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Abbreviations

ATCC American Type Culture HK Histidine kinase
Collection PTG Isopropyl-thio-B-D-
BHI(S) Brain Heart Infusion galactopyranosid
(+ Sorbitol) ODeoo Optical density at 600 nm
CA Catalytical domain OPD Output domain
ChAP-Seq Chromatin affinity 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
assay _
TMD Transmembrane domain
e.g. exempli gratia .
uv Ultraviolet
et al. et alii
viv Volume per volume
etc. et cetera
wt Wild-type
eYFP Enhanced yellow .
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 (Y''2, F'15,
F118), 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 HrrSA and ChrSA
shapes the dynamic response to heme, experimental reporter profiling was combined with a
quantitative 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-aas supercomplex for the constitution of the respiratory chain.

In conclusion, this thesis provides comprehensive insights into the regulatory interplay of
the HrrfSA 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 (HiskKA 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 CheZ,
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.



2.1.13 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. lron 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
ferrinydrite 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 DixR protein (diphtheria toxin repressor), which orchestrates
iron-dependent gene expression in this important human pathogen. DixR 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 reg