17.0 38| 10| 10 1.0 29.1 113.5 423.4 163.6 70.3 71.4
1.0 8l 1.0] 12] 10 1.0 70.2 121.9 89.7 92.5 122.2 76.5
58| 12.8 52| 24| 10 5.1 gils 7 318.8 501.9 257.1 319.3 563.0
1.0 7.7 30| 13| 10 1.0 94.4 84.8 200.7 100.5 97.1 143.2
2.7 7.7 10| 10 10 2.2 94.4 84.8 200.7 100.5 97.1 143.2
1.9 4.3 19| 14| 10 1.0 484.3 214.2 377.0 415.6 242.7 452.8
1.1 83 1.0] 12] 10 1.0 265.5 1143 138.4 1243 1193 119.8
2.0 8l 20| 10 10 13 265.5 1143 138.4 124.3 119.3 119.8
1.7 7.6 20| 10| 10 1.0 81.0 122.6 94.2 115.0 134.9 63.7
2.6 9.2 41| 15[ 1.8 1.0 258.7 135.2 327.4 200.4 231.9 399.4
1.9 shil 10| 10| 11 1.0 12.9 21.7 20.7 7.1 116 213
13 3.0 16) 11) 10 1.0 46.3 52.8 67.2 41.4 38.1 45.5
1.0 7.2 1.0] 16| 1.0 1.0 96.8 183.1 E£55) 132.8 176.8 102.7
1.0 6.9 33| 16| 16 1.0 11.8 19.2 19.9 114 12.6 13.8
15 4.5 23| 14| 10 1.0 3.0 12 2.0 3.1 2.0 14
2.6 6.5 41| 10| 21 21| 1712.6 1757.9 3842.6 1882.6 2389.0 4889.1
35| 223 46| 14] 1.0 1.0 797.2 513.3 474.7 654.2 468.2 340.2
1.0 43 1.0) 10| 15 1.0 28.7 18.2 16.9 22.6 14.8 9.1
1.0 5.6 20| 10| 10 1.0 263.2 359.7 316.8 200.9 336.3 295.4
15 5.8 10| 10 1.0 1.2 177.8 108.9 110.2 165.7 144.2 90.1
il 3.9 23| 10| 10 23 56.9 186.8 18.1 38.0 333.2 29.4
1.0 55 26| 10| 10 1.0 148.4 119.0 154.7 187.3 200.7 225.6
1.6 Sl 21| 16| 10 1.0 434.6 346.3 190.7 340.0 291.0 izl
93| 226 99| 55| 9.0 11.2 289.4 414.5 162.4 159.1 198.5 58.6
1.0 3.0 10| 13| 16 1.0 10.9 25l 15.7 15.3 11.7 7.3
1.0 32 16| 10| 1.0 11 120.9 93.2 129.4 126.7 133.3 103.9
46| 21.0 78| 29| 53 5.0 453.9 312.9 715.7 378.1 468.8 503.5

144 529 | 247 | 9.0| 93 133 75.5 65.5 147.7 688.9 1029.3 663.1
47| 122 61| 23| 10 1.0 46.3 29.2 35.1 35.9 34.0 25.2
92| 319| 161 | 57| 43 7.9 40.0 15.9 45.8 2585 131.7 123.8
1.8 5.0 1.0] 12] 10 1.0 92.2 70.9 298.0 69.7 95.8 110.1
85[147.0| 126| 22| 1.0 1.0 964.4 724.7 1241.6 954.6 721.5 1156.9
3.6 4.4 37| 10| 10 4.8 | 6163.6 3596.8 6243.6 8801.8 2867.2 4950.7
1.0| 110 1.0| 10| 13 1.0 284.1 404.0 286.2 283.0 424.2 324.7
26| 156 6.0| 10| 10 1.0 337.8 365.3 421.5 335.8 363.9 397.7




cg1811
cgl867
cg1893
cg1904
cgl924
cgl1926
cgl942
cgl944
cg1945
cg1946
cg1956
cg1959
cg1981
cg1981
cg1981
cg2003
cg2005
€g2005
€g2007
cg2021
cg2030
cg2031
cg2037
€g2045
cg2047
cg2051
cg2059
€g2061
€g2063
€g2069
cg2071
cg2077
€g2078
€g2079
€g2091
€g2092
cg2103
cg2121
cg2155
cg2171
cg2181
cg2187
€g2188
€g2195
cg2197
cg2199

cg2200

inf

secD

act4

rec)

priP

psp3

pspl

int2

aftC

msrB

ppgK

sigA (rpoD)

dtxR

ptsH

PptA

oppA

pbp2a

chrA (cgtR8)

74

321

137

30

402

43

577

99

26

598

433

12

170

246

531

177

263

586

181

19

222

13

i

156

155

40

33

82

268

282

134

202

29

579

31

333

274

221

55

166

131

326

1.6 4.1 21| 10| 10 1.2 | 1586.5 1798.5 2336.7 1840.0 2223.8 2148.1
13 4.1 18] 14] 10 1.0 102.9 88.2 287.3 73.9 88.1 292.7
1.0 43 1.0] 10| 10 1.9 134.2 85.4 97.6 115.9 96.6 72.3
1.0 88 1.0] 10| 10 1.0 248.4 180.2 284.3 193.7 195.1 222.4
20| 107 1.0] 15| 1.0 13 1.9 33 #NV 33 29 #NV
iy 4.9 25| 15| 10 2.0 73.2 42.8 37.2 37.5 67.6 30.0
13 43 1.0] 10| 17 1.0 9.4 21.0 17.9 7.3 8.6 17.1
33| 351 94| 10| 10 1.0 16.1 15.8 13.6 B5Y/ 22.5 13.0
1.0 83 27| 10| 10 1.0 34.4 17.4 23.8 28.3 19.8 17.4
1.0 31 1.0] 10| 1.0 1.0 53.8 57.3 30.5 40.3 48.2 27.4
13 3.6 22| 09| 10 1.0 14.8 12.7 16.1 20.4 21.7 17.8
43| 213 68| 26| 10 1.0 4.6 25 25 B 2.5 2.0
1.0 6.2 1.0] 10| 10 1.0 12.4 6.7 5.8 8.9 5.4 4.2
1.0 6.2 1.0 15| 1.2 1.0 12.4 6.7 5.8 8.9 5.4 4.2
1.0 85 1.0] 10| 1.0 1.0 12.4 6.7 5.8 8.9 54 4.2
13 4.2 10| 10 1.0 1.0 45.2 60.5 34.8 71.5 44.6 24.4
7.2 | 242 74| 16| 10 1.0 15.4 14.2 115 16.0 13.9 9.0
10| 125 43| 10| 1.0 1.0 15.4 14.2 115 16.0 13.9 9.0
17 83 1.0| 10| 1.0 1.0 10.3 6.9 10.4 8.0 6.0 6.8
2.2 9.9 27| 10| 10 1.5 14.5 123 8.8 113 10.4 6.3
1.0 Al 15| 10| 1.0 1.0 64.2 60.5 384 44.1 43.9 33.2
1.6 53 27| 14| 10 1.0 88.6 108.3 74.9 91.0 68.5 59.7
23 7.1 39| 10| 21 1.0 86.6 89.5 77.9 77.0 93.3 66.6
13 6.3 21| 10| 08 1.0 15.4 12.4 42.4 24.0 24.3 46.5
1.0 4.0 13] 10)] 1.0 1.0 493 1215 78.9 237.2 467.6 61.3
45| 242 89| 21| 10 1.7 180.3 286.1 140.0 197.9 206.5 116.7
17| 118 23| 10| 10 jiE5) 13.7 7.8 12.8 20.5 9.4 116
1.0 3.1 10| 10 1.0 1.0 39.0 35.2 40.1 45.1 37.0 49.1
1.0 4.9 24| 10| 19 1.0 22.3 16.9 10.8 15.7 12.0 6.9
1.0 4.4 29| 10| 10 1.0 69.4 49.0 45.8 71.8 52.7 37.9
35| 103 43| 27| 1.0 5.3 86.7 90.1 137.1 94.0 191.0 217.9
23| 143 29| 10| 10 1.0 248.8 302.5 120.8 147.5 239.3 103.9
1.0 3.0 10| 12| 1.0 1.0 538.4 1894.3 303.9 438.3 1183.0 327.1
86| 222 99| 55| 6.7 7.5 170.0 104.9 436.1 593.0 7317 1573.5
589 [ 174.4 | 105.8 | 35.7 | 2.7 6.3 453.5 426.4 833.1 464.8 475.5 476.9
1.0 3.9 1.7] 13] 10 1.0 687.2 1215.9 598.1 541.9 774.5 573.4
1.0 83 16| 1.0| 2.4 1.0 666.9 702.5 468.0 548.9 529.8 318.5
s 4.2 19] 10] 10 1.0 | 2665.7 2945.4 2311.5 3242.5 1233.2 1896.9
3.6 | 158 48| 20| 1.0 1.0 442.3 353.3 372.1 600.7 598.2 312.7
1.0 5.4 16| 10| 10 1.6 98.1 111.7 86.0 123.5 97.4 74.6
4.1 6.7 63| 26| 47 4.1| 1255.6 128.3 1864.6 407.8 129.1 1460.9
18 57 18] 13)] 1.0 1.0 84.8 Sl 39.5 34.7 37.1 38.6
1.0 3.0 1.0] 10] 10 1.0 119.0 93.3 60.9 60.8 67.1 51.4
2.7 | 117 40| 20| 24 2.0 | 6384.2 8528.4 | 11102.6 8391.4 11066.7 11490.2
1.0 6.5 1.7] 10| 15 1.0 244.5 126.1 333.4 170.0 196.4 311.8
1.0| 307 | 210| 10| 1.0 1.0 2339 358.9 121.4 124.6 255.1 112.0
29.2 | 1409 | 47.7]205]| 1.0 1.0 793 7703 69.2 31.6 578.3 116.5




€g2201
cg2201
€g2206
cg2221
cg2224
cg2241
cg2247
cg2274
€g2290
cg2305
cg2310
cg2311
cg2337
cg2337
cg2338
cg2343
cg2373
cg2403
cg2406
cg2406
cg2406
cg2409
cg2423
cg2445
cg2445
cg2473
cg2478
cg2491
cg2496
cg2523
cg2537
cg2542
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cg2557
cg2566
cg2579
€g2592
cg2593
cg2601
cg2641
cg2675
cg2675
€g2680
€g2685
cg2701
cg2745

cg2747

chrS (cgtS8)

chrsS (cgtS8)

ispG

tsf

xerC

tex

hisD

glgX

dnaEl

murf

qcrB

ctaE

ctaE

ctakE

ctaC

lipA

hmuO

hmuo

acpM

pbp6

malQ

brnQ

benR

argD2

musl

mepA

32

424

236

134

149

534

58

221

383

307

88

421

264

607

26

133

221

324

616

27

259

163

150

587

593

26

162

94

336

546

194

538

132

13

140

170

327

229

34

271

13

523

455

69

29.4 1411 | 40.5(21.8| 1.0 29.7 36.6 481.4 233 11.0 352.6 56.6
1.0| 277 | 212| 10| 1.0 1.0 36.6 481.4 23.3 11.0 352.6 56.6
2.1 3.9 15] 14] 10 1.0 524.6 842.9 566.4 398.5 585.2 449.4
1.0 4.2 19] 15] 10 1.0 694.7 580.5 2069.5 795.7 774.8 2124.6

155| 49.1| 284|106 | 4.4 9.4 41.0 25.6 29.6 40.5 39.7 32.0
1.4 9.7 32| 10| 10 1.0 96.4 46.4 119.9 70.3 72.2 98.4
1.0 4.0 19] 13] 10 1.4 415.5 1108.7 264.4 352.6 724.0 270.6
1.0 104 20| 15| 10 1.0 247.5 244.8 420.6 204.8 271.1 360.2
1.0 3.8 18] 10| 1.0 1.0 93.3 60.5 35.0 58.2 47.9 27.7
17 7.1 30| 10| 15 17 215.3 200.9 347.8 234.3 362.7 419.5
1.0 Sl 1.0] 10| 1.0 1.0 206.5 178.4 297.4 175.5 175.1 203.8
4.4 | 199 56| 3.0| 27 1.0 96.2 48.4 128.1 44.3 45.9 156.6
1.0 9.9 31| 10 10 1.0 799.6 894.0 371.9 858.6 1230.5 SEELY
1.0 9.0 1.0] 10| 1.0 1.0 799.6 894.0 371.9 858.6 1230.5 533.7
1.2 4.0 1.0| 10| 13 1.0 269.0 389.3 216.5 3823 383.6 179.0
52| 249 95| 30| 13 1.0 122.9 154.6 85.8 MBS 123.1 62.2
14| 231 19| 13| 08 1.0 200.5 160.2 175.8 194.8 141.7 151.9
1.6 4.8 21| 10| 12 1.0 | 14749 4043.9 1898.9 501.6 1147.1 1176.0

20.3 | 529 | 28.1]11.0]20.7 23.3 | 3792.2 4388.5 1723.4 907.8 1375.2 995.2
1.0 293 1.0| 10| 10 1.0 | 3792.2 4388.5 1723.4 907.8 1375.2 995.2
10| 179 10| 10 10 1.0 | 3792.2 4388.5 1723.4 907.8 1375.2 995.2
57| 16.1 86| 40| 62 5.9 | 2600.7 3428.4 2548.1 976.8 1329.5 1313.3
10| 184 10| 10 1.0 1.0 652.1 1614.9 429.7 638.5 1617.6 442.8
31| 104 45| 10| 10 57 178.5 77.0 249.1 7.8 9.1 18.2
1.0 43 1.0] 16| 1.0 1.0 178.5 77.0 249.1 7.8 &l 18.2
48| 314 97| 31| 10 1.0 181.4 134.9 234.0 238.8 263.1 169.2
15 5.0 21| 10| 10 1.0 537.8 4753 154.5 218.9 259.2 106.0
1.0 4.0 10| 10 1.0 1.0 94.1 86.0 125.1 89.9 129.9 123.2
32| 114 43| 23] 1.0 2.6 123.4 105.0 132.8 115.5 137.1 108.5
1.8 4.7 29| 10| 10 1.0 | 1568.4 1124.7 1268.4 1040.2 947.1 996.7
2.9 6.6 10| 16| 1.7 3.2 171.9 129.2 143.0 148.8 177.7 163.3
1.0 3.8 10| 13] 1.0 1.0 51.0 56.1 43.9 50.1 46.7 36.4
43| 183 68| 22| 38 2.6 5.2 4.0 11.4 il 83 15.5
1.6 34 14] 10| 11 1.0 24.4 19.5 109.0 14.6 20.6 121.2
1.4 55 23| 10| 10 13 29.8 19.4 59.3 21.2 13.6 29.5
1.0 6.0 21| 10 10 1.0 246.1 167.2 229.7 135.4 150.9 169.5
1.0 4.8 18| 1.0 1.0 1.0 91.1 82.9 130.9 129.4 173.5 144.4
1.6 55 1.0] 10| 21 1.0 124.3 101.4 120.9 100.0 122.8 91.9
3.5 3.6 28| 29| 10 3.6 507/ 26.4 i3 38.9 29.3 21.2
6.3 | 208 68| 28| 10 1.0 22.8 25.0 42.9 20.6 22.6 19.4
1.0| 89.9| 229| 72| 43 4.4 549.6 1308.3 17.1 808.4 378.7 58.5

134 ) 899 | 229| 72| 43 1.0 549.6 1308.3 17.1 808.4 378.7 58.5
2.8 6.5 33| 13| 19 1.0 157.7 179.9 202.2 104.3 126.0 168.1
70| 250 | 13.0| 50103 83 142.6 68.6 76.2 108.2 115.4 123.9
1.0 4.4 21| 17| 10 15 578.8 391.0 635.7 362.6 413.2 664.5
2.2 82 23| 10 10 1.0 62.8 54.5 71.9 86.6 62.1 34.4
1.4 4.1 21| 10| 15 1.0 94.6 118.3 173.8 305.9 102.2 67.7




cg2761
cg2766
cg2780
cg2786
cg2823
cg2829
cg2831
cg2857
cg2867
cg2944
cg2949
cg2953
cg2977
cg3054
cg3068
cg3068
cg3069
cg3097
cg3101
cg3101
cg3115
cg3118
cg3127
cg3156
cg3170
cg3173
cg3175
cg3182
cg3194
cg3199
cg3226
cg3226
cg3245
cg3247
cg3248
cg3249
cg3283
cg3315
cg3317
cg3323
cg3357
cg3378
cg3389
cg3402
cg3411
cg3422

cg4002

cpdA

ctaD

nrdE

murA2

ramA

purF

mpx

ispF

vdh

purT

fda

fda

hspR

cysD

cysl

tctC

htaD

copl

hrrA
(cgtR11)

hrrS
(cgtS11)

malR

inol

trpP

cg3378

trxB.

310

555

314

347

269

42

19

56

540

122

42

408

241

20

423

54

393

626

25

106

498

37

151

66

217

198

369

158

213

622

695

474

419

58

91

29

156

91

60

143

13

18

564

44| 118 47| 17| 1.0 1.0 98.2 165.2 166.3 87.0 209.8 117.7
1.8 4.2 20| 14| 10 1.0 313.6 243.4 159.0 2923 273.4 122.6
109 | 218 | 116 57 (118 10.0 | 2992.2 5262.4 3087.5 1582.8 2519.5 1714.3
2.8 | 135 43| 10| 1.0 1.0 249.5 300.9 390.7 225.0 214.1 389.7
1.0 9.9 28| 14| 10 1.4 2.6 17 15 2 1.4 0.9
2.0 3.6 1.0| 10| 1.0 13 218.5 132.8 260.0 205.1 186.0 208.8
1.8 5.0 23| 10| 19 2.9 2232 240.4 130.2 148.6 173.8 195.4
1.0 8.1 10| 14| 13 1.2 404.9 374.1 261.5 455.7 791.0 346.2
14 5.6 10| 10 10 12 273.5 469.1 295.1 184.5 162.8 199.3
4.7 3.8 29| 10| 10 2.0 190.6 131.5 199.8 155.2 170.0 165.7
6.7 223 | 127| 57| 71 5.2 707.2 979.7 1539.3 483.6 833.9 937.9
15 7.0 24| 10| 16 1.6 57.0 29.0 144.7 42.5 47.4 102.4
1.0 4.4 10| 10 10 1.0 444.0 424.7 281.2 406.6 432.4 218.9
1.0 83 26| 16| 10 12 187.4 190.9 212.9 136.2 132.6 147.7
3.1 [ 205 77| 27| 10 1.0 978.6 631.5 1696.7 1271.8 1048.7 1758.1
1.0 6.3 22| 10| 10 1.0 978.6 631.5 1696.7 1271.8 1048.7 1758.1
54| 225| 125| 36| 26 53 234.1 217.7 310.7 352.7 309.8 220.6
1.0 kil 10| 10 10 1.0 87.0 419.1 2715 69.3 227.8 2483
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Figure S1: 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 AhrrSA
AchrSA harbouring the plasmid pJC1_Phrsa-hrrSA-twin-strep_Pchrsa-chrSA-his was cultivated in
CGXIl minimal medium (lacking FeSO4) supplemented with 2% (w/v) glucose and 4 uM hemin
was added at 0 h. Cells were harvested at different time points as described in Figure 1.
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51  Figure S2: Distribution of distances from HrrA binding peaks centers to the closest gene start
52  site (translation start site, TLS). As a background (red color), random peaks of the same width
53  asreal ones were generated. Random peak generation was performed 100 times and resulting
54  distance distributions were then averaged into a single background distribution.
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Figure S3: 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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Figure S4: Derivation of a HrrA binding motif revealed a weakly conserved palindromic
sequence. Sequences of the top 20 peaks (To) (A) or 100 bp of the tested EMSA DNA fragments
(Figure S2) (B) were used for a MEME v.5 analysis (http://meme-suite.org). (C) Shown is the
position of identified motif sequences within the analysed peak sequences used in (B). The
majority of HrrA motifs centre at the position of the peak maximum (at 50 nt).
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68

69  Figure S5: Visual inspection of C. glutamicum cells before and after addition of heme. Iron-

70  starved C. glutamicum wild type cells were cultivated in CGXIl medium (2 % (w/v) glucose,

71  without FeSOs) and cells were harvested at different time points before and after the addition

72 of 4 uM heme. Cell pellets were subsequently resuspended in Tris-buffer (100 mM Tris-HCl,

73 1 mM EDTA, pH 8.0) and adjusted to an ODego of 3.5.
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Figure S6: HrrA coordinates expression of ctaA and ctaB in response to heme. Shown are the
ChAP-Seq (orange) and RNA-Seq (blue) results focusing on the ctaA and ctaB locus in the
genome of C. glutamicum. Depicted is the genomic region between mptb (cgl766) and tkt
(cg1774). For the cultivation, CGXIl medium supplemented with 2% (w/v) glucose and 4 uM
hemin was inoculated with iron starved cells from a stationary culture and adjusted to an ODeoo
of 3.5. Samples were analysed at the indicated time points as described in material and
methods.
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Figure S7: Dynamic range of HrrA association upon addition of external heme. ChAP-Seq
analysis revealed that targets that are moderately bound before stimulus addition show a
generally higher fold-change in HrrA association than targets sequences that showed already a
high coverage at To. The log, of the fold change of the normalized peak intensities was
calculated (To.s versus To) and plotted against the peak intensity at time point To (before stimulus
addition). For details on cultivation and ChAP-Sequencing, see material and methods and Figure
1.
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Figure S8: 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 analyses, 15 nM DNA fragments covering
250 bp up- and downstream of the maximal ChAP-Seq peak height were used with an increasing
monomeric protein concentration. 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 AIDA v.4.15 (Raytest GmbH, Germany) and Kq values
were calculated using GraphPad Prism 7.
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Figure S9: Time-resolved differential gene expression analysis. Shown is the log, fold change in
gene expression (AhrrA versus wild type) along with a log, mean expression (expression
averaged for AhrrA and WT samples) in transcripts per million (TPM). Orange dots represent
significantly differentially expressed genes with an empirical FDR <0.05 (see material and
methods). Wild type and AhrrA C. glutamicum strains were grown in CGXIl medium (without
FeSO4) supplemented with 2% (w/v) glucose and 4 uM hemin (To is prior addition of hemin; for
details on cultivation and sample preparation see material and methods).
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Figure S10: HrrA-dependent hmuO expression in response to heme. Shown are the ChAP-Seq
(orange) and RNA-Seq (blue) results focusing on the hmuO locus in the genomic region between
hmuO (cg2445) and gInE (cg2446). For the cultivation, CGXIl medium supplemented with 2%
(w/v) glucose and 4 UM hemin was inoculated with iron starved cells from a stationary culture
and adjusted to an ODeoo of 3.5. Samples were analysed at the indicated time points as
described in material and methods.
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