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Summary

Human pathogenic bacteria, such as Staphylococcus aureus and Streptococcus pneumoniae,
that cause life-threatening diseases and are resistant to many antibiotics, pose a serious health
risk and, thus, a global social challenge. Therefore, further elucidation of bacterial resistance
mechanisms to antimicrobial substances and the host immune defense is urgently required to
improve existing treatment options and to develop new therapeutic approaches. The stringent
response, which confers a non-specific stress resistance and facilitates the survival of bacteria,
is induced in response to unfavorable environmental influences, such as nutrient starvation, by
the accumulation of the alarmones guanosine tetra- or pentaphosphate ((p)ppGpp). While it was
demonstrated that the stringent response is associated with increased antibiotic resistance,
virulence and persistence, the underlying molecular mechanisms, particularly in Gram-positive
bacteria, are still incompletely understood. Within this dissertation, it could be shown that
(p)ppGpp is also essential for the oxidative stress resistance of S. aureus in the stationary phase
(chapter 1). Quantitative analyses revealed higher respiratory chain activity and elevated total
and free iron levels, causing increased intracellular levels of reactive oxygen species (ROS) in
the (p)ppGpp’ mutant. Accordingly, the addition of iron chelators and antioxidants restored
these physiological changes and mitigated the increased sensitivity of the (p)ppGpp° mutant to
oxidative stress and antibiotics. Thus, the maintenance of the intracellular iron and redox
homeostasis was identified as a key mechanism of (p)ppGpp to promote increased stress
resistance and antibiotic tolerance in S. aureus.

The host immune system produces ROS and reactive chlorine species (RCS), such as
H20:2 and hypochlorous acid (HOC]), as a central defense strategy. Consequently, the resistance
of human pathogens to these reactive species is essential for their survival in the host. Low
molecular weight thiols, such as glutathione (GSH) and bacillithiol (BSH), represent an
important defense mechanism. Despite their function as antioxidants, they also protect thiol
groups of proteins from irreversible over-oxidation through post-translational modification via
S-thiolations. While the redox pathway for the regeneration of S-glutathionylated proteins has
been fully elucidated, the equivalent process in Gram-positive Firmicutes, which use BSH
instead of GSH, was incompletely understood. As presented in chapter 2, this work contributed
to elucidate this further. It was demonstrated that the BSH redox pathway, consisting of BSH,
bacilliredoxin A (BrxA) and the NADPH-dependent flavin oxidoreductase YpdA, is essential
for the survival of S. aureus in the presence of H202 and HOCI.

In addition, pathogens, such as S. aureus, encode for redox-sensing transcription factors,

which utilize conserved cysteine residues to sense and respond to redox stress conditions via



post-translational thiol modifications (chapter 3). Since these regulators control regulons that
represent important enzymatic and non-enzymatic resistance mechanisms in bacteria, the work
in hand focused on the identification and characterization of further transcription factors of the
bacterial thiol-stress defense. For that purpose, RNA-seq analyses were used to investigate the
bacterial stress response of S. pneumoniae to HOCI (chapter 4). The NmlIR regulon was most
strongly induced by HOCI stress and identified as an important resistance mechanism against
oxidative stress and for the survival inside human macrophages. It consists of the nm/R and
adhC genes that encode for the MerR-family transcriptional regulator NmIR and the Zn?*-
dependent class III alcohol dehydrogenase AdhC. While NmIR was characterized previously
as an aldehyde sensor, within this work, it was shown that NmIR also activates the transcription
of the nmlR-adhC operon in response to oxidants. Molecular analyses revealed that the
conserved cysteine (Cys52) is required for redox sensing by intermolecular disulfide formation
and S-glutathionylation of NmlR.

Although quinones are applied as potent antimicrobials since centuries, the bacterial
resistance mechanisms are still incompletely resolved. Therefore, this work focussed on the
characterization of the quinone stress response of S. aureus. The transcription profiles of the
methylhydroquinone (MHQ) and lapachol stress responses revealed a high overlap of the
provoked expression changes (chapters 5 and 6). For example, both quinones induced the
oxidative stress response and the quinone-specific MhqR and QsrR regulons. Further analysis
showed that, in contrast to MHQ, lapachol does not act as an electrophile but exerts its toxicity
through the production of ROS (chapter 5). The antimicrobial effect of lapachol was oxygen-
dependent and could be reduced significantly by microaerophilic growth conditions. Phenotype
analyses identified the H2O2 detoxifying catalase (KatA) and the BrxA/BSH/YpdA/NADPH
redox pathway as important resistance mechanisms against lapachol stress in S. aureus. In
contrast, the MhqR regulon conferred protection against MHQ but not lapachol. This finding
suggests a substrate specificity of the enzymes MhqE and MhqgD (chapter 6). Since the single
cysteine residue (Cys95) of MhgR is not required for DNA binding and quinone sensing, it can
be concluded that the MhgR repressor is not inactivated by a thiol-based mechanism but
probably through ligand binding. In contrast, QsrR, another quinone-specific regulator of
S. aureus, was shown to be regulated by different thiol switches (chapter 7). Unlike the MhgR
regulon, the QsrR regulon was not only strongly induced by quinones but also by various
oxidants. While QsrR was shown to sense oxidants by an intermolecular disulfide formation
between the redox-active Cys4 and Cys29’, allicin caused the S-thioallylation of all three
cysteine residues (Cys4, Cys29, Cys32) in vitro. Northern blot analyses indicated that the
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S-thioallylation of Cys4 is sufficient for the QsrR inactivation, while Cys4 and either Cys29’
or Cys32’ are required for the induction of the QsrR regulon by oxidants in vivo. Further
transcriptional analysis and functional characterization revealed that the MhqR and QsrR
regulons are also implicated in the resistance to various antibiotics, including ciprofloxacin and
rifampicin (chapters 6 and 7). In addition, the AmhgR mutant showed an increased survival
rate in long-term infection experiments with murine macrophages compared to the wild type,
indicating that the MhgR regulon might function in persistence.

Additionally, within the present work, the function of the GbaA regulon in the thiol
stress response was examined (chapter 8). While the deletion of the SACOL2592-nmrA-2590
operon caused an enhanced susceptibility to diamide, allicin and aldehydes, the AghaB mutant
was impaired in its survival upon MHQ stress. It was further revealed that the conserved
cysteines Cys55 and Cys104 of GbaA are required for the stress resistance against electrophiles.

Substances that interfere with the bacterial redox homeostasis, either through the
production of ROS, their electrophilic properties, or the inhibition of proteins, are currently
developed and tested as alternatives to antibiotics (chapter 9). Especially ROS-generating
substances represent promising treatment options since their non-specific mode of action
minimizes the likelihood of resistance evolution. However, based on the usually lower
cytotoxicity, specific inhibitors, e.g., of the low molecular weight thiol biosynthesis, might be
more suitable for clinical application. Incited by the current global problem of the pandemic
caused by the SARS-CoV-2 virus, the question of the antiviral activity of redox-based
substances arose. Since the antimicrobial effect of allicin has been studied in detail, and
previous studies suggested that allicin exerts an immunomodulatory effect, the antiviral activity
of allicin on SARS-CoV-2 was investigated in a cell culture model within a collaboration
project with the working group of Prof. Dr. Drosten (chapter 10). It was demonstrated that the
administration of biocompatible allicin doses to SARS-CoV-2 infected cells reduced the viral
RNA amount and the number of infectious viral particles by up to 70%. Using label-free
quantitative proteomics, it was shown that SARS-CoV-2 causes the profound reprogramming
of several host pathways, including gene expression and metabolism. In addition, a strong
induction of the interferon signaling pathway and the interferon-stimulated gene signature was
detected. Allicin treatment reverted several SARS-CoV-2 induced changes, including the
expression of the interferon pathways, to levels of uninfected cells and reduced the expression
of viral proteins significantly.

The demonstrated antimicrobial activity of thiol-based substances suggests that they can

be used in a modified form to combat infectious diseases. Lapachol, whose mode of action in
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S. aureus was elucidated in the present work, but also allicin, could serve as lead compounds
to create more stable and less cytotoxic derivates. In addition, by combining global
transcriptome analyses with molecular and microbiological assays, the present work
contributed to the elucidation of bacterial adaptation strategies. In particular, the transcription
factors NmIR, MhgR and QsrR were identified as important resistance mechanisms of the
human pathogenic bacteria S. pneumoniae and S. aureus. Since the expression of these regulons
is associated with increased bacterial resistance to the immune system and antibiotics, these

proteins represent promising molecular targets for drug development.



Zusammenfassung
Humanpathogene Bakterien, die wie Staphylococcus aureus und Streptococcus pneumoniae,
lebensbedrohliche Krankheiten verursachen und gegen eine Vielzahl an Antibiotika resistent
sind, stellen eine gesundheitliche Gefihrdung und damit eine globale gesellschaftliche Heraus-
forderung dar. Die weitere Aufklarung von bakteriellen Resistenzmechanismen gegen antimi-
krobielle Substanzen und die wirtsspezifische Abwehr ist daher essenziell, um bestehende Be-
handlungsmethoden effektiver gestalten zu kénnen, und neue Therapieansétze zu entwickeln.
Als Mediator einer unspezifischen Resistenz ermoglicht die sogenannte ,,Stringent Response™
die Adaptation von Bakterien an zahlreiche Umweltbedingungen. Sie wird z.B. durch Néhr-
stoffmangel und in Folge von anderen ungiinstigen Umwelteinfliissen durch die Akkumulation
der Alarmone Guanosin-Tetra- bzw. Pentaphosphat ((p)ppGpp) ausgelost. Wihrend bereits
nachgewiesen wurde, dass die ,,Stringent Response® mit einer erhdhten Antibiotikaresistenz,
Virulenz und Persistenz einhergeht, sind die zugrundeliegenden molekularen Mechanismen,
insbesondere in Gram-positiven Bakterien, noch unzureichend aufgeklart. Wie in Kapitel 1
dargestellt, konnte in der vorliegenden Dissertation gezeigt werden, dass (p)ppGpp auch fiir die
oxidative Stressresistenz von S. aureus in der stationdren Phase essenziell ist. Mittels quantitati-
ver Analysen konnten erh6hte intrazelluldre Eisenlevel, eine gesteigerte Atmungskettenaktivi-
tit und infolgedessen eine hohere endogene Produktion reaktiver Sauerstoffspezies (ROS) in
der (p)ppGpp’ Mutante nachgewiesen werden. Durch die Zugabe von Eisenchelatoren und
Antioxidantien konnten diese physiologischen Verdnderungen sowie die erhohte Sensitivitét
der (p)ppGpp® Mutante gegeniiber oxidativem Stress und Antibiotika abgemildert werden.
Somit wurde die Funktion von (p)ppGpp in der Aufrechterhaltung der intrazelluldren Eisen-
und Redoxhomdostase als wesentlicher Faktor fiir die erh6hte Stressresistenz und Antibiotika-
toleranz identifiziert.

Im Rahmen der Immunantwort werden ROS und reaktive Chlor-Spezies (RCS), wie
z.B. H202 und hypochlorige Saure (HOCI), als zentraler Abwehrmechanismus gebildet. Fiir hu-
manpathogene Bakterien ist daher die Resistenz gegen diese reaktiven Spezies essenziell fiir
ihr Uberleben im Wirt. Niedermolekulare Thiolverbindungen, wie z.B. Glutathion (GSH) und
Bacillithiol (BSH), nehmen hierbei eine besondere Stellung ein. Sie fungieren nicht nur als An-
tioxidantien, sondern schiitzen auch Thiolgruppen von Proteinen durch die post-translationale
Modifikation in Form einer S-Thiolierung vor einer irreversiblen Uberoxidation. Wihrend die
Kaskade zur Regeneration von S-glutathionylierten Proteinen bereits vollstdndig aufgeklart
wurde, war der dquivalente Prozess in Gram-positiven Firmicutes-Bakterien, die BSH anstelle
von GSH nutzen, nur unvollstindig erforscht. Wie in Kapitel 2 dargelegt, trug die vorliegende
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Arbeit dazu bei, diesen weiter aufzukldren. Es konnte gezeigt werden, dass das Zusammenspiel
von BSH, dem Bacilliredoxin A (BrxA) und der NADPH-abhdngigen Flavin-Oxidoreduktase
YpdA innerhalb des sogenannten Brx A/BSH/YpdA/NADPH Redoxweges in Anwesenheit von
H202 und HOCI fiir das Uberleben von S. aureus wichtig ist.

Zudem verfligen Pathogene, wie z.B. S. aureus, iiber spezifische Transkriptionsfakto-
ren, die in Reaktion auf reaktive Spezies die Expression von enzymatischen und nicht-enzyma-
tischen Resistenzmechanismen induzieren (Kapitel 3). Diese Regulatoren fungieren dabei als
sogenannte Redox-Sensoren, deren Aktivitdt durch post-translationale Modifikationen ihrer
Thiolgruppen reguliert wird. Da die von ihnen kontrollierten Regulons wichtige Resistenzme-
chanismen von Bakterien darstellen, lag der Schwerpunkt der vorliegenden Arbeit auf der Iden-
tifizierung und Charakterisierung weiterer Transkriptionsfaktoren der bakteriellen Stressreak-
tion. Dafiir wurde die bakterielle Stressantwort von S. pneumoniae nach Zugabe von HOCI mit-
tels RNA-seq Transkriptomanalysen genauer untersucht (Kapitel 4). Im Zuge dessen wurde
das NmlIR Regulon als wichtiger Resistenzmechanismus gegen oxidativen Stress und der huma-
nen Immunabwehr identifiziert. Das NmIR Regulon besteht aus den Genen nm/R und adhC, die
fiir den zur MerR-Familie gehdrenden Regulator NmIR und eine Zn**-abhiingigen Klasse 11
Alkohol Dehydrogenase kodieren. Wihrend der Regulator NmIR zuvor als Aldehyd-Sensor
klassifiziert wurde, konnte innerhalb dieser Arbeit gezeigt werden, dass NmlIR auch in Folge
von verschiedenen Oxidantien die Transkription des nml/R-adhC Operons aktiviert. Mittels mo-
lekularer Analysen wurde nachgewiesen, dass das konservierte Cystein (Cys52) essenziell fiir
die reversible Thioloxidation ist. Dabei liel3 sich sowohl eine intermolekulare Disulfidbriicken-
bildung als auch S-Glutathionylierung detektieren.

Obwohl die antimikrobielle Wirkung zahlreicher Chinone seit Jahrhunderten genutzt
wird, sind die bakteriellen Resistenzmechanismen bisher unzureichend aufgeklért. Daher lag
der Fokus der vorliegenden Arbeit auf der Charakterisierung der Chinon-Stressantwort von
S. aureus. Ein Vergleich der Transkriptionsprofile nach Methylhydrochinon (MHQ) und Lapa-
chol Stress ergab, dass sich die induzierten Stressreaktionen nur geringfiigig voneinander unter-
scheiden (Kapitel 5 und 6). Beispielsweise induzierten beide Chinone die oxidative Stressant-
wort und die Chinon-spezifischen MhgR und QsrR Regulons. Anhand weiterer Analysen liel3
sich zeigen, dass Lapachol, anders als MHQ, nicht als Elektrophil agiert, sondern seine Toxizi-
tat durch die Produktion von ROS ausiibt (Kapitel 5). Die antimikrobielle Wirkung von Lapa-
chol erwies sich als sauerstoffabhingig und konnte durch mikroaerophile Wachstumsbedingun-
gen deutlich vermindert werden. Phinotypanalysen identifizierten die Katalase (KatA), die die

Detoxifizierung von H20: katalysiert, zusammen mit dem BrxA/BSH/YpdA/NADPH Redox-
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weg als wichtige Resistenzmechanismen von S. aureus gegen Lapachol. Im Gegensatz dazu
vermittelte das MhqR Regulon nur gegen MHQ, nicht aber gegen Lapachol, einen Schutz, was
auf eine Substratspezifitidt der MhgR regulierten Enzyme MhqE und MhqgD hindeutet (Kapitel
6). Da der einzige Cysteinrest von MhgR (Cys95) keine elementare Funktion bei der DNA-Bin-
dung und Chinonerkennung hatte, ldsst sich schlieen, dass die Repressorinaktivierung nicht
iiber einen Thiol-basierten Mechanismus, sondern wahrscheinlich durch eine Ligandenbindung
erfolgt. Wie in Kapitel 7 beschrieben, konnte nachgewiesen werden, dass im Gegensatz dazu
QsrR, ein weiterer Chinon-spezifischer Regulator von S. aureus, durch verschiedene Thiol-ba-
sierte Mechanismen reguliert wird. Anders als das MhqR Regulon wurde das QsrR Regulon
nicht nur stark durch Chinone, sondern auch durch verschiedene Oxidantien, gegen die es einen
signifikanten Schutz vermittelte, induziert. Wéahrend Oxidantien eine intermolekulare Disulfid-
briickenbildung zwischen dem redox-aktiven Cys4 und dem Cys29° induzierten, fiihrte Allicin
zu einer S-Thioallylierung aller 3 Cysteinreste (Cys4, Cys29, Cys32) in vitro. Northern Blot
Analysen deuten darauf hin, dass in vivo die S-Thioallylierung von Cys4 ausreichend ist, wéh-
rend die Inaktivierung von QsrR durch Oxidantien sowohl das Vorhandensein von Cys4 als
auch von Cys29° oder Cys32° erfordert. Weitere Transkriptionsanalysen und funktionelle Cha-
rakterisierungen ergaben, dass die MhqR und QsrR Regulons auch durch verschiedene Antibio-
tika, einschlieflich Ciprofloxacin und Rifampicin, induziert werden und gegen diese eine Resis-
tenz vermitteln (Kapitel 6 und 7). Zudem wies die AmhgR Mutante verglichen mit dem Wild-
typ eine erhdhte Uberlebensrate in 48 Stunden andauernden Infektionsversuchen mit murinen
Makrophagen auf. Dieser Befund deutet auf eine Funktion des MhqR Regulons in der Persis-
tenz hin.

Im Rahmen der vorliegenden Arbeit wurde auch die Funktion des GbaA Regulons in
der Thiol-Stressantwort genauer untersucht (Kapitel 8). Wihrend die Deletion des
SACOL2592-nmrA-2590 Operons eine erhdhte Sensitivitit gegen Diamid, Allicin und Aldehy-
den bedingte, wies die AghaB Mutante ein vermindertes Uberleben nach MHQ-Stress auf. Zu-
dem konnte gezeigt werden, dass die konservierten Cysteine Cys55 und Cys104 von GbaA fiir
die elekrophile Stressresistenz erforderlich sind.

Substanzen, die entweder durch die Produktion von ROS, ihren elektrophilen Eigen-
schaften oder durch die Inhibierung von Proteinen mit der bakteriellen Redox-Homdostase in-
terferieren, werden gegenwartig als Alternative zu Antibiotika entwickelt und getestet (Kapitel
9). Insbesondere ROS-produzierende Substanzen gelten als vielversprechend, da sie durch ihre
unspezifische Wirkungsweise die Wahrscheinlichkeit einer Resistenzbildung minimieren. Da-

durch steigt jedoch das Risiko von cytotoxischen Effekten, sodass spezifischere Inhibitoren, die

- X -



beispielsweise die Biosynthese von niedermolekularen Thiolverbindungen hemmen, geeigneter
sein konnten. Angeregt durch das derzeitige globale Problem der Pandemie, ausgeldst durch
das SARS-CoV-2 Virus, stellte sich die Frage nach der antiviralen Wirksamkeit redox-basierter
Substanzen. Da die antimikrobielle Wirkung von Allicin bereits eingehend untersucht wurde
und Allicin zudem immunmodulatorisch wirkt, wurde innerhalb eines Kooperationsprojekts
mit der Arbeitsgruppe von Prof. Dr. Drosten, die antivirale Wirkung von Allicin auf SARS-
CoV-2 in Zellkulturmodellen untersucht (Kapitel 10). Biokompatible Allicin-Konzentrationen,
die nach einer erfolgten SARS-CoV-2 Infektion verabreicht wurden, reduzierten die virale
RNA-Menge und Anzahl an viralen Partikeln bis zu 70 %. Mittels Proteomstudien konnte ge-
zeigt werden, dass eine SARS-CoV-2 Infektion mit einer ausgepriagten Veranderung des Wirts-
metabolismus und der Genexpression einhergeht. Zudem wurde eine starke Induktion des anti-
viralen Interferon-Signalweges festgestellt. Durch die Gabe von Allicin wurden diese durch
SARS-CoV-2 induzierten Verdnderungen riickgéingig gemacht und die Expression der viralen
Proteine signifikant vermindert.

Die nachgewiesene antimikrobielle Wirksamkeit von Thiol-basierten Substanzen legen
nahe, diese in modifizierter Form zur Bekdmpfung von Infektionskrankheiten nutzbar zu ma-
chen. Insbesondere Lapachol, dessen Wirkmechanismus in S. aureus in der vorliegenden Arbeit
aufgekléart wurde, konnte, wie auch Allicin, als Ausgangssubstanz zur Entwicklung von stabile-
ren und weniger cytotoxischen Derivaten dienen. AuBlerdem konnten in der vorliegenden Arbeit
durch die Kombination von globalen Transkriptomanalysen mit molekularen und mikrobiologi-
schen Assays die Adaptationsstrategien von Bakterien weiter aufgekléart werden. Dabei wurden
insbesondere die Transkriptionsfaktoren NmIR, MhqR und QsrR als wichtige Resistenzmecha-
nismen der humanpathogenen Bakterien S. pneumoniae und S. aureus identifiziert. Da die Ex-
pression dieser Regulons mit einer erh6hten Resistenz der Bakterien gegen das Immunsystem
und gegen Antibiotika einhergeht, stellen diese Proteine interessante Ansatzpunkte fiir die Me-

dikamentenentwicklung dar.
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Introduction and general conclusions

1 Antibiotic resistance as a global public health threat

Within their natural niche, bacteria accomplish to resist various adverse conditions (1). Their
adaptability is particularly evident in their ability to evade the immune system and to survive
antibiotic treatment (2). The worldwide misuse and the lack of new antibiotics fostered the
increasing prevalence of multi-drug-resistant bacteria and treatment failures (3-5). According
to the WHO, “[a]ntibiotic resistance is one of the biggest threats to global health, food security,
and development today.”(6). In 2022, it was retrospectively estimated that 4.95 million deaths
worldwide were associated with drug-resistant infections, of which, in 2019, 1.27 million deaths
were directly attributable to antibiotic resistance (7). Studies indicated that acquired resistance
mechanisms, which are often associated with high energy costs, will persist even in the absence
of the antibiotic as selection pressure due to compensatory mutations (8, 9). This underscores
the importance and urgency of solving the problem of increasing antibiotic resistance.
Regardless of resistant bacteria, persister cells that are phenotypically tolerant to antibiotics
despite the absence of resistance genes represent an additional serious health threat. Especially
the finding of certain mutations that can increase the persister fraction within a population, their
implication in persistent and difficult-to-treat infections and the increased likelihood of
antibiotic-tolerant bacteria to become resistant is concerning (10-12). Redox-based drugs and
compounds that specifically target proteins involved in the bacterial redox homeostasis are
currently developed and tested as alternative treatment options or adjuvants (13). It is thought
that they have a lower potential for resistance evolution than conventional antibiotics, but they
often have a more cytotoxic effect on human cells (13). However, the sensory pathways and
resistance mechanisms to withstand various environmental stresses, including redox stress, are
still insufficiently investigated in bacteria. To identify new drug targets and to evaluate potential
antimicrobials, comprehensive analyses of the intrinsic and acquired adaptation strategies of
the major human pathogens are urgently required. In my dissertation, I characterized the redox
stress response of the two human pathogens Streptococcus pneumoniae and Staphylococcus
aureus. Hence, I will focus in the following elaboration on these two pathogens and, if

applicable, refer to similar mechanisms in related bacteria.

1.1 Impact of the priority pathogens Streptococcus pneumoniae and
Staphylococcus aureus

The Gram-positive bacteria Streptococcus pneumoniae and Staphylococcus aureus represent
two human commensals that colonize the mucosal surfaces of the human upper respiratory tract.
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While S. pneumoniae asymptomatically colonizes up to 65% of children and is less prevalent
(<10%) in adults (14, 15), around 50% of the adult population are asymptomatic carriers of
S. aureus on their skin or mucosae (16). However, both bacteria of the phylum Firmicutes can
cause life-threatening diseases, such as pneumonia, meningitis, and sepsis. The type and
progression of infection are mainly determined by the immune status of the host and the
virulence of the strain (15, 17). Through the increased prevalence of antibiotic-resistant strains,
the treatment of staphylococcal and pneumococcal infections has become difficult (7).
According to the Centers for Disease Control and Prevention (CDC) report from 2019,
methicillin-resistant S. aureus (MRSA) and drug-resistant S. pneumoniae caused presumably
10,600 and 3,600 deaths, respectively, in the United States (U.S.) (18).

Shortly after the introduction of penicillin in the 1940s, penicillin-resistant S. aureus
and S. pneumoniae strains were identified (19, 20). Nevertheless, it took until the 1960/70s
before B-lactam-resistant strains appeared as a medical problem. Both bacteria were found to
express alternative penicillin-binding proteins, which have lower affinities to different -
lactams causing B-lactam antibiotic resistance (16, 21). While initially, MRSA strains were
mainly healthcare-associated and termed hospital-acquired MRSA, this changed in the mid-
1990s and 2004 when community-acquired MRSA and livestock-associated MRSA infections
appeared, respectively (20). In contrast, it is thought that penicillin-resistant S. pneumoniae
mainly emerged and spread in the community (21). Since then, both bacteria evolved
resistances to other antibiotic classes, including macrolides, tetracyclines, and fluoroquinolones
(9, 21-23). In both bacteria, the macrolide resistance is mediated by antibiotic efflux systems,
encoded by msr and mef genes, and by target alterations. Post-transcriptional modifications of
the 23S rRNA structure by methylase, encoded by erm family genes, as well as mutations in
ribosomal proteins, were shown to prevent macrolide binding (24, 25). Furthermore, enzymatic
macrolide inactivation confers resistance against this antibiotic class in S. aureus (25). Similar
resistance mechanisms, including target alterations by amino acid changes of the topoisomerase
IV or DNA gyrase, and increased drug efflux, are responsible for the fluoroquinolone resistance
in these bacteria (9, 23) (Fig. 1). The CDC reported in 2019 that strains resistant to one or more
clinically relevant antibiotics are responsible for 30% of all S. pneumoniae infections in the
U.S. (18). Based on their health and economic impact, their (probable) incidence, current
treatment and prevention options, S. aureus and S. pneumoniae are listed alongside nine other
human pathogens as “serious threats” by the CDC (18). S. aureus further belongs to the group
of six so-called ESKAPE pathogens that are recognized as increasingly difficult to treat due to

the rising number of antibiotic-resistant strains (26).
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Figure 1: Virulence factors and antibiotic resistance mechanisms contributing to the pathogenesis of
S. aureus (left) and S. pneumoniae (right) infections. The adhesion to the host tissue is mediated by the
fibronectin-binding proteins (FnBPA/B) and the collagen-binding adhesin (Cna) of S. aureus, the pneumococcal
adherence and virulence factor A (PavA), and the pneumococcal serine-rich repeat protein (PsrP) of
S. pneumoniae. The capsule, the mucus degrading enzyme NanA and the toxin pneumolysin (Ply) inhibit
mucociliary clearance. S. preumoniae produces H,O, to outcompete other bacteria. S. aureus possesses the
carotenoid pigment staphyloxanthin as a defense mechanism against oxidants. Metal acquisition systems, such as
the iron-specific ABC transporter PiaA, the manganese uptake system PsaA and the Isd system for heme
acquisition, are used to overcome nutritional immunity. S. aureus secretes toxins, including leucocidins, phenol
soluble modulins (PSMs), and alpha-hemolysin (Hla), to destroy host tissue. The protein A (Spa), the GluV8 and
IgA1 proteases sequester or degrade immunoglobulins. Drug efflux pumps mediate antimicrobial resistance
against fluoroquinolones (e.g., gatifloxacin) and macrolides (e.g., erythromycin). Further target modifications,
such as the S81F point mutation at the gyrase A subunit or the dimethylation of A2058 at the 23S rRNA by a
methylase, block antibiotic binding and render them ineffective. The figure is adapted from (14, 27-29).

Besides their ability to resist medical treatment options, both bacteria express a plethora
of different virulence factors (Fig. 1), which can have toxic implications on the host. Their tight
regulation, depending on the growth, infection state and site, is critical for successful
colonization and evasion of the host immune system (30-32). For example, surface proteins,
such as the fibronectin-binding proteins FnBPA/B in S. aureus and the pneumococcal
adherence and virulence factor A and B PavA/B in S. pneumoniae, are involved in the process
of adherence and invasion. Additionally, several surface proteins contribute to immune evasion,
metal homeostasis and biofilm formation (33-35). As a so-called “spreading factor”,
hyaluronidases, expressed by S. aureus and S. pneumoniae, facilitate the dissemination within
the host by degradation of hyaluronan, a component of the extracellular matrix (ECM) (36, 37).
Both pathogens also express various proteases, which are partly engaged in the processing of

surface and secreted proteins. However, most proteases are mainly implicated in nutrient
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acquisition, dissemination, and immune evasion, e.g., by cleavage of immunoglobulins,
complement proteins and degradation of antimicrobial peptides (37-39).

Of special interest, due to their disruptive effect on eukaryotic cells, are toxins, which
either work in a receptor-mediated or receptor-independent fashion (37, 40). While S. aureus
possesses different cytolytic toxins, such as the alpha-hemolysin, the Panton-Valentine
leucocidin, the gamma-toxin and phenol-soluble modulins (37, 41), S. pneumoniae only
encodes for the cholesterol-dependent cytolysin pneumolysin. As a key pneumococcal
virulence factor, pneumolysin was shown to not only exhibit cytolytic activity but to interfere
directly with different host responses, e.g., by activation of the complement system (34, 42, 43).
In S. aureus, superantigens modulate the adaptive immune system and cause, inter alia, the
toxic shock syndrome via activation of T cells and cytokine release (44, 45).

The capsular polysaccharides represent important antigen targets of S. aureus and
S. pneumoniae. The capsule promotes the survival inside the host by inhibiting the mucociliary
clearance during colonization, and by interfering with the phagocytosis by neutrophils (46-48).
The capsular diversity of S. pneumoniae is much higher than in S. aureus, as reflected by the
97 known S. pneumoniae compared to 11 S. aureus serotypes (49). While in 75% of
encapsulated clinical S. aureus strains, the serotypes 5 and 8 are the most frequent, the serotype
distribution in S. pneumoniae is more dynamic, which has serious implications on vaccination
strategies (44, 47, 49). Upon introduction of the pneumococcal conjugate vaccine, the number
of pneumococcal infections caused by (antibiotic-resistant) vaccine strains decreased,
especially in children, significantly (18). However, this success was accompanied by increased
serotype switching and replacement events, leading to an elevated frequency of non-vaccine
serotypes (50, 51). Despite huge efforts, there is currently, except for two veterinarian vaccines,
no vaccine available for S. aureus. Nevertheless, new approaches and vaccine candidates are
currently being tested, which will hopefully help to combat S. aureus and S. pneumoniae

infections (52, 53).

2 Redox-stress resistance mechanism under infection conditions

Upon bacterial infections, the innate and adaptive immune responses are activated and act
synergistically to eliminate the invading pathogens. Thereby, the innate immune response
represents the first line of defense and is characterized by a large influx of neutrophils to the
sites of bacterial infections. Especially the oxidant-dependent killing mechanism, whereby
large amounts of reactive oxygen species (ROS) are produced by neutrophils, macrophages,

and monocytes, was shown to be crucial for successful bacterial clearance (54). Deficiencies in
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this process, as observed in patients with chronic granulomatous disease, lead to an increased
susceptibility to certain pathogens and recurrent and severe bacterial infections (55, 56).
S. pneumoniae and S. aureus have evolved various mechanisms to evade and protect themselves
against the immune response. Adaptive-regulatory networks that control enzymatic and non-
enzymatic defense mechanisms allow S. aureus to survive and replicate inside neutrophils and
macrophages (57, 58). Therefore, it is of supreme importance to investigate the resistance
mechanisms in more detail to establish adequate treatment options and combat S. aureus and
S. pneumoniae infections. The following sections will provide an overview of the reactive
species with which pathogens are confronted and their destructive effect, with a special
emphasis on protein thiols. As the overall goal of this thesis was to establish how S. aureus and
S. pneumoniae sense and resist quinone and hypochlorous acid stress, the main focus are the

newly identified defense strategies against these compounds.

2.1 Sources and thiol chemistry of reactive oxygen and chlorine species

The generation of ROS by specialized phagocytes is termed as oxidative or respiratory burst.
The nicotinamide adenine dinucleotide phosphate (NADPH) oxidase NOX2 is rapidly activated
upon phagocytosis and assembled to a multisubunit enzyme at the phagosomal membrane (59,
60). NOX2 catalyzes the one-electron reduction of oxygen (O2) to superoxide anion radicals
(O2+"). The spontaneous dismutation and enzymatical conversion of Oz~ by the superoxide
dismutase (SOD) and myeloperoxidase (MPO) leads to hydrogen peroxide (H202) (Fig. 2) (61-
64). In neutrophils, the MPO is released into the phagosome upon fusion with primary
(azurophilic) granules (65, 66). The MPO catalyzes the reaction of H202 with (pseudo)halides
to different hypohalous acids, such as the reactive chlorine species (RCS) hypochlorous acid
(HOCI) (66). According to kinetic models, HOCI is produced inside the phagosome at a
constant rate of 134 mM/min and a yield of 80% (61, 67). As a strong oxidant, HOCI reacts
with different cellular macromolecules, leading, among others, to protein thiol oxidation and
aggregation, and ultimately kills the pathogen (68, 69). Additionally, HOCI reacts with primary
amines to chloramines (Fig. 2) (61). The MPO and other heme peroxidases, such as the
lactoperoxidase (LPO), further catalyze the generation of hypothiocyanous acid (HOSCN) (70,
71). HOSCN reacts with thiolates to sulfenyl thiocyanates that hydrolyze to sulfenic acids (66,
72, 73). Of note, mitochondria-derived ROS were shown to contribute to the capability of
macrophages to kill bacteria, including MRSA (74-76).

The assumption is made that most antibiotics indirectly cause an increased ROS

formation in bacteria, by leading to an alteration of the metabolism, cellular respiration, iron
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homeostasis and cellular damage (77-80). However, whether ROS accumulation contributes to
bacterial killing by antibiotics is still a matter of debate (78, 81-84). The antimicrobial surface
coating AGXX® has been shown to exhibit its antibacterial activity via ROS production (13,
85-88). Ebselen and suramin contribute indirectly to elevated ROS levels by inhibiting
antioxidant enzymes (13, 89). The potential of these antimicrobial therapies will be discussed

in more detail in section 2.8 (chapter 9) (13).
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Figure 2: Sources of reactive species during infection conditions. During the oxidative burst, the NADPH
oxidase (NOX2) generates superoxide anion radicals (O,"). This reactive oxygen species (ROS) is converted by
the superoxide dismutase (SOD) to hydrogen peroxide (H20,). In the Fenton reaction, ferrous iron (Fe?") promotes
the production of the hydroxyl radical (HO-). The myeloperoxidase (MPO) generates the reactive chlorine species
(RCS) hypochlorous acid (HOCI) using H,O> and chloride. HOCI reacts with primary amines (RNH,) to
chloramines (RNHCI). The inducible nitrite oxide synthase (iNOS) produces the reactive nitrogen species (RNS)
nitric oxide (-NO), which is auto-oxidized to nitrogen dioxide (‘NO>). The reaction of ‘NO with O,:~ and -NO,
yields the peroxynitrite anion (ONOO") and dinitrogen trioxide (N,Os3), respectively. The figure is adapted from
(90).

Furthermore, endogenous ROS are produced due to the incomplete reduction of
molecular Oz within the electron transport chain and by the auto-oxidations of flavoenzymes
(91, 92). In the strictly fermentative organism S. pneumoniae, which lacks cytochromes and
heme-containing proteins (93), the oxidative decarboxylation of pyruvate to acetyl phosphate
by SpxB generates millimolar concentrations of H202. This enables S. pneumoniae to
outcompete other bacteria, including S. aureus, in the respiratory tract (Fig. 1) (94-96).

ROS, such as Oz~ and H202, differ in their diffusion properties, kinetics, and reactions
(76, 97-99), and react with most cellular macromolecules, e.g., DNA, RNA, proteins, and lipids
(100, 101). However, the nucleophilic thiol group of proteins represents a preferential target for
ROS (98). As the thiol group of cysteines is required for a variety of cellular functions,
including protein folding, metal coordination, and catalytic reactions of redox enzymes, post-
translational thiol modifications can lead to the inactivation of various cellular processes (99).
Therefore, the bacterial cytoplasm is kept in a strongly reducing state (102, 103). The
unbalancement towards oxidants through the depletion of antioxidant systems by ROS is
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defined as oxidative stress, which is associated with a disruption of the redox homeostasis,
oxidative damage, and ultimately the bacterial cell death (97, 104). Alterations in the cellular
redox state by ROS and RCS are caused via the oxidation of sulfhydryl groups. The two-
electron oxidation of a thiol group by ROS leads to the formation of instable Cys-sulfenic acids
(Cys-SOH) (Fig. 3) (98). Also in the reaction of HOCI with thiols, Cys-SOH is generated
through hydrolysis of the initially formed sulfenyl chloride (Cys-SCIl). In the presence of strong
oxidants, Cys-SOH is further oxidized to sulfinic- and sulfonic acids, causing irreversible
protein damage (76). However, in the presence of adjacent thiols, Cys-SOH can undergo
reversible thiol oxidations to inter- and intramolecular disulfides, or mixed protein disulfides,
termed generically as S-thiolations (103, 105). Additionally, Cys-SCI and Cys-SOH can react
with amines and amides, producing sulfenamides, which can be further oxidized to

sulfonamides (69).
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Figure 3: Reactive chlorine (RCS), sulfur (RSS), oxygen (ROS), and nitrogen (RNS) species cause various
post-translational thiol modifications. Thiol groups are chlorinated by HOCI to sulfenylchloride, which is
hydrolyzed to sulfenic acid (R-SOH). Through thiol oxidation, R-SOH can also be generated by ROS. R-SOH
reacts with other thiol groups, leading to the formation of intermolecular disulfides. Upon reaction with low
molecular weight thiols (RSH), mixed disulfides, termed S-thiolations, are formed. R-SOH can be also irreversibly
overoxidized to sulfinic (RSO,H) and sulfonic acids (RSOsH). The protein persulfidation is mediated by
hydropersulfides (RSSH), leading, among others, to mixed disulfides and hydrosulfides (HS"). The one-electron
oxidation reactions of thiyl radicals (RS-) by -NO yield S-nitrosothiols. In contrast, dinitrogen trioxide (N,O3)
mediates the two-electron oxidation of thiol groups. Upon reaction with glutathione (GSH), S-nitrosoglutathione
(GSNO) is generated. GSNO causes the S-nitrosylation and S-glutathionylation of proteins. The illustration is
adapted from (105).




The reactivity of thiols with ROS, such as H202, is determined by the accessibility,
proximity to titratable groups, oxidation state and pKa of the thiol group (106, 107). The pKa
value is highly dependent on the relative localization of the thiol group within the protein and
the surrounding amino acids (108). Consequently, post-translational thiol modifications are
regarded as site-specific cellular events with profound implications on various cellular
functions (98). In contrast, an inverse relation of the HOCI reactivity and the pKa value of the
thiol group was not detected, indicating the indiscriminative reactivity of HOCI with thiols
(109). These different reactivities with thiol groups are also apparent from the second-order rate
constants of 18-26 M 's ! and 1.24-3.6x10% M's™! for H2O2 and HOC], respectively (105, 110).
Importantly, most redox-responsive transcriptional regulators possess critical cysteine residues
that are more reactive towards certain reactive species. For example, the rate constant for the

reaction of H2O2 with the redox-regulator OxyR is approximately 10’ M's™!

, allowing the fast
transcriptional response by this redox sensor (111). The chemical properties of thiol groups
make cysteines to important constituents of the redox-signaling network in bacterial cells and
the antioxidant defense (112, 113). Certain conserved cysteines of transcriptional factors serve
hereby as molecular switches, which integrate different redox-based post-translational

modifications into gene expression changes, as will be discussed in the following chapters.

2.2 Sources and thiol chemistry of reactive electrophilic species

Compounds with electron-deficient centers are termed as reactive electrophilic species (RES),
including aldehydes and quinones (103, 114). The a-oxoaldehydes glyoxal and methylglyoxal
(MG) are generated endogenously during the glycolysis and degradation of glycated proteins
(115). Lipid peroxidation, amino acid and DNA oxidation can lead to aldehyde generation (116-
120). Additionally, the decomposition of HOCl-derived chloramines produces a-hydroxy and
o,pB-unsaturated aldehydes, highlighting the relevance of RES sensing systems under infection
conditions (121, 122). Most RES react preferentially with nucleophilic thiol groups, leading to
irreversible S-alkylation via 1,4-Michael addition and subsequent enzyme inactivation (115,
123). M@ stress was associated with increased ROS levels, contributing to the toxic effects of
this RES (124). Since most RES detoxification pathways require the NAD(P)"/NAD(P)H redox
couple, RES also aid indirectly to a depletion of cellular reductants (114, 125).

Quinones comprise diketones with the general structure O=C-(C=C)a.-C=0 (126). Based
on their aromatic carbon skeleton, quinones can be allocated to four different structural groups,
namely the benzoquinones, naphthoquinones, anthraquinones, and N-heterocyclic quinones

(quinone-imines) (127, 128). As quinones and their derivatives are components of different
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industrial products and produced by various organisms as defense strategies, quinones are
highly abundant in the environment (126, 129-134). Several quinone-derivates represent
established drugs to treat various diseases (chapter 9) (13, 135-141). Quinones can be formed
during the metabolism of benzene, phenols and certain drugs in the human body (129). For
example, acetaminophen (Paracetamol) is degraded to the N-acetyl-p-benzoquinone imine
(123). The spontaneous and metal ion-catalyzed auto-oxidation of siderophore-derived catechol
and host-derived catecholamines, such as dopamine and norepinephrine, leads to the formation
of quinones and semiquinone radicals. Therefore, Fe**-catecholate complexes, which are used
by pathogens as an iron source under infections, represent a physiological quinone source (130,
142-149).

Membrane-associated quinones are essential electron carriers of the respiratory chain.
While S. pneumoniae lacks a functional cytochrome-like respiratory system, including
quinones (150), in S. aureus, menaquinone shuttles the electrons within the branched-chain
respiratory pathway to the heme-containing cytochrome bd and cytochrome aas quinol-
oxidases (151, 152). Interestingly, the synthetic menaquinone precursor menadione and
menaquinone analogs showed potent antimicrobial activity against S. aureus (153, 154),
indicating that bacteria require effective resistance mechanisms to cope with exogenous and

endogenous quinones.

electrophilic mode oxidative mode
~5SH two-electron reduction -5-5-
N +2e+ 2H* A
| l 2e-- 2H* |
OH 0
~SH ! une-electmn”educﬁun H
+e-+H* +e- +H*
— —_— —_—
S 5= ¥ e -H N\ ; RN
ROS O, ROS 02
S-hydroquinone-adduct (benzo)quinone semiquinone radical hydroquinone

Figure 4: Molecular mechanisms of quinone toxicity. As electrophiles, quinones can react with thiol groups of
proteins by a reductive 1,4-Michael addition, leading to the formation of S-hydroquinone-adducts. The one- and
two-electron reduction of quinones generates the semiquinone radical and hydroquinone, respectively. The
oxidation of both reaction products is associated with the reduction of molecular oxygen (O-) to generate reactive
oxygen species (ROS). Within the two-electron reduction, adjacent thiol groups can be oxidized, leading to the
formation of disulfides. Both modes of action contribute to the intracellular thiol depletion and alteration of the
cellular redox state. The figure is adapted from (155).

Pathogens are also exposed to antibiotics and quorum-sensing molecules with quinone-
like elements (128, 156, 157). While certain phenazines and quinolones were shown to
substitute for quinones in the respiratory chain, for others their antimicrobial activity is well

established (158, 159). The fluoroquinolone ciprofloxacin is commonly prescribed for the
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treatment of infectious diseases caused by S. aureus (160). The phenazine pyocyanin is
produced as a potent antimicrobial by Pseudomonas aeruginosa (161), a pathogen that often
co-infects the lungs of cystic fibrosis patients with S. aureus (162). Both quinone-like
compounds contain the structural element of a quinone-imine (163, 164).

In general, quinones can either act as oxidants or as electrophiles. Thereby, they can
alter e.g., the RNA and protein biosynthesis, respiratory chain activity and ATP synthesis (128,
165). As electrophiles, quinones lead to the thiol-(S)-alkylation of nucleophilic thiol groups and
the formation of the S-hydroquinone-adduct (166) (Fig. 4). Upon subsequent oxidation and 1,4-
reductive Michael-type addition reactions, the quinone can be fully substituted (167). Thereby,

quinones lead to irreversible protein aggregates and the depletion of the reduced cellular thiol
pool (155). The alkylating ability of quinones with a free position in conjugation to one of the
carbonyls is influenced by the adjacent substituent, modulating the accessibility and
electrophilicity (166, 168). As oxidants, quinones can lead to the production of ROS within
their redox cycle (169, 170) (Fig. 4). Quinones must undergo a one-electron reduction to form
the semiquinone radical, which is re-oxidized to the corresponding quinone by the reduction of
molecular oxygen to ROS (155, 166, 171). ROS can also be generated through the oxidation of
the hydroquinone to the semiquinone radical, followed by the reduction of the oxidized species
(166, 172). The two-electron reduction of the quinone to the corresponding hydroquinone can
be coupled to the oxidation of cellular thiols to disulfides (173). The primary mode of action of
a certain quinone is not only dependent on the physicochemical properties but also the cellular

concentration and conditions, such as oxygen level (169).

2.3 Sources and thiol chemistry of reactive nitrogen and sulfur species

During infections, the inducible nitric oxide synthase (iINOS) in macrophages and neutrophils
aids in the bacterial killing by producing the reactive nitrogen species (RNS) nitric oxide (-NO)
(174-179). Commensal bacteria are exposed to -NO generated in the respiratory epithelium and
on the skin (176, 180). The auto-oxidation of -NO can lead to nitrogen dioxide (‘NO2), which
further reacts with -NO to dinitrogen trioxide (N203) (179) (Fig. 2). Through the reaction with
027, *NO can also give rise to the peroxynitrite anion (OONQ"), a potent two-electron oxidant
that leads to the formation of nitrite and sulfenic acid upon reaction with thiol groups (181-
184). Additionally, -NO can react with hydrogen sulfide (H2S) to thionitrous acid (HSNO) (106,
185).

Reactive sulfur species (RSS) are redox-active organic or inorganic sulfur-containing

molecules, including allicin, H2S, and persulfides (RSSH). Most RSS represent either natural
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compounds from plants or are formed as secondary products within ROS- and RNS-dependent
reactions (186). Low amounts of endogenously produced ‘NO and H2S in bacteria have been
associated with increased resistance to oxidative stress, antibiotics, and the host-immune
defense (179, 180, 187-194).

The reversible oxidation of protein thiols by RSS is termed as protein persulfidation
(195, 196). The reaction of RSSH with thiol groups can either involve the attack on the terminal
sulfane sulfur or the internal sulfur atom (Fig. 3). While in the transpersulfidation reaction, the
persulfide is transferred within a thiol-disulfide exchange reaction to the attacking thiol, in the
latter reaction, a mixed disulfide and HzS is formed (195, 197, 198). In the case of allicin, the
thiol-disulfide exchange reaction with glutathione (GSH) leads to the formation of the
S-allylmercaptoglutathione (GSSA) and GSH depletion (199-201). In S. aureus, sublethal
amounts of allicin caused bacillithiol (BSH) depletion, S-thioallylations of 57 proteins and a
strong thiol-specific oxidative and sulfur stress response (202).

By damaging lipids, proteins, and DNA, RNS have been shown to interfere with
different cellular processes, whereby the inhibition of DNA replication and respiration seem to
be the most prevalent ones (203, 204). RNS cause, via one- and two-electron oxidation
reactions, post-translational thiol modifications (181, 205, 206). During the S-nitrosylation
process, a nitrosyl group is added to the thiol group, leading to the formation of S-nitrosothiol
(SNO) (205) (Fig. 3). S-nitrosylated proteins can also react with adjacent thiols to form inter-
or intramolecular disulfides or S-thiolations (207). The reaction of GSH with -NO leads to
S-nitrosoglutathione (GSNO). While GSNO can cause S-glutathionylation, it can also
propagate further S-nitrosylations of proteins by transnitrosation and is often employed as a
*NO donor (179, 208).

Bacteria possess an arsenal of inducible defense systems to counteract the described
deleterious effects of ROS, RCS, RES, RNS and RSS. Within their environments, bacteria are
most likely not exposed to only one individual reactive species but a plethora of different
reactive species (185, 209). Thereby, the relative composition of the formed reactive species
will determine the intracellular targets and the precise stress response, mediated by the
previously explained reversible thiol modifications, including sulfenylation, thiolation,
alkylation, nitrosylation and persulfidation of the thiol proteome. Thus, studying each stress
response separately helps to understand to what extent certain defense strategies are conserved
across bacterial species and to determine key regulators and key enzymes as potential drug

targets.
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2.4 The interconnection of the metal and redox homeostasis in pathogenic
bacteria

As structural and catalytic cofactors, trace metals, such as zinc (Zn>"), ferrous iron (Fe*"),
manganese (Mn?") and cupric ion (Cu?"), are implicated in various cellular processes, including
respiration and signal transduction (210). Accordingly, the frequency of metalloenzymes in all
six Enzyme Commission classes ranges between 36% to 59%, whereby Fe?" is the predominant
metal involved in redox-catalysis (211). To limit the access of bacteria to essential metals, host
cells export Zn**, Mn?*, and Fe?" from the phagosome and phagolysosome and chelate
extracellular metals to keep their concentration extremely low in human body fluids. Thus,
pathogenic bacteria encode for various high-affinity metal-chelating compounds, such as
sidero- and zincophores, and other virulence factors involved in metal acquisition to counteract
this nutritional immunity (143, 212-216). By inducing the expression of antioxidant enzymes
and proteins involved in the limitation and remedying of oxidative damage, metal starvation
has been identified as a priming factor for an increased resistance toward ROS (217, 218). Vice
versa, ROS induce zinc and manganese uptake, iron-sulfur cluster assembly systems and
ferritins (92, 219, 220). The tight connection between metals and ROS becomes even more
evident when the role of metals in the oxidative stress defense is contemplated. As cofactors of
ROS detoxifying enzymes, such as SOD, metals are critical for the bacterial defense against
oxidative stress (221). Additionally, Mn** and Zn?>" protect thiol groups from oxidation by
replacing the redox-active Fe?" and Cu?" from metalloproteins, reducing oxidative damage
(212, 222, 223). Furthermore, Mn?>" was shown to reduce Oz~ with a rate constant of
approximately 10° M~ s™! and to contribute significantly to the oxidative stress resistance of
different bacteria, including S. pneumoniae (92, 224). However, Mn*>* excess interferes with
various cellular processes, underlining the significance of a tightly regulated metal homeostasis
(225, 226). Interestingly, in B. subtilis, Mn** intoxication was suppressed by induction of the
MhgR regulon (s. section 2.7.1) (225).

By increasing the amounts of cuprous ion (Cu'") and Zn?" inside the phagolysosome,
metal intoxication is employed by host cells as an alternative strategy to kill invading pathogens
(227, 228). Host-derived reactive species further contribute to elevated intracellular free iron
levels by targeting metalloenzymes and iron-sulfur clusters (219, 229-232). Upon ROS
exposure, the [4Fe-4S]*" cluster is converted to a [2Fe-2S]" cluster, leading to the release of
Fe?" and ferric iron (Fe**), and finally, cluster degradation and formation of apo-proteins (92,
233-235). Interestingly, S. pneumoniae lacks [4Fe-4S]** clusters and possesses few iron-sulfur

cluster proteins, contributing to its H2O2 resistance (93).
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Elevated Cu'*?" and Zn*" levels interfere with protein folding and enzymatic functions,
for example, by catalyzing the formation of non-native disulfide bonds, mis-metalation, binding
to free thiol groups and damaging of iron-sulfur clusters and their biogenesis (222, 223, 227,
228). While Zn?" is redox-inert, Cu'" and Fe?" contribute as redox-active trace metal ions to the
intracellular ROS levels. Therefore, iron enrichment renders under acrobic conditions S. aureus
and other bacteria more sensitive toward H202 (236, 237). According to the Fenton reaction,
the oxidation of Fe?* or Cu'* by H20: leads to the formation of Fe*" or Cu?" and the hydroxyl
radical (HO-) (238) (Fig. 2). This highly reactive radical initiates lipid peroxidation and
damages DNA bases, sugar moieties and proteins at diffusion-limited rates. However, as Fe*"
binds directly to the phosphodiester backbone, the DNA 1is thought to represent the primary
target (92, 222). To inhibit the detrimental metal-mediated redox-reactions, most of the
intracellular Fe?" is bound or sequestered, e.g., by (mini)ferritins, and iron uptake is tightly
controlled, especially under oxidative stress by metalloregulators, such as Fur and PerR (239,
240). While Fur senses changes in intracellular Fe?" levels (241, 242), PerR of S. aureus acts
as a metal and peroxide sensor. In response to peroxides, the Fe?"-catalyzed histidine oxidation
of PerR induces the expression of genes functioning in the oxidative stress defense and metal
homeostasis, such as the catalase katA, the alkyl hydroperoxide reductase aipC, the thioredoxin
reductase #7xB, the miniferritin dps and the ferritin finA4 (243, 244). Moreover, PerR negatively
regulates the expression of Fur, which co-regulates the expression of kat4, ahpC, dps and finA,
but not of other PerR regulon members (241, 242, 245). In the presence of Oz~ or cellular
reductants, Fe** and Cu®" are reduced non-enzymatically back to Fe*" and Cu'", making them
again accessible to the Fenton reaction (238, 246). The redox-active mode of Cu®" and the
inhibition of the iron-sulfur cluster biosynthesis contribute to its toxicity in different bacteria
(223, 247-253). Independently, Cu*" promotes ROS formation by catalyzing the oxidation of
hydroquinones to semiquinone radicals, leading to an enhanced expression of quinone

detoxifying enzymes in Lactococcus lactis (254, 255).

2.5 The small alarmone (p)ppGpp as mediator of the stringent response

Bacteria are constantly faced with growth-limiting challenges, such as toxic reactive species
and starvation for nutrients, such as metal ions, amino acids, and carbon sources. Despite stress-
specific resistance mechanisms, which will be discussed using the examples of HOCI and
quinones in the following sections (s. section 2.6 and 2.7), bacteria can acquire a non-specific,
general stress resistance (256, 257). In reaction to multiple signals, bacteria accumulate, for

instance, the small alarmones guanosine tetra- and pentaphosphate (p)ppGpp to induce the

-13-



stringent response. The stringent response leads to an altered gene expression profile,
characterized by repression of genes for active growth and activation of genes required for
amino acid biosynthesis and transport, nutrient acquisition, and stress survival (258, 259). This
is accomplished by interfering, depending on the intracellular (p)ppGpp concentrations, in a
hierarchical order with different physiological processes, including DNA replication, ribosome
synthesis and maturation, transcription, and translation (260). In S. aureus, the bifunctional
synthase/hydrolase RSH/Rel of the RelA-SpoT homolog (RSH) family (261) catalyzes the
synthesis and degradation of (p)ppGpp. Together with the two small alarmone synthetases
(SASs) RelP and RelQ, RSH catalyzes the pyrophosphate transfer from ATP to the hydroxyl
group on carbon three of the ribose moiety of GDP or GTP, generating (p)ppGpp (261, 262).
Although a conserved sequence motif of these proteins determines the specificity for guanine
nucleotides, the catalytic efficiencies, preference for GDP or GTP and regulatory mechanisms
differ between these enzymes (262-267). The SASs and hydrolase activity of Rel are important
for maintaining low basal levels of (p)ppGpp during the exponential growth phase, modulating
the bacterial growth rate and metabolism (264, 268-270). The intramolecular switch of Rel from
the hydrolase to the synthetase activity, mediated by the C-terminal regulatory domain, is
essential for the rapid accumulation of (p)ppGpp in response to amino acid limitation (264,
271). Consistent with the reported preference of Rel for GTP, the pppGpp levels reached ~0.175
nmol/mg cell dry weight and were approximately 2.3-fold higher than the amount of ppGpp
upon mupirocin-mediated amino acid starvation in S. aureus. This distinction is probably
facilitated by the RXKD motif in the substrate-binding pocket (263, 270).

Studies on Firmicutes have shown that the targets and molecular mechanisms of
(p)ppGpp to achieve the same overall physiological changes are different from the ones in
Gammaproteobacteria (262, 272-274). The conformational variability of (p)ppGpp, especially
of the 3° and 5’ phosphate moieties, enables the binding of (p)ppGpp to different targets (275).
(p)ppGpp binds preferentially to GTP- and phosphoribosyl pyrophosphate (PRPP)-binding
pockets of proteins in Gram-positive bacteria (274). Additionally, (p)ppGpp exerts its activity
by acting as an allosteric effector to induce conformational changes of the active sites or protein
oligomerization.

Until today, no physical interaction of (p)ppGpp with the RNA polymerase could be
detected in Firmicutes or Actinobacteria (273, 276). Instead, (p)ppGpp mediates broad
physiological alterations by modulation of the intracellular purine concentrations. In S. aureus,
the induction of the stringent response by mupirocin resulted in sixfold lower GTP and threefold

higher ATP levels, respectively (277). Similar trends were also observed for other guanine and
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adenine nucleotides, such as GDP, ADP, and AMP (278). The consumption of GTP for the
(p)ppGpp production, as well as the inhibition of the GTP biosynthesis pathway by (p)ppGpp,
contribute to decreased GTP levels (279, 280) (Fig. 5A). The enzymes HprT, Gmk and XPRT
of the GTP biosynthesis pathway appear hereby as the main targets of (p)ppGpp (280, 281).
Additionally, (p)ppGpp inhibits the purine nucleotide biosynthesis by competitive binding to
the transcriptional repressor PurR and hindering its inactivation by PRPP (282). Low GTP
levels block the transcription of ribosomal RNAs that require GTP as initiating NTPs, while
genes that are activated by ATP, such as branched-chain amino acid biosynthesis genes (277,
283-286), are induced (Fig. SA). The inverse relationship between (p)ppGpp and GTP also
affects the DNA-binding activity of the global transcription factor CodY, conserved in
Firmicutes (279, 287, 288). In S. aureus, CodY negatively regulates the expression of amino
acid biosynthesis pathways and represses either directly or indirectly virulence genes and
biofilm formation. The CodY-dependent regulation accounted for 143 of the 150 upregulated
genes upon induction of the stringent response by leucine and valine starvation (289).

Furthermore, (p)ppGpp hinders the DNA replication by binding to the active site of the
primase DnaG. The abrogation of mRNA translation is achieved by interfering with the activity
of the elongation factors EF-TU and EF-G as well as the translational initiation factor 2 (IF2)
(290, 291) (Fig. 5A). Although GTP and ppGpp bind to the same nucleotide-binding site of the
translational GTPase IF-2, their effects on IF-2 activity were found to be contrary. While GTP
enables the formation of the 30S and 70S initiation complexes, the binding of (p)ppGpp
interferes with the association of the fMet-tRNAM® and thereby with the IF-2-dependent
translation initiation complex formation (290, 292-294). Further studies showed that (p)ppGpp
interferes with protein synthesis by binding to five GTPases (RsgA, RbgA, Era, HfIX and
ObgE) of S. aureus and homologs in other bacteria that are implicated in ribosome assembly
and maturation. As a result, the intracellular amount of 70S ribosomes is reduced, and the 100S
ribosome disassembly is inhibited (293, 295-298) (Fig. SA). Recent studies indicate that
guanosine-5'-monophosphate-3'-diphosphate (pGpp) functions as a third alarmone in bacteria
(281, 299-302).

Although changes in the nucleotide pool and the inhibition of CodY account for most
transcriptional changes in S. aureus during the stringent response, some effects are CodY

independent and require the identification of further molecular targets of (p)ppGpp (278, 289).
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Figure 5: The alarmone (p)ppGpp affects several physiological processes to mediate cellular survival under
growth-limiting conditions. (A) In response to nutrient limitation, (p)ppGpp is synthesized by Rel from GTP and
GDP to induce the stringent response. The GTP levels are decreased through the inactivation of the GTPases
involved in the GTP biosynthesis. HprT and Gmk catalyze the synthesis of inosine monophosphate (IMP) and
GDP from hypoxanthine (HPX) and GMP, respectively. The derepression of the PurR regulon enables the
synthesis of IMP from phosphoribosyl pyrophosphate (PRPP). This process is inhibited by the direct binding of
(p)ppGpp to PurR. Decreased GTP levels abolish the transcription of ribosomal RNAs, which require GTP as
initiating NTPs. In contrast, genes implicated in virulence and amino acid biosynthesis are transcribed due to the
inactivation of the GTP-sensing CodY repressor. (p)ppGpp interferes with ribosome biogenesis by destabilizing
the association of the GTPases RbgA, RsgA and Era with the ribosome subunits, and by increasing the affinity of
the anti-association factor ObgE to the 50S subunit. The binding of (p)ppGpp to the translational initiation factor 2
(IF2) and the elongation factor EF-TU abolish the mRNA translation. (B) Survival assays using the wild type
(WT), the (p)ppGpp° strain, and the complemented strain, expressing the (p)ppGpp synthetase Relsyn (pCG),
revealed that (p)ppGpp confers tolerance to HOCI stress in the logarithmic (log) and especially in the stationary
(stat) phase in S. aureus. The (p)ppGpp° and Arely, mutants were also more susceptible to the antibiotics
ciprofloxacin and streptonigrin. The latter exerts its toxicity in the presence of iron through ROS production,
indicating an elevated labile iron pool in cells lacking (p)ppGpp. The figure is adapted from (276, 280, 293) and
chapter 1 (303), where the experimental procedures are described. *p<0.05; **p>0.01; ***p<0.001.

2.5.1 The function of (p)ppGpp in the redox and iron homeostasis

The signal molecule (p)ppGpp is also required for the viability, biofilm formation, long-term
persistence, and virulence in many bacteria, including S. aureus and S. pneumoniae (276, 304-
313). The stringent response and elevated (p)ppGpp levels render different bacteria more
tolerant toward antibiotics (314-321). For example, two different mutations in the rel gene
found in a clinical S. aureus isolate led to higher (p)ppGpp levels and mediated increased
tolerance to five antibiotic classes (322). Further analyses indicated that the transcription and
translation of the mecA gene are altered in dependence on the (p)ppGpp levels (323, 324).
Additionally, decreased growth and metabolic rates because of the stringent response account
for the increased antibiotic tolerance (322). However, the S. aureus relP and re/Q mutants were

highly sensitive towards cell wall-targeting antibiotics, such as vancomycin, despite showing
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similar growth rates as the wild type (264), highlighting the need for a better understanding of
the molecular mechanisms of (p)ppGpp.

Until today, several models have been proposed to link mechanistically (p)ppGpp with
bacterial persistence, such as efflux pumps, toxin-antitoxin systems, and ribosome
dimerization. However, due to a lack of experimental evidence and sometimes contradicting
results, the question is still unanswered (307). Interestingly, increased antibiotic tolerance
during the stringent response could be also a secondary effect based on the role of (p)ppGpp in
the cellular redox homeostasis. Thiol stress was shown previously to cause the rise of
intracellular (p)ppGpp levels in some bacteria, including B. subtilis (325-327). However, the
precise molecular mechanism of (p)ppGpp synthesis in response to oxidative stress is still
uncertain. It was suggested that oxidative protein damage might lead to an impaired uptake and
biosynthesis of amino acids and an accumulation of uncharged tRNA, which is sensed (325,
326). Accordingly, the (p)ppGpp mediated upregulation of branched-chain amino acid
biosynthesis genes, and subsequent translation of proteins implicated in the stress defense was
shown to confer resistance against nitrosative stress in Salmonella enterica serovar
Typhimurium (326).

A decreased oxidative stress resistance was also found in Bacillus subtilis, Brucella suis
and Francisella tularensis strains with diminished (p)ppGpp levels (317, 325, 328).
Furthermore, in Vibrio cholerae, Enterococcus faecalis and P. aeruginosa, (p)ppGpp was
shown to affect the intracellular ROS levels (329). In V. cholerae, (p)ppGpp was suggested to
downregulate proteins involved in the TCA cycle and inhibit the iron-uptake transporter FbpA,
thereby leading to reduced endogenous ROS formation (314). (p)ppGpp in P. aeruginosa
increased the expression of ROS detoxifying enzymes and decreased the pro-oxidant 4-
hydroxy-2-alkylquinolines expression, causing elevated ROS levels in strains lacking (p)ppGpp
(315, 316, 330). Similarly, a ArelAAspoT mutant in Escherichia coli was characterized by a
lower catalase activity and increased intracellular ROS levels (330). Mupirocin treatment
indicated that the ROS detoxifying enzymes AhpC and KatA might be regulated by (p)ppGpp
in S. aureus (259). As (p)ppGpp plays a central role in virulence, stress resistance and
persistence of bacteria, it represents a potential drug target to control infections (331). However,
for a successful application, the underlying targets and physiological mechanisms concerning
(p)ppGpp, should be further elucidated. Since the molecular regulatory mechanisms of
(p)ppGpp were shown to vary between bacterial species (269, 332), and comprehensive studies

in S. aureus were missing, we aimed to investigate the role of (p)ppGpp in the thiol stress
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resistance of this major human pathogen in more detail as one main part of this doctoral thesis
(303) (chapter 1).

Using survival assays, I could demonstrate that S. aureus acquires a non-specific thiol-
stress tolerance against HOCI and methylhydroquinone (MHQ), indicated by the approximately
2- and 40-fold higher survival rate of stationary (stat) phase cells compared to logarithmic (log)
grown bacteria, respectively (303). Remarkably, the stat phase resistance towards HOCI was
completely abolished in the (p)ppGpp’ mutant (Fig. 5B). These results indicate that (p)ppGpp
contributes to the thiol-stress response of S. aureus in the log, and especially in the stat phase.
Since the effect after the addition of MHQ was not as pronounced, it can be concluded that
other resistance mechanisms compensate for the lack of (p)ppGpp. For example, we observed
a 2.5-5.3-fold upregulation of the QsrR regulon in the (p)ppGpp® mutant in the stat phase (303).
The QsrR regulon is implicated in the quinone stress resistance in S. aureus (chapter 6 and 7).
Interestingly, other studies reported that external H20: treatment does not induce the stringent
response in S. aureus (278). Nevertheless, also in this study (p)ppGpp was identified as essential
for the oxidative stress resistance, indicated by the high susceptibility of the (p)ppGpp° mutant
towards H202 (278).

Transcriptome analyses by colleagues confirmed the previously reported main targets
of the (p)ppGpp mediated reprogramming of cellular processes, including CodY-regulated
genes, ribosomal proteins, translation elongation factors and aminoacyl-tRNA synthetases.
Moreover, our analysis indicated that the (p)ppGpp° mutant in RPMI medium, but not in rich
LB medium, might suffer from increased ROS levels. The oxidative stress response of the
mutant was characterized by the strong upregulation of the PerR and sulfur stress-specific CstR
regulons and the proteases and chaperones, belonging to the CtsR and HrcA regulons as well
as genes for cysteine and BSH biosynthesis (303). Based on the 8 to 31-fold upregulation of
dps and finA, the strong induction of iron-sulfur cluster biosynthesis genes, and the pronounced
downregulation of the Fur-controlled iron, heme and siderophore uptake systems, the results
further suggested an altered iron homeostasis. Previous studies demonstrated that RPMI
medium simulates the conditions in human plasma under infection conditions characterized by
high expression levels of iron-regulated genes (333). Thus, the Fur-mediated downregulation
of these genes in the (p)ppGpp° mutant was surprising and indicative of elevated intracellular
iron levels. Growth deficiencies of (p)ppGpp® mutants in E. coli and B. suis in minimal media,
but not nutrient-rich media, were linked to the auxotrophy for certain amino acids (328, 331).
However, amino acid supplementations were not sufficient to restore the growth phenotype in

B. subtilis after nutrient starvation (334), indicating that further cellular processes are affected
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by (p)ppGpp. Since I could demonstrate in Northern blot analyses that the oxidative and iron
stress response of the mutant was abrogated in the (p)ppGpp complemented pCG327 strain in

S. aureus, my further experiments were directed to investigate these observations in more detail

(303).
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Figure 6: Intracellular (p)ppGpp levels modulate the iron and redox homeostasis in S. aureus. Bacterial cells
lacking (p)ppGpp showed in the presence of 1 mM glucose as electron donor a higher oxygen consumption rate,
indicative of an enhanced respiratory chain activity. Using the DCFH,-DA assay and Northern blot analyses, it
was shown, that the (p)ppGpp’ mutant has increased intracellular ROS levels, which is accompanied by
transcriptional induction of ROS detoxifying enzymes, such as kat4 and ahpCF. Elevated ROS levels destroy iron-
sulfur clusters, increasing the labile iron pool. An elevated transcription of iron storage proteins, such as the
(mini)ferritins dps and finA, counteracts the significantly increased intracellular iron levels in the (p)ppGpp° mutant
compared to the wild type (WT) and the complemented strain expressing Relsy, (pCG), as determined with ICP-
MS analysis. The iron-mediated Fenton reaction contributes to ROS production. Accordingly, the addition of the
iron scavenger dipyridyl (DIP) reduced the transcription of katA, ahpCF, dps and find in the (p)ppGpp® mutant.
The figure is adapted from chapter 1 (303), where the experimental procedures are stated. *p<0.05; **p<0.01;
**%p>0.001.

By using the DCFH2-DA assay, I could demonstrate that the (p)ppGpp°® mutant and the
strain with a mutated synthetase domain in Rel (Arels») have significantly elevated ROS levels
compared to the wild type when grown in RPMI medium (Fig. 6). The determined fluorescence
intensities of the mutants were similar to the ones of the strain lacking the catalase KatA
(AkatA), indicating that the (p)ppGpp° mutant suffers from increased oxidative stress. Since we
detected comparable catalase activities between the wild type and the (p)ppGpp° mutant but
postponed detoxification of external added H20:2 by the (p)ppGpp® mutant, we proposed that
the antioxidant capacity of the mutant is exhausted by the elevated intracellular ROS amounts
(303). In accordance with the two- to sixfold upregulation of the citCZ, sucCD and cydAB
operons, implicated in the TCA cycle and respiratory chain, I demonstrated that the (p)ppGpp°

mutant has an increased oxygen consumption rate compared to the wild type and the
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complemented pCG327 strain in the log and stat phase in RPMI and rich medium (303) (Fig.
6). As already described, the respiratory chain represents the main source of endogenous ROS,
providing a mechanistic explanation for the elevated ROS levels in the (p)ppGpp° mutant in
S. aureus.

Using the ferene-s assay and in cooperation with Prof. Dr. Roland Lill by ICP-MS
analysis, I could confirm the increased intracellular iron levels in the (p)ppGpp°® mutant (Fig.
6), which were suggested by our transcriptome analyses. Accordingly, the (p)ppGpp® mutant
was more resistant to the iron scavenger dipyridyl than the wild type. Using streptonigrin, an
aminoquinone antibiotic that causes DNA damage through auto-oxidation and ROS generation
in the presence of free iron (335), I revealed that the (p)ppGpp° mutant not only shows elevated
intracellular iron levels but, despite the upregulation of (mini)ferritins, possesses increased free
iron levels (Fig. 5B). Elevated total and labile iron levels were also detected in the Arelsyn
mutant in the log and stat phase in RPMI medium. While our analyses demonstrated that
S. aureus suffers from iron overload, which is enhanced through the addition of iron, the
opposite phenomenon was observed in E. faecalis (303, 336). Here, the addition of FeSO4 and
MnSOs significantly restored the growth of the (p)ppGpp® mutant. It is assumed that these
metals would be required as cofactors to counteract the elevated intracellular ROS levels in this
strain. Similarly, the addition of various metal ions significantly improved the bacterial growth
of the S. pneumoniae mutant lacking (p)ppGpp, which showed a growth defect in chemically
defined media but not complex media (312). Further evidence of an important role of (p)ppGpp
in iron homeostasis is provided by studies, which demonstrated that (p)ppGpp levels rise upon
iron limitation in E. coli and E. faecalis (336, 337). While (p)ppGpp in E. coli was found to
positively control iron-uptake systems (337), we could demonstrate in collaboration with Prof.
Dr. Christiane Wolz that (p)ppGpp in S. aureus restricts free intracellular iron levels by down-
regulation of uptake systems and induction of iron storage proteins (278, 303). Structural
analyses of RelP in S. aureus identified two metal-binding sites at the subunit-subunit and
dimer-dimer interface (265). While Fe*" binding did not affect the catalytic activity, the
researchers observed a biphasic response curve upon Zn** addition, characterized by an initial
activity increase, followed by enzyme inhibition. It will be interesting to investigate whether
these in vitro findings can be confirmed in vivo and, if thereby, RelP acts as a metal sensor to
modulate the metal homeostasis in S. aureus.

2*3* and an elevated

ROS can damage iron-sulfur clusters, leading to the release of Fe
labile iron pool, which can catalyze the Fenton reaction, generating even more ROS (Fig. 6)

(219). Thus, after the addition of the iron scavenger dipyridyl, I observed a decreased
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transcription of ROS detoxifying enzymes and (mini)ferritins in the (p)ppGpp° mutant grown
in RPMI medium (Fig. 6). Dipyridyl and the ROS scavenger N-acetyl cysteine also improved
the growth and survival of the (p)ppGpp® and Arels,» mutants significantly upon thiol stress and
antibiotic treatment, as revealed in growth and survival assays. Without the addition of these
compounds, the mutants were significantly more susceptible than the wild type and the pCG327
strain towards HOCI, ciprofloxacin (Fig. 5B), and tetracycline, indicating that (p)ppGpp
mediates stress resistance by reduction of iron-induced ROS formation. These findings might
explain why we did not observe growth defects or a pronounced oxidative and iron stress
response of the (p)ppGpp’ mutant in LB medium. While in RPMI medium the amount of
cysteine, GSH and other ROS scavengers is limited, rich media contain several components
that react with ROS and limit the effective concentration of ROS (303).

In conclusion, our data indicate that elevated total and free iron levels, and enhanced
respiratory chain activity, caused by an imbalance of the (basal) (p)ppGpp level, lead to
increased ROS levels and an enhanced sensitivity towards thiol stress and antibiotics (Fig. SB
and 6). Thereby, our study gave new insights into how (p)ppGpp mediates the oxidative and
antibiotic stress resistance of S. aureus. Studies by our cooperation partner Prof. Dr. Christiane
Wolz confirmed our findings. They demonstrated that increased (p)ppGpp levels indeed lead
to an induction of ROS detoxifying enzymes and iron storage proteins, while iron import gets
downregulated, likely to protect the bacteria from upcoming stress during infection (278). As
outlined above, cumulative evidence in a variety of bacteria indicates that this functional role
of (p)ppGpp might be widely conserved and necessary for the stat phase resistance and
persistence against various stressors, including redox stress and antibiotics. However, further
studies are required to investigate how (p)ppGpp modulates the iron and redox homeostasis in
different bacteria.

Simultaneous to our study, the research group from Prof. Dr. Christiane Wolz revealed
that the (mini)ferritins and genes implicated in the oxidative stress response are regulated
independently from CodY. Furthermore, the (p)ppGpp-dependent transcription of find was
independent of the main regulators PerR, Fur and SarA (278). Although a direct regulatory
function cannot be excluded at this stage, it is conceivable that (p)ppGpp exerts this task via
crosstalk with other regulators. (p)ppGpp was shown to regulate RpoS expression and quorum
sensing in Gram-negative bacteria (256, 315, 338). Additionally, a crosstalk between (p)ppGpp
and the signaling nucleotide cyclic di-adenosine monophosphate (c-di-AMP), which was shown
to affect the transcriptional regulation of ROS detoxifying enzymes, was noticed in S. aureus

and other bacteria (339-341). Of note, higher ROS levels were also determined in cells with
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low c-di-AMP levels (342). Thus, most likely the interactions of various signaling systems

enable the adaptive adjustment of cellular processes, including ROS and iron homeostasis.

2.6 The HOCI stress response in S. aureus and S. pneumoniae

In the past, the RCS HOCI has been characterized as the most potent oxidant produced by the
respiratory burst, indicating its key role in bacterial killing (54, 67, 343, 344). For example, the
inactivation of the MPO increased the intracellular survival of S. aureus to 78%, while
inhibition of the oxidative burst by diphenyleneiodonium chloride (DPI) elevated the survival
of S. aureus only by a further 10% (345). Since MPO deficient neutrophils require up to six
times longer for pathogen eradication, the MPO-mediated killing is thought to dominate during
early post-phagocytosis to enable fast bacterial clearance (66, 346). Owing to its strong
antibacterial and biofilm-destructive activity, HOCI represents an ingredient of several FDA-
approved wound wash solutions (347-349). The identification of bacterial mechanisms to resist
sublethal RCS stress could unveil new, defined targets to design drugs with fewer side effects
on human cells to overcome immune deficiencies and treatment failures.

Although studies on the stress response of bacteria towards HOCI have mainly focused
on E. coli (350-352), a few HOCI stress-specific regulons, such as HypS of Mycobacterium
smegmatis and HypR of B. subtilis and S. aureus (353-355), were previously characterized.
Except for these HOCl-stress specific defense systems, also transcription factors, primarily
known for conferring ROS resistance, such as PerR, were shown to be induced by HOCI (351,
352, 355-357). Common defense strategies against sublethal HOCI concentrations include
mechanisms to counteract and repair oxidative protein damage, the induction of ROS
detoxifying enzymes and low molecular weight (LMW) thiols, cysteine and methionine
biosynthesis genes (343, 358, 359). However, to our knowledge, the HOCI stress response has
not been investigated in S. pneumoniae. Since S. pneumoniae lacks a catalase and the oxidative-
stress specific PerR, SoxR and OxyR regulons but has a high H202 producing capacity (93,
360), the adaptive oxidative stress response of this Gram-positive pathogen is puzzling. Several
studies were directed to resolve the resistance mechanisms against endogenous and exogenous
H202(93, 360-369). These studies characterized the iron-storage protein Dpr, ROS detoxifying
enzymes, including the superoxide dismutase (SodA), thiol peroxidase (TpxD) and alkyl
hydroperoxidase (AhpD), as well as the NADH oxidase (Nox), which converts Oz to H20, as
protective systems in S. pneumoniae. Additionally, the two redox sensors SifR and RitR have
been characterized. While in vitro analyses identified SifR as a monothiol quinone sensor, the

peroxide sensing transcription factor RitR was shown to repress the transcription of iron uptake

-22-


https://www.sciencedirect.com/topics/medicine-and-dentistry/smegma

systems upon dimerization through Cys128 oxidation to intermolecular disulfides (370).
However, whether SifR and RitR also function in the HOCI-stress tolerance is unresolved.
Thus, the physiological stress response of S. pneumoniae D39 after exposure to sublethal HOCI
stress, as well as the function and redox-sensing mechanism of the HOCl-sensing MerR-family
regulator NmIR were subjects of my doctoral thesis (chapter 4). Moreover, due to the important
function of LMW thiols under oxidative stress, parts of my work addressed the role of the

bacillithiol redox pathway in the oxidative stress defense of S. aureus (chapter 2).

2.6.1 LMW thiols as defense mechanism against reactive species

Reversible protein S-thiolations represent an essential post-translational modification that
protects thiol groups from proteins against irreversible overoxidation and functions as a redox-
regulatory mechanism of transcriptional regulators and redox enzymes (103). For example, the
S-bacillithiolation of the glyceraldehyde-3-phosphate dehydrogenase (GapDH) and the
aldehyde dehydrogenase (AldA) under HOCI stress was identified as a prerequisite to reversibly
regulate the functionality of these enzymes under oxidative stress in S. aureus (371, 372).
Thereby, LMW thiols represent a crucial constituent of the oxidative stress defense (Fig. 7).
Despite their critical function in protein-thiol homeostasis, LMW thiols execute as thiol co-
factors relevant functions in other cellular processes. The importance of LMW thiols is
underlined by the finding that many bacteria encode for more than one LMW thiol and that
these can substitute at least partially for each other (105, 373). In the past years, several reviews
about the functions of bacterial LMW thiols, such as mycothiol (MSH), BSH and GSH and
other LMW thiols, such as ergothioneine, have been published (373-383). The following
section will provide a short overview of the characteristics and physiological roles of BSH and
GSH as major LMW of S. aureus and S. pneumoniae, respectively.

The LMW thiol BSH is commonly used in Firmicutes as a substitute for GSH, but
phylogenetic analyses indicated that BSH and its derivates, such as N-methyl-bacillithiol, are
also produced in other bacterial phyla (384). The a-anomeric glycoside of L-cysteinyl-D-
glucosamine with L-malate is synthesized in a three-step process involving the enzymes BshA,
BshB and BshC. The intracellular BSH concentration in S. aureus under control conditions is
dependent on the growth phase and medium and fluctuates according to the literature between
0.1 to 7.2 umol/g dry weight (102, 385-387). Deletion of one of the three enzymes completely
abolished the BSH synthesis in S. aureus but did not affect the intracellular cysteine level (385).

The tripeptide GSH (y-L-glutamyl-L-cysteinyl-glycine) is the major LMW thiol in

eukaryotes, Gram-negatives, and a few Gram-positive bacteria. In prokaryotes, GSH 1is
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synthesized in a two-step process by either two enzymes or one multidomain fusion protein
(103). Due to the absence of biosynthesis pathways for LMW thiols, S. preumoniae was shown
to rely on host-derived GSH, which is imported by the ABC transporter substrate-binding
protein GshT to resist HOSCN and paraquat stress (388, 389). Interestingly, also S. aureus can
import, probably with the ABC transporter system GisSABCD, GSH and GSSG, leading to the
accumulation of intracellular GSH in stat phase cells. However, the function is barely
characterized and might be restricted to the exploitation of an additional sulfur source (390,

391).
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Figure 7: The LMW thiols BSH and GSH and the corresponding redox pathways maintain the bacterial
redox homeostasis. GSH and BSH (referred to as RSH) are implicated in the detoxification of reactive oxygen,
chlorine, electrophilic and sulfur species (ROS, RCS, RES, RSS). HOCI and H,0, oxidize BSH and GSH to BSSB
and GSSG (referred to as RSSR). Allicin reacts with BSH and GSH to S-allylmercaptobacillithiol (BSSA) and
S-allylmercaptoglutathione (GSSA). The reaction of LMW thiols with electrophiles, such as formaldehyde (FA),
methylglyoxal (MG) and benzoquinones, generates LMW-thiol adducts, which are further detoxified. The thiol
S-transferases FosA and FosB catalyze the reaction of GSH and BSH with the epoxide antibiotic fosfomycin for
its inactivation. Under oxidative stress, LMW thiols modify protein thiols by S-thiolations (e.g., S-bacillithiolation
and S-glutathionylation). S-thiolated proteins are reduced by glutaredoxins (Grx) and baciliredoxins (Brx), which
are regenerated by GSH and BSH, resulting in GSSG and BSSB formation. These LMW thiol disulfides are
reduced by the NADPH-dependent GSSG and BSSB reductases Gor and YpdA, respectively. The figure is adapted
from (103, 392) and chapter 3 (105).

While the redox potentials of the main LMW thiols are comparable, a unique
characteristic of BSH compared to other LMW thiols, such as GSH, is the low thiol pKa value
of 7.97 compared to 8.93, which is attributed to the L-malate group of BSH. Consequently, at
a physiological pH value, the proportion of the bacillithiolate form of BSH is higher,
influencing positively thiol-disulfide exchange reactions and increasing, e. g., the reaction rate
with H20: approximately 40-fold (377, 393). However, the precise thiol-disulfide exchange
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reactivities depend on various factors, including the relative concentration and steric effects,
and should be determined in the cellular context. Nevertheless, both LMW thiols, BSH and
GSH, contribute via S-thiolations and as cofactors of conserved enzymes and scavengers
significantly to the detoxification of ROS, RSS, RNS and RCS and the overall redox
homeostasis (103) (Fig. 7). The protective capacity of BSH in S. aureus against HOCI stress is
emphasized by the finding that the intracellular BSH level decreased five- to sixfold and that
the transcription of the BSH synthesis genes upon exposure to a sublethal concentration was
increased (102, 355). Recently, the reaction of BSH with HOCI was reported to represent quasi
a diffusion-controlled reaction with a second-order rate constant of 6x107 M!s! (394). Based
on their chemical structure, both LMW thiols can be regarded as cysteine storage, thereby
preventing the ROS generation through auto-oxidation of cysteines (376, 377). Additionally,
BSH and GSH can form in an enzyme-dependent or independent way S-conjugates with various
RES, including quinones, xenobiotics, and antibiotics (379, 385, 395-399), leading to their
detoxification (Fig. 7). In S. aureus, the BSH-dependent (thiol-)S-transferases FosB and BstA
were shown to be required for the inactivation of the antibiotics fosfomycin and cerulenin,
respectively (400, 401). The spontaneous reactions of GSH and BSH with MG and FA generate
an LMW-thiol-hemithioacetal adduct and S-hydroxymethyl-LMW-thiol, respectively, which
represent the substrates for aldehyde detoxification pathways in various bacteria (124, 375, 379,
402-405). While in S. pneumoniae the class I1I alcohol dehydrogenase AdhC was suggested to
be implicated in the detoxification of these glutathione-aldehyde adducts, BSH-dependent MG
detoxification pathways in S. aureus are still unidentified (105, 406).

GSH and BSH increase the bacterial tolerance towards different metal ions, including
Zn*", Fe?*, and Cu?", either through direct coordination of metal ions via different functional
groups or crosstalk with other regulatory systems involved in the metal homeostasis (388, 407-
409). Additionally, GSH and BSH might aid in the iron-sulfur cluster biosynthesis by acting
alone or in conjunction with other proteins as iron-sulfur cluster carriers (407, 410-412). Due
to the diversity of biological functions, BSH and GSH are essential for the virulence and
survival of S. aureus and S. pneumoniae under infections (376, 381, 391, 413). However, the
relative importance of BSH might be strain dependent and can be diminished by other

(virulence) factors (386).

2.6.2 Reduction of S-thiolated proteins and LMW thiol disulfides

To recycle LMW thiols and restore the functionality of S-thiolated proteins, bacteria encode for

different cellular redox couples that are connected to essential redox pathways. In Gram-
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negative bacteria, glutaredoxins (Grx) catalyze the reduction of S-glutathionylated proteins and
protein disulfides via thiol-disulfide exchange reaction at the expense of GSH (Fig. 7). Thereby,
it can be structurally distinguished between dithiol and monothiol Grx, characterized by a
thioredoxin (Trx) fold and a CXXC or CXXS motif, respectively (414, 415). While monothiol
Grx reduces S-glutathionylated proteins through a double displacement reaction, the dithiol
oxidoreductases reduce additionally protein disulfides (410). However, studies in yeast
demonstrated that also monothiol Grx can catalyze the reduction of disulfide bonds (416). The
S-glutathionylated Grx (Grx-SSQ) is recycled using a second GSH molecule, leading to GSSG,
which is reduced by the NADPH-dependent glutathione reductase Gor (Fig. 7). The catalyzed
reaction of Gor occurs via a reductive and oxidative half-reaction. First, electrons are
transferred from NADPH via the flavin to the proximal cysteine, leading to the protonation of
the active site cysteine. In the oxidative half-reaction, a nucleophilic attack of the active site
cysteine on bound GSSG finally leads to the regeneration of two GSH molecules (375).
S. pneumoniae lacks Grx homologs but encodes for the flavoenzyme Gor, which was
biochemically characterized and structurally resolved (388, 417). In contempt of high structural
similarities with other bacterial Gor, including the NADPH and FAD binding domains with the
Rossmann folds, the redox-active cysteines (Cys41 and Cys46) and the dimerization domain,
the pneumococcal Gor shows a 3.5-fold weaker affinity for GSSG than the Gor of E. coli. The
other kinetic parameters of the GSH reductase activity, such as the affinity to NADPH and the
maximum velocity of the reaction, were comparable with other Gor homologs (417). Further
studies are required to determine the molecular factors contributing to the observed GSSG
affinity differences and the physiological implications.

In S. aureus, the bacilliredoxins BrxA and BrxB were identified as Trx-like proteins
with CGC active sites, while the monothiol BrxC protein contains a TCPIS active motif and
resembles the monothiol Grx (374). The three Brx proteins were proposed to function in de-
bacillithiolation. In S. aureus, Brx A was demonstrated to catalyze the transfer of BSH from the
S-bacillithiolated protein to its active site Cys54, leading to the Brx-SSB intermediate (371).
This was confirmed by crystal structure analyses (418). Similarly, BrxA and BrxB were
revealed to function in the de-bacillithiolation of proteins in B. subtilis (419) (Fig. 7).
Furthermore, the NADPH-dependent flavin disulfide reductase YpdA (Bdr) was proposed as a
putative bacillithiol disulfide (BSSB) reductase, which catalyzes analog to Gor the regeneration
of the LMW thiol (103, 420). Transcriptome analyses demonstrated that BSH biosynthesis

genes as well as brxA/B and ypdA are upregulated upon various thiol-stress conditions.
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However, since experimental evidence for the suggested function of YpdA was missing, our
group analyzed the Brx AB/BSH/YpdA/NADPH pathway in more detail (102).

Within my doctoral thesis (chapter 2), I could confirm that the transcription of brx4,
brxB and ypdA is induced by HOCI and diamide stress (102). Additionally, they were
transcribed under control conditions at a relatively high basal level and appeared to be co-
regulated under various stress conditions, pointing towards a common role within one pathway.
Biochemical characterizations by colleagues further revealed that the AypdA deletion mutant is
significantly impaired in its BSH redox balance under control conditions and its ability to
regenerate the reduced BSH redox potential under oxidative stress. YpdA was shown to have a
strong selectivity for BSSB compared to other LMW thiol disulfides and to act in concert with
BrxA and BSH within the BrxA/BSH/YpdA/NADPH redox cycle to restore the redox
homeostasis in vitro (Fig. 7). Follow-up studies of our group revealed that this pathway also
provides protection against allicin by mediating the regeneration of S-thioallylated proteins,
whereby YpdA catalyzes the regeneration of BSH from S-allylmercaptobacillithiol (BSSA)
(202). My further work was themed to characterize the role of BrxA, BrxB and YpdA in the
oxidative stress defense of S. aureus in vivo (102). Together with Dr. Nico Linzner, I could
demonstrate that BrxA and YpdA significantly contribute to the stress resistance against HOCI
and H20z. In contrast, the complementation of the AbrxAB mutant with brxB did not restore the
growth and survival rate of the mutant back to the wild type levels in phenotype analyses,
indicating that BrxB is probably not essential for the de-bacillithiolation of proteins. Dr. Nico
Linzner and Dr. Vu Van Loi could confirm these findings under infection conditions using the
murine macrophage cell line J-774A.1. However, follow-up studies of our group demonstrated
that BrxA and BrxB catalyze the reduction of S-thioallylations under allicin stress (202),
indicating functional differences. Importantly, using survival assays, we demonstrated that the
AbrxABAypdA triple mutant is as sensitive as the AbrxAB double mutant, suggesting that, in
accordance with our other results, BrxA and YpdA function in the same pathway (102)
(chapter 2).

In addition, the function of YpdA as BSSB reductase was characterized by the group of
Ambrose Cheung in another S. aureus strain in vivo (387). In agreement with our data, they
demonstrated that the expression of ypdA is induced upon thiol stress and that the AypdA mutant
has a significant fitness defect compared to the wild type in a chemically defined medium. By
regulating the intracellular BSH/BSSB ratio, YpdA was shown to contribute to the resistance
of S. aureus against oxidants encountered in vifro and during polymorphonuclear leukocyte

infections.
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In summary, these results established the functionality of the
BrxA/BSH/YpdA/NADPH redox pathway (Fig. 7) and demonstrated the importance of this
pathway under different thiol-stress conditions in S. aureus. Since our publication, the BSSB
reductase activity of the YpdA homolog in Bacillus cereus was also demonstrated and based
on the crystal structure, the following catalytic mechanism was suggested (421). Distinct from
other flavoprotein disulfide reductases, Cysl4 of YpdA was proposed to be not substrate-
accessible and positioned 8 A away from the FAD isoalloxazine ring. BSSB binding was
suggested to be mediated by an amino acid gating mechanism, leading to the reduction of BSSB
through a thiol-thiolate-pair FAD C4a-cysteine adduct intermediate (421). However, since the
structure was resolved in the absence of BSSB as the substrate, this model needs to be validated
by further studies. In previous redox proteomics results, the conserved Cys14 was identified as
S-bacillithiolated upon HOCI stress in vivo (371), further supporting its functions in the
catalysis of BSSB reduction in vivo along with our in vitro results. YpdA of B. subtilis was also
proposed to function as NADPH-dependent bacilliredoxin rather than a BSSB reductase (422).
In addition, BrxC of B. subtilis was shown to contribute together with YpdA, BrxA and BrxB
to the de-bacillithiolation of proteins (422). The redundancy and cross-talk within this pathway
also have to be examined as a further research subject (415). Despite the important role of the
Brx/BSH/YpdA/NADPH pathway for the oxidative stress resistance in S. aureus, alternative
LMW thiols, such as coenzyme A (CoASH), might also contribute to the redox homeostasis
(386). CoASH is known as an essential thiol cofactor for various metabolic pathways, and
numerous proteins were post-translationally modified by S-CoAlations upon oxidative stress in
S. aureus. Consequently, it was suggested that CoASH might substitute for BSH in S. aureus
(391, 423). Therefore it will be necessary to investigate the interplay and compensatory
functions in more detail and to consider potential drug targets and treatment regimens not only

in isolation (13) (chapter 9).

2.6.3 The HOCI stress transcriptome signature in S. pneumoniae

This part of my thesis aimed to investigate the effect of HOCI on S. pneumoniae and to identify
potential resistance mechanisms (chapter 4) (424). The evaluation of the RNA-seq
transcriptome analyses, which I performed in cooperation with Dr. Tobias Busche, uncovered
the significant up- and downregulation of 296 and 306 genes, respectively, in response to HOCI
stress (424). In general, the transcriptome signature revealed the strong upregulation of the
NmlIR, SifR, CtsR, HrcA, SczA and CopY regulons and the CTM electron complex, indicating

an oxidative, electrophile and metal stress response in S. pneumoniae (424) (Fig. 8). This HOCI
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stress response is consistent with previous observations in other Gram-positive bacteria,
including S. aureus (356, 425, 426). Interestingly, similar to S. aureus and P. aeruginosa (355,
427), we also noted an upregulation of various virulence factors, including PavB in
S. pneumoniae (Fig. 8). While comparable studies in S. pneumoniae are missing, in S. aureus,
the global virulence regulators MgrA and SarZ were shown to respond to redox stress by a
thiol-switch mechanism (105, 428). Thus, the increased expression of virulence factors upon
exposure to oxidative stress in different human pathogens is probably reflecting the

evolutionary adaptation to the immune system.
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Figure 8: Hypochlorous acid (HOCI) induces an oxidative, electrophile and metal stress response in
S. pneumoniae. The gene expression profile of our RNA-seq transcriptome analyses is shown as a ratio/intensity
scatterplot (M/A-plot), which is based on the differential gene expression reported in (424). Genes belonging to
the CtsR, HrcA, NmlIR, SifR, SczA and CopY regulons were most strongly induced (M-value >1; p <0.05).
Together with the induction of the CTM operon and the thioredoxin TrxA, functioning in the reduction of oxidized
proteins, this transcriptome profile is indicative of protein damage, oxidative, electrophile and metal stress upon
HOCI exposure. HOCI also caused the induction of several regulons involved in the catabolism of alternative
carbohydrates (denoted in dark blue), including UlaR (light blue). Furthermore, virulence genes, including the
pneumococcal adherence and virulence factor B pavB and the RegR regulon, were upregulated. A more detailed
regulon annotation and the complete transcriptome data are presented in chapter 4 (424).

The oxidation of protein thiol groups, associated with protein unfolding and aggregation
is a well-characterized killing mechanism of HOCI (69, 429). Accordingly, Clp proteases and
ATP-dependent chaperones, belonging to the CtsR and HrcA regulons, for protein (re)folding
and degradation were strongly upregulated upon HOCI stress in S. pneumoniae (360, 369, 424).
Also, the genes coding for the cytoplasmic thioredoxin/thioredoxin reductase system TrxA/B
and the CTM electron complex (CcdAl, Etrxl, MsrAB2), implicated in the reduction of
cytoplasmic oxidized protein thiols and methionine residues of oxidized surface proteins,

respectively, were highly induced (430-432). Moreover, several metal ion transporters were
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differently transcribed after exposure to HOCI stress (424). These transcriptional changes might
be induced to counteract the deleterious effects of Fe?* during HOCI stress and could be related
to the HOCl-induced oxidative damage of metalloproteins and metalloregulators, such as CopY
(433).

Consistent with the previously reported protective function under oxidative stress, we
noted an elevated transcription of the GSH importer gene gshT and the two-component
system 09 (388, 389, 434). Moreover, the transcription of genes involved in the transport and
utilization of alternative carbohydrates, including ascorbic acid, was enhanced after HOCI
addition (435) (Fig. 8). Ascorbic acid was shown to act as a ROS scavenger and thereby
contribute to the adaptive oxidative stress response (109, 436, 437). Other ROS detoxifying
enzymes and reducing systems, such as SodA, TpxD, Nox, and Gor, were not differentially
expressed or even downregulated upon HOCI stress (424). These results indicate profound
differences in the pneumococcal stress response towards ROS, such as H202, and RCS, like
HOCI. This result probably reflects, at least partially, the prevalence of different chemical
reactions exerted by these reactive species (438). For example, the reaction of high HOCI levels
with the LMW thiol GSH results mainly in the formation of glutathione sulfonamide instead of
GSSG, the substrate for Gor (71, 439). Transcriptional differences and strong distinctions in
the redox proteome after exposure to HOCI and H202 were also observed in S. aureus and other
bacteria (440-444), highlighting the importance of systematic investigation of stress-specific
adaptation strategies. In addition, we observed a strong upregulation of the quinone-responsive
SifR regulon and the aldehyde stress-specific NmIR regulon (142, 406, 445). SifR and NmIR
harbor redox-sensitive Cys residues and might respond to HOCI via thiol switches, which has
not been investigated thus far. Since the nm/R and adhC genes were 36-fold and 26.5-fold
induced by HOCI, the NmIR regulon was characterized concerning its function and HOCI-

sensing mechanism.

2.6.4 The MerR-family regulator NmIR of S. pneumoniae

The MerR-family comprises a diverse class of transcriptional regulators that are widely
distributed across different bacterial genera and modulate transcription in response to a variety
of environmental stimuli, such as metal ions and antibiotics (446, 447). They bind to
palindromic repeats in promoters, characterized by an extended spacing between the -35 and -10
RNA polymerase recognition elements (446). This expanded distance of 19+1 bp instead of the
optimal 1741 bp increases the phase angle between the promoter elements by 72° around the

helix axis, preventing optimal promoter recognition (448). A ligand-induced switch of the
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MerR-family regulator from the repressor to the activator conformation at the opposite DNA
face mediates the required DNA distortion, leading to a realignment of the promoter elements
on the same phase plane and transcriptional initiation (Fig. 9A) (446, 448-455).

MerR regulators are characterized by conserved structural features, namely the
N-terminal winged helix-turn-helix (WHTH) DNA-binding domain, the central antiparallel
coiled-coil dimerization domain, and the variable C-terminal ligand-binding domain, which is
significantly elongated in members of the multidrug-resistance MerR-subfamily (447, 448,
451). Further subfamilies represent the metal- and the redox-responsive MerR-family
transcription factors (448, 456). The first well-characterized MerR-type redox-sensitive
regulator is SoxR of E. coli, which uses iron-sulfur clusters to sense superoxide and nitrosative
stress (446, 457, 458). Protection against oxidative stress, exerted by H202 and diamide, was
also reported for the MerR-family regulators NmlIR from Listeria monocytogenes and Neisseria
gonorrhoeae (459, 460). Although the precise regulatory mechanism of NmIR from
N. gonorrhoeae has not been elucidated, it was proposed that Zn**-binding by four cysteine
residues is involved in the transcriptional regulation (460). In contrast, a metal-independent
post-translational modification, such as thiol-(S)-alkylation or S-nitrosation, of the conserved
cysteine residue was suggested as activation mechanism for NmIR of Haemophilus influenzae
and AdhR of B. subtilis (124, 450). Both regulators sense carbonyls and control the expression
of genes involved in the thiol-dependent detoxification of aldehydes.

The MerR-family transcriptional regulator NmIR of S. prneumoniae shows 44.4%
sequence identity to AdhR and activates the transcription of the nm/R-adhC operon in response
to the aldehydes MG and formaldehyde as well as GSNO (406, 415). Using qRT-PCR analyses,
I demonstrated that NmlIR responds not only to aldehydes but also to oxidants, such as HOCI,
H20: and diamide (424) (Fig. 9B) (chapter 4). Contradicting the previous annotation of NmIR
as a ‘NO sensor (445), we observed a <2-fold induction of the adhC transcription in the
presence of the -NO donor DEA NONOate (424). This finding suggests that NmIR might not
act as a general sensor for RNS but is specific for GSNO. Consistent with our transcriptional
analyses, the AnmIR mutant was sensitive to HOCI and H20: treatment and significantly
impaired in human macrophage infection assays compared to the wild type (Fig. 9C,D). This
decreased survival was not attributable to increased phagocytosis rates or differences in
adherence (424, 445). Instead, by inhibiting NOX2 and iNOS with DPI (461-463), I could show
that the NmIR regulon contributes to the intracellular survival in human macrophages by

protecting S. pneumoniae against the oxidative burst. Previous studies also identified NmIR as

-31-



essential for the colonization and systemic virulence in a murine infection model (445, 464),

underscoring the important function of this regulon during host-pathogen interactions.
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Figure 9: The NmIR regulon protects S. preumoniae against oxidative stress. (A) The transcription factor
NmIR binds under control conditions to the 9-9 bp palindromic operator sequence, inhibiting the transcription of
the nmIR-adhC operon. Upon oxidative stress, the NmlIR regulator is S-glutathionylated at the conserved Cys52 or
forms an intermolecular disulfide. These thiol switches induce a conformational change, which is accompanied by
a realignment of the -35 and -10 promoter elements and the transcription of the NmIR regulon from the opposite
DNA face. (B) A qRT-PCR analysis demonstrated that the NmlIR regulon is most strongly induced by aldehydes,
such as methylglyoxal (MG) and formaldehyde (FA), and the strong oxidant HOCI. While H,O, and diamide (Dia)
cause a more than 2-fold upregulation, the ‘NO donor DEA NONOate, allicin (Alli) and methylhydroquinone
(MHQ) induce the adhC transcription only slightly. (C) The NmIR regulon confers resistance against the oxidative
burst of the human macrophage cell line THP-1A, as revealed by the addition of the flavoprotein inhibitor
diphenyleneiodonium chloride (DPI). (D) Survival assays were performed for the S. pneumoniae D39 wild type
(WT), the AnmiR and AadhC deletion mutants and the nmlR, adhC and nmIRC52S complemented strains, showing
that the NmIR regulon contributes to the HOCI and H»O; stress resistance. The figure is adapted from (446) and
chapter 4 (424), where the experimental procedures are stated. *p <0.05, **p < 0.01 and ***p <0.001.

NmIR was shown to solely regulate the nmlR-adhC operon (445), recognizing the Zn**-
containing class Il alcohol-dehydrogenase AdhC as a major HOCIl-defense mechanism of
S. pneumoniae. Using phenotype analyses, I could confirm that the AadhC mutant is strongly
impaired in its resistance against HOCI] and H20: stress compared to the wild type and the
complemented strain. The widespread class III alcohol-dehydrogenase enzymes belong to the
medium-chain dehydrogenase/reductase (MDR)-alcohol dehydrogenase (ADH) family and
represent important constituents of detoxification and GSH recycling pathways in bacteria (405,
465). It was shown that AdhC homologs have different substrate specificities, leading to
different susceptibilities profiles of the AadhC mutants in Neisseria meningitidis and
H. influenzae (465-467). While class III alcohol-dehydrogenase enzymes have been shown to
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catalyze reactions with w-hydroxy fatty acids, aldehydes, medium-chain alcohols, GSNO and
S-hydroxymethylglutathione, the detoxification of ROS or the conversion of GSSG to GSH, is
not reported for this enzyme class (405). However, oxidants can react with various cellular
components, triggering reaction cascades that ultimately lead to the generation of toxic
electrophiles, including aldehydes (116-122). Accordingly, we have previously demonstrated
that the aldehyde detoxifying enzyme AldA contributes to the HOCI resistance of S. aureus
(372). Since the AadhC mutant in S. pneumoniae was reported to be as susceptible as the wild
type towards MG and formaldehyde stress (406), further studies are required to identify the
physiological substrate of AdhC under carbonyl and oxidative stress in S. pneumoniae.

Although S-nitrosation of NmIR was detected upon GSNO exposure in in vitro studies
(468), the precise sensing and regulatory mechanism of NmIR remained largely unexplored or
ambiguous. While Stroeher ef al. (2007) characterized NmIR as a “classical” activator, Potter
et al. (2010) reported that NmIR acts as a repressor and activator under control and stress
conditions, respectively. Consistent with the proposed model for MerR-family regulators, I
revealed by EMSAs that NmIR binds under reducing and oxidizing conditions specifically to
the 9-9 bp palindromic operator sequence CTTGGAGTC-aACTCaAAG (424). Using qRT-
PCR to analyze the adhC transcription in the wild type, the Anm/R mutant and the nm/R
complemented strain, I could show that NmIR activates the adhC transcription upon HOCI
stress. I could further demonstrate a higher basal adhC transcription in the Anm/R mutant
compared to the WT, suggesting that NmIR might act as a repressor under control conditions
(chapter 4). Albeit systematic examinations are missing, research on E. coli suggested that the
repressor phenotype might be caused by the high constitutive activity of the promoter
independent of the -35 sequence in the absence of the transcription factor. Only upon MerR
binding, this sequence motif would become important for transcription initiation (469). In
cooperation with Dr. Nelly Said and Prof. Dr. Markus Wabhl, the broccoli-FLAP assay was used
to further analyze the in vitro transcription with purified NmlIR (424, 470). While reduced NmIR
repressed the high basal transcription rate of the RNA polymerase at the nmlR promoter in vitro,
oxidized NmlR at least slightly enhanced the transcriptional initiation efficiency, although not
statistically significant (424).

Using mutational analysis, I addressed the regulatory mechanism of NmIR in more
detail. While the conserved single Cys52 is dispensable for DNA-binding activity in vitro, it is
important for the redox-sensing mechanism of NmIR and thus for the oxidative stress resistance
against H2O2 and HOCI in vivo. With non-reducing SDS-PAGE analyses and, in cooperation

with Dr. Christoph Weise, by matrix-assisted laser desorption ionization-time of flight-mass
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spectrometry (MALDI-TOF-MS), I further demonstrated that NmIR is reversibly oxidized by
diamide, H202 and HOCI to Cys52-Cys52’ intermolecular disulfides. In the presence of GSH,
a proportion of the protein was S-glutathionylated, indicating that NmlIR senses oxidants by two
reversible thiol switches in vitro (Fig. 9A). Our ongoing studies are directed to identify through
redox-proteomics further redox-sensitive proteins and to determine the extent of different post-
translational modifications, such as S-glutathionylation and reversible thiol oxidation, and their
impact on the gene expression of S. pneumoniae in vivo.

Overall, NmIR acts as a major redox-sensing transcriptional regulator of the oxidative
and electrophile stress defense in S. pneumoniae (406, 415, 424). Similarly, the aldehyde-
sensing AdhR regulon of B. subtilis was also induced by HOCI stress (356), suggesting that the
redox-sensing Cys residue of the MerR/NmIR-family might also respond to oxidative stress in
other Firmicutes. Probably due to the tight interconnection of ROS/RCS and RES, several RCS-
responsive regulators were found to also sense RES, and to regulate corresponding electrophile-
detoxification pathways (343). For example, NemR is regulated by electrophiles through
intermolecular disulfide bond formation at Cys21 and Cys116 as well as by reversible HOCI-
mediated thiol modification of Cys106, leading to the transcription of the primary MG-
detoxifying and the electrophile degrading enzymes glo4 and nemA (351, 471).

2.7 The quinone stress response in Firmicutes

Quinones arouse attention as essential constituents of the electron transport chain, and
subsequently, several studies investigated their biosynthesis, properties, and functionality as
electron carriers (472, 473). Additionally, different bacteria exploit (the redox state of) quinones
inter alia as signal for environmental cues, to modify their membrane fluidity, and as
antimicrobials (126, 134, 473, 474). For example, S. aureus uses the two-component system
SrrAB/SrhSR to adapt to different oxygen levels, ranging from approximately 20% Oz on the
skin and the nasopharyngeal mucus layer to almost anaerobic conditions in the blood (360).
Redox-active cysteine residues of the transmembrane histidine kinase StrB respond to the redox
state of the menaquinone pool, affecting the phosphorylation state and hence DNA binding
activity of the cognate response regulator StrA (chapter 3) (105, 475). Since reactive species,
such as :NO, can interfere with the redox state of the quinone pool, e.g., by inactivation of
heme-containing cytochromes, SrrAB also represents an indirect sensor of elevated reactive
species levels (476, 477) and contributes to the nitrosative and oxidative stress resistance (478-

482).

-34-



Biochemical studies established that quinones can be enzymatically detoxified, either
by an oxygen-dependent ring-cleavage or the one- and two-electron reduction pathways (Fig.
10). The ring opening is catalyzed by cofactor-independent dioxygenases belonging to the o/
hydrolase fold superfamily and by metalloenzymes (483-487). Metal-dependent dioxygenases
are categorized, depending on the cleavage site at the aromatic ring structure, in intradiol and
extradiol dioxygenases, which cleave ortho and meta to the hydroxyl substituents, respectively
(488, 489). The enzymatic NAD(P)H-dependent two-electron reduction of quinones is
catalyzed by quinone oxidoreductases, nitroreductases and azoreductases, leading in most cases
to the formation of the more redox-stable and less cytotoxic hydroquinones as an important
quinone detoxification mechanism (490-494). However, the two-electron reduction can also
give rise to toxic redox-labile and alkylating hydroquinones, indicating that the success of this
reaction is highly dependent on the quinone species (172, 495). Some quinone oxidoreductases,
such as QorA from S. aureus, also mediate the one-electron reduction, which leads via the
semiquinone radical to ROS formation (496). However, whether the one-electron reduction
indeed acts as a mediator of high ROS production or mainly leads to the accumulation of the
reduced quinone depends on the redox potential of the quinone. Despite their role in quinone
detoxification, oxidoreductases and azoreductases might also function in cell signaling by

modifying the intracellular quinone redox state (492).

MhqgN
OH  (yodc Az°RZ O OH CatE2 Q. OH
AzoR1 Frp C-SH MhqE CatE
— — —— \O —
NAD(P)* NAD(PJH s s D MhqA Qs = s-Q
0 OH MhqO OH
hydroquinone (benzo)quinone S-hydroquinone-adduct

Figure 10: Quinone detoxification in B. subtilis and S. aureus is mediated by enzymes of the quinone stress-
specific MhqR and YodB/QsrR regulons. Enzymes of the MhgR and YodB regulons of B. subtilis are colored
in yellow and purple, while members of the MhqR and QsrR regulons of S. aureus are shown in orange and blue,
respectively. The dioxygenases CatE, CatE2, MhqA, MhqE, and MhqO are proposed to catalyze the ring-cleavage
of hydroquinones and S-hydroquinone-adducts. The two-electron reduction of quinones to the more redox-stable
hydroquinone is probably mediated by the azoreductases AzoR1 and AzoR2, the nitroreductases MhgN and YodC,
and the oxidoreductase Frp in both bacteria. The figure is adapted from chapter 6 (163).

Global analyses and detailed characterization of resistance mechanisms towards
aromatic compounds, such as phenol, catechol, and MHQ, in B. subtilis gave first discernments
into the bacterial sensing and adaptation strategies to counteract their antimicrobial activity
(497). However, although quinones are widely distributed in our environment and pathogens
are likely to encounter quinone-like compounds during infections (126, 129-134), in-depth

studies on the quinone stress response in pathogenic bacteria are largely missing (473, 498-
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501). My doctoral thesis was directed to fill this knowledge gap by studying the quinone stress
response of S. aureus. This was complemented by the functional and mechanistic
characterization of the redox-sensing regulators MhgR, QsrR and GbaA, which were induced

to different extents by quinones and other thiol-reactive compounds in S. aureus (chapter 5-8).

2.7.1 The quinone-sensing regulators MhqR and YodB of B. subtilis

Regulators belonging to the family of multiple antibiotics resistance regulators (MarR) are
characterized by a wHTH DNA binding motif. They function in virulence regulation and
protection of bacteria against antibiotics, aromatic compounds, organic solvents, ROS, and RES
(502, 503). In B. subtilis, the MarR-type repressor MhgR was shown to negatively control the
expression of the mhqA, azoR2, mhqED and mhgNOP genes and operons. These genes encode
for the ring cleavage dioxygenases (MhqA/E/O), the putative azoreductase AzoR2 and
nitroreductases (YodC, MhgN) (Fig. 10), which confer resistance against MHQ and catechol
but not MG and H20: stress in B. subtilis (504, 505). However, the regulatory mechanism and
the structural changes of MhgR upon quinone exposure have not been resolved yet. A thiol-
based quinone sensing mechanism by the non-conserved Cys128 could be excluded already
(504).

The MarR/DUF24-family repressor YodB autoregulates its expression and controls the
transcription of genes encoding a nitroreductase (YodC), an azoreductase (AzoR1) and the
redox-sensing regulatory Spx protein (506-508). Thus, the YodB and MhgR regulons control
paralogous azoreductases (AzoR1 and AzoR2), which confer resistance to catechol, MHQ and
the azocompound diamide (507). YodB was shown to sense quinones and diamide by the
intermolecular disulfide formation between Cys6 and one of the non-conserved Cys101’ and
Cys108’ residues of opposing subunits in vivo, while the S-alkylation of Cys6 by quinones was
only identified in vitro (507, 508). The intersubunit disulfide formation by diamide was shown
to cause, via the reorientation of one monomer, large structural rearrangement, and
translocation of the a4 and 04’ helices by 37 A and 56°. In contrast, the S-alkylation at Cys6 is
associated with only minor structural changes of YodB, involving a 3 A movement and 10°
rotation of the DNA recognition helices a4 and a4’ towards each other. Despite the induction
of distinct conformational changes of YodB, both post-translational modifications lead to YodB
inactivation (509).

MHQ and catechol further up-regulate the transcription of the catDE operon, encoding
for an oxidoreductase and dioxygenase (505). This operon is controlled by the iron-sensing Fur

repressor and the two MarR/DUF24-family repressors YodB and CatR in B. subtilis (510, 511).
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CatR senses the oxidative mode of quinones by intermolecular disulfide formation between the
conserved Cys7 residues of opposing subunits, as shown in vivo (510). Since CatE and CatD
protect B. subtilis not only against exogenously encountered MHQ and catechol stress but also
against the degradation products of the catecholate siderophore bacillibactin, the CatR regulon
shows a high functional similarity to the SifR regulon of S. pneumoniae (142, 505, 511). The
SifR regulon encodes inter alia for the Fe?*-dependent catechol-2,3-dioxygenase CatE, the
NAD(P)H-dependent quinone reductase YwnB and the NAD(P)H-flavin dependent Fe’'-
reductase YhdA, which are implicated in quinone detoxification and processing of Fe*'-
catecholate complexes for Fe?" acquisition (142).

Importantly, the CatR, YodB, and MhqgR regulons contribute in an additive fashion to
the quinone stress resistance of B. subtilis (507, 510). However, the regulatory crosstalk
between the MhqR and YodB regulons upon thiol stress requires further mechanistic

investigations (504, 505).

2.7.2 The mode of action of MHQ and lapachol in S. aureus

Structural differences are thought to account for variations in the antimicrobial efficiency and
primary mode of action of different quinones (126, 128, 512). However, common parameters
to quantitatively describe the structure-toxicity relationship are insufficient to predict the
efficiency of quinones, which act via the oxidative and electrophilic modes (170). Previous
comparisons of 5-amino-8-hydroxy-1,4-naphthoquinone and the corresponding unsubstituted
1,4-naphthoquinone suggested that the toxicity of quinones decreases with the number of
substituted positions (513). This activity decline is probably attributed to the abolished ability
of quinones to form S-adducts with protein thiols in the absence of unsubstituted positions
adjacent to the keto groups of the quinone rings (170, 512, 514). However, detailed analyses
revealed that certain quinones have additional, unpredicted modes of action, which affect their
toxicity in vivo. For example, the 9,10-phenanthrenequinone, which was expected to only act
as a redox-cycling agent, was shown to be effective even under anaerobic conditions (169).
This ROS-independent antimicrobial activity is attributed to the formation of thiohemiketals at
the NAD" binding site of the glyceraldehyde 3-phosphate dehydrogenase (515). Although the
2-hydroxy-3-(3-methyl-2-butenyl)-1,4-naphthoquinone lapachol is used since ancient times to
cure various diseases in several countries of South America and was proposed more recently as
topical wound treatment, due to its antimicrobial activity (135, 516), the principle of operation
in bacteria is insufficiently solved. Based on its chemical structure (Fig. 12A), lapachol should

be unable to function as an electrophile. In vitro studies provided evidence that lapachol can
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redox cycle (517, 518), which could account for its microbicidal effect in vivo. As part of my
doctoral thesis, I investigated together with Dr. Nico Linzner the mode of action of lapachol in
S. aureus (chapter 5). Additionally, I analyzed the resistance mechanisms of S. aureus against

lapachol and the hydroquinone MHQ (chapters 5-7) (85, 163, 519).

A MHQ transcriptome lapachol transcriptome
T X = e T =< [ ahqH, “% HypR were il

o £ s -
=, | QsrR_/
£

R

4 log fold change -4 ISR !

B N Qe .
o S5 &8 & -ﬁ%‘% & & &
Q IIII== [ [ ]| EEEE ST um T | T

lapachol =mm L] ] (1 |
QsrR MhgR cytochrome aa; Zur CarA CsoR NsrR
log fold change -4 [ B I

Figure 11: The stress responses of S. aureus to lapachol and methylhydroquinone (MHQ). (A) The
transcriptome data are shown as Voronoi treemaps constructed by Dr. Jorg Bernhardt (University of Greifswald).
Differential gene expression changes are pictured using a color code, where red and blue indicate log2-fold
induction and repression of transcription, respectively. The genes are sorted into regulons and clustered
accordingly. MHQ and lapachol caused the induction of the MhqR, QsrR, PerR, HypR, GraRS, CtsR and HrcA
regulons, indicative of a quinone, oxidative and cell wall stress response and protein damage. (B) The log2-fold
changes of selected genes are depicted in a heat map created with InstantClue (v0.11.1) by Daniel Bartosik
(University of Greifswald) for differentiation of the quinone stress responses. While the QsrR and MhgR regulons
are stronger upregulated by MHQ than lapachol, it is the other way around for the -NO-sensing NsrR regulon.
MHQ led to the downregulation of the cytochrome aas; terminal oxidase, whereas the Zur, CzrA, and CsoR
regulons, implicated in the metal homeostasis, were induced. The figures are adapted from the RNA-seq data
presented in chapter 5 and 6 (85, 163).

The transcriptome analyses, which were performed in cooperation with Dr. Tobias
Busche, revealed that sublethal MHQ and lapachol stresses caused a thiol-specific oxidative
and quinone stress response in S. aureus (85, 163) (Fig. 11A). Accordingly, we observed a

strong upregulation of the quinone- and oxidative-stress specific MhqR, QsrR, PerR, HypR,
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CtsR, and HrcA regulons, and of the enzymes of the Brx/BSH/YpdA/NADPH redox pathway
and cysteine metabolism (CymR regulon). Thereby, we could confirm a similar expression
profile in response to quinones, as revealed previously for B. subtilis upon MHQ addition (497).
Moreover, both quinones elicited the downregulation of genes functioning in the amino acid
and purine biosynthesis pathways (ArgR, CodY, PurR regulons). Indicated by the induction of
the SigB and GraRS regulons, MHQ and lapachol also induced a cell wall stress response in
S. aureus. Astonishingly, while the pyrimidine biosynthesis PyrR regulon was among the top
hits of downregulated genes upon lapachol treatment, MHQ induced these genes. Since
quinones were found to form adducts with RNA and DNA bases (520, 521), MHQ might lead
to the depletion of pyrimidine nucleotides. Despite the considerable similarities between the
stress responses, we noted further transcriptional variations, indicative of distinct modes of
action (Fig. 11). For example, the transcription of the cytochrome aas terminal menaquinol
oxidase encoding gox4ABCD operon was downregulated in response to MHQ, suggesting that
MHQ might interfere with the respiratory chain activity in S. aureus. Moreover, MHQ but not
lapachol induces the CstR regulon, which responds to RSS and thiol persulfides (85, 163).
While MHQ caused the strong upregulation of the Fur, CsoR, CzrA and Zur regulons,
implicated in the Fe**, Cu?" and Zn** homeostasis, this metal stress response was not observed
in lapachol-treated cells. In contrast, the NsrR regulon, including the Amp gene, was 4.8-fold
higher induced by lapachol than MHQ. The flavohemoglobin Hmp was shown to act as
quinone- and nitroreductase, with high substrate specificity for methyl-1,4-naphthoquinones,
and might be involved in the detoxification of lapachol (522).

Further experiments were performed to elucidate the primary mode of action of lapachol
in vivo (85) (chapter 5). While Dr. Nico Linzner could not detect alkylated and aggregated
proteins in vitro and in vivo, the ability of lapachol to elevate intracellular ROS levels was
supported by the detection of S-bacillithiolations and HypR oxidation. To further exclude that
lapachol exerts its toxicity also independent from ROS production, I performed survival assays
under limited oxygen levels. While 1 mM lapachol was highly lethal under normal oxygen
conditions (<1 % survival), microaerophilic growth conditions reduced the toxicity of lapachol
significantly and increased the survival rate of S. aureus to approximately 80% (Fig. 12B).
Since anaerobic conditions decrease the redox cycling ability of quinones and hence ROS
production but do not interfere with the S-adduct formation, the obtained inhibition profiles are
in agreement with the mechanistic mode of action (169). Based on our data, it can be concluded
that lapachol acts, in accordance with previous in vitro results (517, 518), exclusively via the

oxidative mode in S. aureus.
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Figure 12: The oxidative stress defense protects S. aureus against ROS produced by lapachol. (A) The one-
electron reduction of lapachol leads to the semiquinone anion radical and subsequently the formation of reactive
oxygen species (ROS). (B) Lower oxygen levels limit the redox-cycling of lapachol, as revealed by the increased
survival of S. aureus during microaerophilic growth conditions. (C,D) The catalase (KatA) and the bacilliredoxin
(BrxA)/bacillithiol (BSH)/ BSH disulfide reductase (YpdA)/NADPH redox pathway contribute to the resistance
of S. aureus against lapachol. KatA catalyzes the detoxification of H,O,. ROS lead to S-bacillithiolated proteins,
which are regenerated by the Brx A/BSH/YpdA/NADPH pathway. The figure is adapted from chapter 5 (85), where
the experimental procedures are described. ***p < 0.001.

Even though lapachol induced the quinone-specific MhqR and QsrR regulons of
S. aureus, | could demonstrate that none of them provides protection (163) (unpublished data).
In contrast, both regulons were much stronger induced by MHQ and conferred, in agreement
with previous results obtained for the MhgqR and YodB regulons in B. subtilis (504, 507),
resistance against this quinone in S. aureus (Fig. 11 and 13) (163, 519). Although
characterizations of quinone-detoxifying enzymes regulated by the QsrR and MhqR regulons
are pending, differences in the rate of reduction and substrate specificities of azo- and
nitroreductases were reported previously. These were allocated to the quinone redox potential
and structural differences affecting the size of the active site and substrate interactions,
respectively (490, 523, 524). For example, while some azoreductases were found to reduce a
broad range of quinones with different catalytic efficiencies, others are highly specific for either
benzo- or naphthoquinones (490, 525, 526). Likewise, extradiol dioxygenases were reported to
differ in their preference for bicyclic and monocyclic substrates (489). Recently, another flavin
oxidoreductase, OfrA, was demonstrated to confer resistance against lethal MHQ stress in
S. aureus (527). While OfrA was 23.3-fold upregulated in our RNA-seq analyses upon MHQ
stress, lapachol treatment induced the transcription of this enzyme only 3.6-fold. Further studies

are required to investigate whether the weak induction by lapachol is indicative of an absence
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of protection mediated by OfrA. Since several enzymes that are implicated in the oxidative
stress resistance were highly upregulated in our transcriptome analysis, I investigated whether
they confer protection against lapachol. By performing growth and survival assays, I could
reveal that S. aureus relies on the activity of KatA for H20: detoxification and the
BrxA/BSH/YpdA/NADPH pathway for the reduction of S-bacillithiolated proteins and BSSB
to counteract the oxidative stress exerted by lapachol (Fig. 12C,D).

2.7.3 The MarR-family regulator MhqR as quinone sensor in S. aureus

Since the mhgRED operon was strongly induced upon MHQ treatment, we further investigated
its function in the quinone-stress resistance in S. aureus. The genes of this operon show more
than 35% sequence identity to the respective genes in B. subtilis. Consequently, I started with
the regulatory and functional characterization of the MhqR regulon during my master thesis
and continued this work as part of my doctoral thesis (163) (chapter 6). Our transcriptional
analyses revealed that the mhqRED operon is controlled by MhqR, which acts, like its homolog
in B. subtilis, as a repressor (504). In contrast to the large MhqR regulon of B. subtilis (504),
we could not identify further members of the MhgR regulon in S. aureus. The MhqR operator
was identified as a highly conserved 9-9 bp imperfect inverted repeat in position -6 to +12
relative to the transcriptional start site (TSS) +1 (163). Using EMSAs, I demonstrated that
MhgR binds specifically and with a high affinity to this DNA sequence. Interestingly, in
contrast to studies in B. subtilis and on other MarR-type regulators (504, 528), my EMSA
analyses did not reveal the presence of additional MhgqR boxes or adjacent secondary direct
repeat elements, which could serve for multimeric binding. The presence of multiple binding
sites in the promoter region was suggested previously to enable a hierarchical gene expression
and a more gradual response depending on the effective concentration of the regulator (529).
While some MarR family regulators, such as the global virulence regulators MgrA and
SarZ from S. aureus, are regulated by reversible thiol switches (353, 503, 528, 530), my studies
demonstrated that the non-conserved cysteine residue Cys95 of MhqR is neither essential for
DNA binding nor quinone sensing in S. aureus in vitro and in vivo (163). Although the purified
MhqRC95A mutant protein bound to the DNA with a two-fold lower affinity than the wild type
protein in EMSASs in vitro, full repression of the mhgDE operon was detected under control
conditions in the S. aureus mhgRC954 mutant in vivo. Further, MhqR and the Cys mutant
proteins were responsive to MHQ addition, as revealed by the dissociation from the DNA and
strong transcriptional induction of the mhgqRED operon (Fig. 13B). Reducing conditions did not

reverse this dissociation, supporting that MhqR inactivation in S. aureus is not caused by a
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thiol-switch mechanism (163), confirming previous results of MhqR in B. subtilis (504).
Therefore, we assume that MhqR is regulated by direct ligand binding, like many other MarR-
type transcription regulators (503) (Fig. 13A). While most MarR-family regulators possess a
ligand-binding pocket between the dimerization domain and the wHTH motif (528), this
quinone-binding site still needs to be identified in MhqR (163). Using crystal structure analyses,
we aim to identify with cooperation partners the ligand-binding pocket and the ligand-induced
conformational changes, leading to the dissociation of MhgR from the DNA. Additionally, I

started with mutational analyses of putative ligand coordinating amino acids.
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Figure 13: The MhqR regulon contributes to the resistance of S. aureus against quinones, antibiotics, and
the host-immune defense. (A) The schematic depicts our proposed model of the MhgR regulation by quinone
binding to a ligand binding pocket, leading to the derepression of the mhgRED operon. (B) The transcription of
the mhqRED operon is shown for the S. aureus COL wild type (WT), the AmhqR mutant, the mhgR and mhqRC95A4
complemented strains after 15 and 30 min methylhydroquinone (MHQ) stress. (C, D) The QsrR regulon confers
higher MHQ resistance, and the MhqR regulon protects S. aureus against the quinone-like antibiotics ciprofloxacin
(Cipro) and norfloxacin (Nor). (E) The increased survival rate of the AmhgR mutant at 48 hours post-infection
(p-1.) indicates that the MhqR regulon contributes to the long-term survival of S. aureus inside the murine
macrophage cell line J-774A.1. The figure is adapted from chapter 6 (163), where the experimental procedures are
stated. *p <0.05 and ***p <0.001.

Quinones are structural divers and can act as electrophiles and oxidants, raising the
question of physiological inducers of the MhqR regulon. Following up on preliminary
experiments during my master thesis, I monitored the transcription of the mhgRED operon after
the addition of different oxidants, electrophiles, and diverse quinone-like compounds, including
antibiotics (163). Following the proposed regulatory mechanism via ligand binding, it appeared
that the MhqR regulon responds specifically to compounds with quinone-like structures, but

not to other substances like HOCI and aldehydes. The high resistance of the AmhgR mutant to
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MHQ and the commonly used antibiotics ciprofloxacin, norfloxacin and rifampicin, established
the MhgqR regulon as a significant contributor to the quinone and antibiotic tolerance in
S. aureus (Fig. 10 and 13C,D). This indicates that the MhqR-controlled dioxygenase MhqE
and/or the phospholipase/carboxylesterase MhqD might catalyze the antibiotic degradation as
newly identified resistance mechanism in S. aureus (163, 503, 528, 531, 532).

Increased oxygen consumption rates, which were measured as a proxy for the
respiratory chain activity, and the approximately 2.5-fold higher ATP levels in the AmhgR
mutant compared to the wild type suggested that the MhqR regulon could be implicated in the
regulation of the electron transport chain by modulating the redox state of the endogenous
menaquinone pool (163). Recently, similar conclusions were drawn from studies in B. subtilis,
showing that the MhqR regulon helps to overcome Mn?* toxicity by reducing the menaquinone
pool to alleviate the Mn?*-induced dysfunction of the menaquinol oxidase QoxABCD (225).

Our transcriptome analyses unveiled that most thiol-specific oxidative stress regulons,
such as HypR and PerR, are downregulated in the AmhgR mutant under control conditions
(163). Thus, the AmhgR mutant was significantly impaired in its H2O2 detoxification ability and
recovery after sublethal stress. However, the survival rates of the mutant were 9.1- and 2.5-fold
higher than the ones of the wild type after exposure to lethal amounts of H202 and HOCL
Moreover, the MhgR regulon was found to be essential under long-term infection conditions
(163). While the AmhgR mutant was more susceptible to killing by the murine macrophage cell
line J-774A.1 within 24 hours, the mutant showed a 2.5-fold higher intramacrophage survival
rate 48 hours post-infection as compared to the wild type (Fig. 13E). Furthermore, studies in
B. subtilis associated the MhgR regulon with persistence phenotypes. The MhqR regulon
increased the expression of spore coat proteins and promoted the growth of cell wall-deficient
L-forms, which are resistant to B-lactam antibiotics and foster persistence (504, 533, 534).
Previously, deletions of menaquinone synthesis genes and hence defects in respiration were
associated with increased formation of small colony variants (SCV) in S. aureus (535). Since
the derepression of the MhqR regulon was associated with an enhanced respiratory chain
activity (163), subsequent research should be directed to investigate the role of the MhqR

regulon in persistence and SCV formation in S. aureus.

2.7.4 The MarR/Duf24-family redox and quinone sensor QsrR of S. aureus

In previous research, the QsrR regulon was established as an important resistance mechanism
against 1,4-benzoquinone, methyl-p-benzoquinone and pyocyanin in S. aureus (536, 537).

QsrR shows 38% sequence identity with YodB of B. subtilis and acts by binding to the

-43 -



palindromic sequence GTATANsTATAC as a repressor (536). Hereby, the wHTH motif
(consisting of a3, the recognition helix o4, 1, B2 and B3) mediates together with the loop region
(al and a2) the DNA contacts (536). Within my studies, I could demonstrate that this ensures
a highly specific DNA binding activity since two base substitutions in each half of the inverted
repeat abolished the binding of QsrR completely (519). The DNA binding affinities of QsrR to
the catE2 (Kp=68.3 nM) and ¢gsrR (Kp=112.4 nM) promoters were 9- and 15-fold lower
compared to the one determined for MhqR, but 19- and 12-fold higher than the one of its close
homolog YodB of B. subtilis (163, 508, 519).

The QsrR regulon includes genes for the riboflavin biosynthesis, the NAD(P)H-
dependent quinone reductases azoR1 and frp, the nitroreductase yodC, and the thiol-dependent
dioxygenases catE and catE2, which are thought to function in quinone detoxification (Fig. 10)
(536). Of note, while the CatR and SifR regulons in B. subtilis and S. pneumoniae operate in
iron acquisition (142, 511), neither the QsrR nor the MhqR regulons were required for
protection under iron starvation caused by the iron scavenger dipyridyl (163). Instead, I could
show that the QsrR regulon also participates, although to a lower extent than the MhgR regulon,
in the detoxification of the quinone-like antibiotics ciprofloxacin and rifampicin (163). In
contrast, the QsrR regulon mediates higher resistance to MHQ stress (Fig. 13C,D). Importantly,
like in B. subtilis, we observed a crosstalk between both regulons, which was evident by the
lower expression of the QsrR regulon in the AmhgR mutant under MHQ stress conditions.
Further studies should investigate the phenotypes in the AgsrRAmhgR double mutant to analyze
the relative contributions and interactions of both regulons in more detail.

QsrR contains three cysteine residues, which will be referred to, based on the sequence
and numbering in the S. aureus COL strain, as Cys4, Cys29 and Cys32 (519). In contrast, QsrR
of S. aureus Newman contains an additional N-terminal methionine, resulting in the numbering
of Cys5, Cys30 and Cys33 in the previous study (536). In virtue of the positive dipole of the
helix al, it was proposed that the pKa value of the thiol group of Cys4 is lowered, making it
more nucleophilic (536). Accordingly, the N-terminal cysteine was identified as essential for
quinone sensing in vivo and in vitro, as predicted by its conservation across the MarR/DUF24-
family (519, 536). It was further demonstrated that quinones, such as menadione and 1,4-
benzoquinone, lead to the thiol-S-alkylation of the conserved Cys4, causing conformational
changes, by which the distance of the recognition helices increases by 9.2 A (536). Together
with a rotation of 11°, this abolishes the binding to the consecutive major grooves at the operator
DNA. However, as these experiments were only performed with the Cys29 and Cys32 mutant

protein in vitro, the quinone sensing mechanism in vivo remains indistinct. Our previous RNA-
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seq analyses revealed that the QsrR regulon was not only strongly induced by electrophiles but
also by oxidative stress, such as HOCl and AGXX® (105, 163, 202, 355, 538, 539). Therefore,
we proposed that QsrR functions as a redox-sensing two-Cys type regulator, like its homolog
YodB of B. subtilis and other MarR/DUF24-type regulators (508, 509, 528). Thus, I elucidated

the regulatory redox-sensing mechanism of QsrR (Fig. 14A) as a further subject of my research
work (chapter 7) (519).
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Figure 14: QsrR is regulated by different thiol switches in response to allicin and oxidants in S. aureus. (A)
QsrR senses disulfide stress by oxidants (HOCl and H,0;) or the redox-cycling activity of quinones by
intermolecular disulfides between Cys4 and Cys29’ or Cys32’. Allicin causes S-thioallylations of Cys4, Cys29
and Cys32. These thiol switches inactivate QsrR, causing the derepression of genes, which encode for the
dioxygenases (catE, catE2), the nitroreductase (yodC), and the putative azoreductase (azoR[) and the
oxidoreductase (frp). (C) The transcription of catE2 was analyzed in S. aureus COL wild type (WT), the AgsrR
mutant and the gsrR, gsrRC4S, gsrRC29S, gsrRC32S and gsrRC29,32S complemented strains before (co) and after
diamide (Dia) and allicin (All) treatment. While Cys4 and either Cys29 or Cys32 are required for diamide sensing,
only Cys4 is important for allicin sensing. (B, D) Survival assays revealed that the QsrR regulon contributes to the
resistance against allicin and H>O». The oxidative stress resistance exerted by QsrR requires Cys4 and either Cys29

or Cys32. The figure is adapted from chapter 7 (519) where the experimental procedures are stated. *p <0.05,
**p <0.01 and ***p <0.001.

Within my experiments, I could demonstrate that the organosulfur compound allicin and
the oxidants HOCI and diamide inhibited the DNA binding ability of QsrR in vitro and in vivo.
Importantly, since the derepression of the QsrR regulon also resulted in increased resistance of
S. aureus against allicin and the oxidants HOCI and H20: (Fig. 14B), I used these compounds
to study the regulation of QsrR in more detail. By conducting non-reducing Western blots,
Northern blot analyses, mass spectrometry, phenotype, and DNA binding assays with QsrR and

its Cys mutants, we could reveal the sensing mechanism of QsrR (Fig. 14A). In Northern blot
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analyses, the gsrRC4S mutant was impaired in the response towards quinones, diamide and
allicin in vivo, confirming that Cys4 is essential for the redox sensing of QsrR (519), as shown
previously (536). While the gsrRC29S and ¢gsrRC32S mutants were able to sense diamide and
allicin stress and to induce the catE expression, the gsrRC29,32S double mutant did not respond
to diamide stress but remained allicin responsive (Fig. 14C). These results indicate that Cys4
is sufficient for the inactivation of QsrR by allicin but that Cys4 and either Cys29 or Cys32 are
required for diamide sensing in vivo.

Likewise, the gsrRC4S and ¢srRC29,32S mutants were equally impaired in their
survival upon H202 and HOCI treatment compared to the resistant phenotype of the AgsrR
mutant (Fig. 14D). Thus, our data demonstrated that Cys4 is essential while Cys29 and Cys32
can substitute for each other under oxidative stress. Nevertheless, we observed that the
oxidative stress survival and responsiveness to diamide in DNA binding assays are slightly
impaired through the substitution of Cys29 but not Cys32 (chapter 7) (Fig. 14D). With the help
of Dr. Benno Kuropka and Dr. Christoph Weise, I analyzed the post-translational thiol
modifications of QsrR under diamide and allicin stress to clarify the redox-sensing mechanism
further. We demonstrated that the QsrR protein is oxidized to Cys4-Cys29’ intermolecular
disulfides by diamide in vitro (519). In contrast, the organosulfur compound allicin caused the
S-thioallylation of Cys4 and both other Cys residues in vitro (Fig. 14A). Thus, diamide and
allicin inactivate QsrR via different thiol-switch mechanisms to induce the QsrR regulon.

Since most quinones, including benzoquinones and MHQ, can act as electrophiles and
via ROS production, we assume that both modes can be sensed by QsrR. This is supported by
our data, which showed, on the one hand, that MHQ induced less disulfide formation than
diamide and, on the other hand, that the DNA binding activity was only incompletely reversible
by DTT upon MHQ treatment (519). Thus, MHQ most likely leads to the S-alkylation of Cys4,
and via ROS production to the intersubunit disulfide formation between Cys4 and Cys29’.
Thereby MHQ causes the derepression of the QsrR regulon in two different ways. In previous
studies, it was proposed that the S-adduct formation abolishes DNA binding completely,
whereas the disulfide bond formation only inhibits the DNA binding of YodB to one of the two
major grooves, leading to a reduced DNA binding affinity in B. subtilis (113, 509). Since our
in vitro and in vivo analyses demonstrated that QsrR is most responsive to quinones and less
sensitive to oxidant-based inactivation, a similar mechanism might apply in S. aureus. This
would allow the differentiation between quinones with different primary modes of action and
the translation of two different signals into distinct stress responses. As it was shown previously

that lethal but not sublethal quinone levels induce profound protein aggregation (155), this
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differentiation would also enable a more gradual response depending on the dosage of the
stressor. Of note, the quinone-sensing activity of QsrR was utilized previously to generate a
genetically encoded biosensor for dynamic measurements of intracellular quinone levels in
mammalian cells (540). However, since our study demonstrated that QsrR also responds
strongly to other compounds, such as diamide and allicin (519), the specificity of this biosensor
requires further investigations before this tool could be used to study the quinone stress response
in various organisms.

Altogether, our results demonstrate that MhqR and QsrR are the main quinone-sensing
regulators of S. aureus, which control regulons that also confer resistance against a wide range
of other antimicrobials, including antibiotics and ROS. Further studies are required to elucidate
the enzymatic detoxification mechanisms of these diverse substrates. Based on the substrate
range and catalyzed reaction of azoreductases (492), AzoR1 might function in the NAD(P)H-
dependent reduction of the azo group of diamide. Moreover, some quinone reductases were
shown to be involved in the H2Oz resistance of bacteria (526, 541-543). While MhgR most
likely senses quinone-ligand compounds through ligand binding, QsrR employs thiol-switch
mechanisms to mediate the adaptation of S. aureus to oxidative and electrophile stress (Fig.
13A and 14A). The significance of the QsrR regulon is further emphasized by the finding that
it protects S. aureus against phagocytosis and killing by murine macrophages (536). Another
study revealed that the tolerance of S. aureus against photodynamic inactivation is mediated by
an adaptive genomic gsrR mutation, leading to the derepression of the QsrR regulon (544).
Photodynamic inactivation, whereby the light-mediated activation of photosensitizers leads to
the production of ROS, is currently regarded as an efficient therapeutic option with a low risk
of resistance development to treat infectious diseases caused by susceptible and antibiotic-

resistant bacteria (545).

2.7.5 The TetR-family repressor GbaA as disulfide and electrophile sensor

Our RNA-Seq analyses revealed that the transcription of the GbaA regulon, including the
SACOL2592-nmrA-90 and gbaAB-SACOL2595-97 operons (Fig. 15A), was upregulated after
exposure to lapachol, MHQ, allicin and AGXX® stress in S. aureus (85, 86, 163, 202),
suggesting a role of the GbaA regulon under thiol-stress conditions. GbaA was previously
characterized as a negative regulator of glucose-induced biofilm formation (546), implying a
link between biofilm formation and the disulfide-stress response. We aimed to clarify the role
of GbaA in the bacterial stress resistance and to identify the underlying sensing mechanisms.

Thereby, I contributed to our understanding of the function of GbaA and its regulon members
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under different thiol stress conditions and the involvement of both cysteine residues in the stress

response in vivo (chapter 8) (547).
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Figure 15: The two-Cys-type TetR repressor GbaA confers resistance against thiol stress in S. aureus. (A)
GbaA controls the SACOL2592-nmrA-2590 and ghbaAB-SACOL2595-96-97 operons. GbaA can be oxidized to
different thiol switches by diamide and allicin. However, for full derepression of the GbaA regulon, an additional
redox-sensing (co)regulator and an unknown ligand are required. (C) The transcription of the gbaAdB-
SACOL2595-97 operon was analyzed in S. aureus COL wild type (WT) and the AgbaA mutant before (co) and 30
min after the addition of AGXX® (AG) and methylhydroquinone (MHQ). (B, D) Survival assays were performed
for the S. aureus COL WT, the Agbad, AgbaB and SACOL2592-90 deletion mutants and the gbad, gbaB,
gbaAC55S and gbaAC104S complemented strains after exposure to diamide, MHQ (B), MG and allicin (D). The
figure is adapted from chapter 8 (547), where the experimental procedures are stated in more detail. *p < 0.05,
**p <0.01 and ***p <0.001.

In phenotype assays, I could show that, in accordance with our RNA-Seq analysis, the
GbaA regulon indeed confers resistance against strong oxidants and electrophiles, such as
diamide, NEM and MG. My analyses further revealed the distinct functions of the two divergent
operons in the thiol-stress response of S. aureus. While the deletion of the upstream
SACOL2592-nmrA-2590 operon was associated with increased sensitivity towards diamide,
allicin, NEM and MG, the AgbaB deletion mutant was solely impaired in survival under MG
and MHQ stress (Fig. 15B) (547). Since SACOL2590 encodes a putative glyoxalase-I enzyme,
it can be speculated that this enzyme is involved in the BSH-dependent MG detoxification
pathway (547). NmrA was suggested previously to function as a regulator of the
NAD(P)'/NADP(H) redox balance (548), while GbaB might catalyze as short-chain
dehydrogenase/oxidoreductase oxidation-reduction reactions of aldehydes and quinones (547).

However, further studies are required to investigate the enzymatic function of these genes in

more detail.
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Detailed Northern blot analyses by Dr. Vu Van Loi demonstrated that none of the tested
stressors represent the physiological inducer of the GbaA regulon, since full derepression of
both operons was only observed in the Agha4 mutant (Fig. 15C) (547). Therefore, it appears
that the GbaA regulon is co-regulated by another thiol-redox regulator, indicating a complex
regulatory mechanism that is subject to our future studies. In the present work, we aimed to
study the redox-sensing mechanism of GbaA in response to thiol-active compounds in more
detail. GbaA possesses two conserved cysteine residues, Cys55 and Cys104, suggesting that it
could function as a two-Cys-type redox sensor. However, previous studies indicated that GbaA
represents a monothiol electrophile sensor, whereby the formation of the intramolecular
disulfide has no regulatory function (548). Dr. Vu Van Loi could show that GbaA is oxidized
to different thiol switches by diamide and allicin. However, in agreement with the other study
(548), these modifications did not affect the DNA-binding activity in vitro, further supporting
the involvement of an unknown redox-sensitive inducer and secondary regulator (547). My
phenotype analyses demonstrated the requirement of both cysteine residues of GbaA for the
NEM and MG resistance in vivo. However, the deletion of either cysteine did not abrogate the
stress resistance towards allicin (Fig. 15D).

In summary, our experiments demonstrated that although the two-Cys-type redox sensor
GbaA contributes to the oxidative and electrophile stress response in S. aureus, its protective
function under quinone stress is limited. Its physiological function and complex regulation

remain to be elucidated in future studies (chapter 8) (547).

2.8 Thiol targets as prospective treatment options

The previous sections outlined that thiol groups of cysteines are prone to post-translational
modifications by reactive species. Thiol oxidations of conserved cysteine residues of redox-
sensing transcription factors serve as a signal to induce various pathways for detoxification and
regeneration of the redox homeostasis (357). Thereby, mainly reversible thiol-disulfide
switches and irreversible thiol-S-alkylations lead to conformational changes of redox-sensitive
transcriptional regulators to control the gene expression in S. aureus (chapter 3) (105), and
S. pneumoniae. Inhibiting the essential bacterial defense mechanisms by targeting these redox
regulators, or proteins and LMW thiols involved in the redox homeostasis appears as a
promising approach to treat infections caused by multi-drug resistant bacteria. Recently, we
have reviewed the current state of antimicrobial drug development concerning thiol-targeting
compounds (13) (chapter 9). It turned out that current studies either pursued a global, non-

specific approach, for example, by using ROS-generating drugs for thiol depletion, or were
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directed to identify specific inhibitors of certain pathways and thiol-containing proteins to
interfere with the bacterial redox-homeostasis (13). For instance, several compounds were
shown to block the synthesis or recycling of LMW thiols, whereas others specifically target the
thiol-containing proteins DsbA and DsbB to inhibit the disulfide bond formation system, which
is required for virulence and ROS resistance in Gram-negative pathogens. Importantly
(p)ppGpp was also studied as a potential target of adjuvants to render bacteria more sensitive
to antibiotic treatment and to interfere with biofilm formation (13, 331, 549-553). However,
one of the most promising compounds is disulfiram. It was approved by the U.S. Food and Drug
Administration (FDA) for the treatment of alcohol dependence and is assessed in a clinical
phase-2 trial for cancer treatment (554). Disulfiram was shown to form mixed disulfides with
the B-lactamase active site cysteine residue, causing Zn>" release and enzyme inactivation.
Based on its known pharmacological properties and synergistic effect with the B-lactam
antibiotic imipenem and other chemicals, it might be used as adjunctive therapy (555, 556).
Despite the identification of many promising drug targets and redox-active compounds, most
of them have not been examined in clinical trials. The need for further systematic studies is
emphasized by the suspected cytotoxicity and non-specific thiol oxidation of human proteins
(13).

Interestingly, several redox-active antimicrobials also exert antiviral activity (557-561).
For example, ebselen and its derivatives inhibit viral replication by oxidizing thiol-containing
viral proteins, leading to selenyl-sulfide linkage and protein inactivation (562). In response to
the global pandemic caused by the severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), I dedicated a part of my doctoral thesis to investigate, together with Dr. Kirstin
Friedmann (née Mosbauer), the effect of the redox-active compound allicin on SARS-CoV-2

infected cell cultures (563) (chapter 10).

2.8.1 Allicin as antiviral compound

The thio-2-propene-1-sulfinic acid S-allyl ester (or diallyl thiosulfinate) allicin is a natural
organosulfur compound of Allium sativum. Upon tissue damage of the garlic cloves, the
odorous compound allicin is formed by the spontaneous condensation of allyl sulfenic acid,
which is produced together with dehydroalanine by alliinase from alliin (564) (Fig 16A). Garlic
1s used since ancient times to cure different diseases, and since the identification of allicin in
1944, studies demonstrated that this membrane-permeable RSS exhibits antimicrobial,
antiparasitic and antifungal activity (564-569). By causing S-thioallylations of LMW thiols and
protein thiols (Fig 16A), allicin triggers thiol depletion, impairment of the intracellular thiol-
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redox balance, protein damage and aggregation, and a strong thiol-specific oxidative and sulfur
stress response in most bacteria (200, 570-572). Importantly, allicin also shows potent antiviral
activity against several enveloped and non-enveloped DNA and RNA viruses, including
influenza and SARS-CoV (573-575), which raised the question of whether it is also effective
against SARS-CoV-2.
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Figure 16: Biocompatible allicin doses exhibit antiviral activity against SARS-CoV-2 in cell cultures. (A)
Allicin is produced in Allium sativum upon tissue damage by the alliinase. This enzyme hydrolyses alliin to
allylsulfenic acid, which reacts with a second allylsulfenic acid molecule to allicin. Allicin causes S-thioallylations
of proteins and S-allylmercaptoglutathione. (B) The effect of allicin on the percentual cell viability of Calu-3 and
Vero E6 cells was assessed after 24 h exposure to allicin, compared to the untreated control. Calu-3 cells are more
tolerant to allicin compared to Vero E6 cells. (C) The glutathione (GSH) and glutathione disulfide (GSSG) levels
were determined in untreated Calu-3 and Vero E6 cells. (D) Allicin treatment of SARS-CoV-2 infected Calu-3
cells leads to decreased infectious viral particles (PFU, plaque forming units) 24 hours post-infection. (E) The
percentual abundance of the SARS-CoV-2 proteins (N, S, M and ORF3) relative to the total proteome abundance
of infected Calu-3 cells 24 hours post-infection was calculated for infected cells without (SARS) and with allicin
(SARS+AID). After allicin treatment, these viral proteins showed a lower abundance in the proteome. This figure
is adapted from (564) and chapter 10 (563), in which the experimental conditions are described in more detail. *p
<0.05; **p <0.01; ***p < 0.001.

Since the first report of SARS-CoV-2 infection in 2019, the respiratory coronavirus
disease 2019 (COVID-19) became a global health threat (576), and still, almost three years
later, the consequences are noticeable and affect our daily life. The causative agent of this
pandemic, SARS-CoV-2, is a positive-sense, single-stranded RNA virus belonging to the genus
Betacoronavirus. Although most infected people develop mild to moderate illness,
characterized by common symptoms, such as fever and cough, some get viral pneumonia and/or
develop the so-called cytokine storm syndrome, characterized by high levels of pro-
inflammatory cytokines and hyperinflammation (576, 577). According to the WHO, more than
6.4 million deaths have been reported globally until September 2022 (578). Additionally, there
is cumulative evidence of persisting clinical symptoms after the recovery from COVID-19.

These health issues are often associated with high morbidity and are summarised by the term
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post-acute COVID-19 syndrome, which includes long COVID-19 and (multiorgan) effects due
to COVID-19 and/or the treatment procedure (579, 580). When we started our research to
examine the antiviral activity of allicin on SARS-CoV-2 (chapter 10) (563), the global
vaccination campaigns hadn’t started yet, and preventive and supportive therapies were
demanded to relieve the symptoms and avoid disease progression. Since then, the FDA has
approved two drugs, namely remdesivir and baricitinib for the treatment of the zoonotic disease
COVID-19. Further ones, such as Paxlovid (nirmatrelvir co-packaged with ritonavir) are
authorized under an emergency use authorization (581, 582). Nevertheless, more research is
required to develop better preventive and treatment measures to decrease the morbidity,
mortality and economic costs associated with COVID-19. Thereby, studies like ours, which
investigated the mode of action of natural compounds with antiviral properties against
SARS-CoV-2, could represent a starting point to design and test more stable, less cytotoxic,
and effective viral inhibitors (583, 584).

Previous reports indicated that high doses of allicin inhibit cell proliferation and induce
apoptosis in human cells (564). Differences in the allicin tolerance between various cell lines
seem to correlate positively with their intracellular GSH contents (199, 585). GSH reacts with
allicin with an apparent bimolecular reaction rate constant of 3.0 M! s' and thereby acts as an
allicin scavenger (201, 586). Our data confirmed these findings and provided further evidence
that the intracellular GSH content is essential for the level of allicin tolerance (563) (chapter
10). My measurements of the intracellular GSH and GSSG levels in two cell lines revealed that
the GSH content in the allicin tolerant human lung Calu-3 cells is 4.2-fold higher than in the
allicin susceptible primate kidney-derived Vero E6 cells (Fig 16B, C). Using biocompatible
allicin concentrations, Dr. Kirstin Friedmann (née Mosbauer) demonstrated that the post-
infection treatment of SARS-CoV-2 infected Calu-3 and Vero E6 cells with allicin significantly
reduced the number of infectious particles and the viral RNA genome equivalents by ~60-70%.
Additionally, allicin decreased the SARS-CoV-2 induced cellular damage, highlighting the
antiviral effect of allicin in cell cultures in vitro (Fig 16D).

To investigate whether allicin affects host-virus interactions in vitro, we used label-free
quantitative proteomics performed in cooperation with Prof. Dr. Lorenz Adrian, whereby I was
heavily involved in sample preparation and analyses of the changes in the proteome of Calu-3
infected cells (563). In total, we detected 4,243 Calu-3 host proteins and 8 SARS-CoV-2
proteins in the total proteome. SARS-CoV-2 infection resulted in the differential expression of
536 proteins (Fig 17A), accounting for 2.73% of the total proteome abundance. Remarkable is

the high abundance of the viral ribonucleocapsid protein (N-protein) 24 hours after infection in
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Calu-3 cells. SARS-CoV-2 caused a substantial remodeling of various cellular processes,
including gene expression and protein degradation, vesicular trafficking, carbon, lipid and
nucleotide metabolism and signal transduction pathways. Importantly, we detected 21 proteins
of the interferon (IFN) and interferon-stimulated gene (ISG) response, which were strongly
induced upon SARS-CoV-2 infection. Especially the sensor of viral RNA, the cyclic GMP-
AMP synthase (cGAS), was 98-fold higher expressed, but also the expression of the dynamin-
like GTPase MX1, an inhibitor of viral uncoating and vesicular trafficking, was elevated in
infected cells (Fig. 17). We further noticed an upregulation of the 2’-5’-oligoadenylate
synthases (OAS1-3, OASL) and the IFN-induced helicase C-domain-containing protein (IFIH),
which induce viral RNA degradation and the IFN response, respectively. In agreement with
other studies (587-590), our data suggest that host-virus interactions might cause ubiquitination
and ISGylation changes, leading to host and virus protein degradation and modulation of the
immune response (563).

As indicated by our phenotype analyses, allicin significantly decreased the abundance
of four viral proteins by 18% to 59% (Fig. 16E). Additionally, many of the expression changes
upon SARS-CoV-2 infections were reverted by allicin treatment in the host proteome, including
proteins involved in endocytosis and vesicular trafficking (Fig. 17). It is to be emphasized that
this included the IFN-response and ISG signature, which was significantly diminished in
allicin-treated cells. Decreased expression levels upon allicin addition compared to the
untreated infected cells were, for example, detected for cGAS, MX1, OAS1-3, and proteins
involved in ubiquitination (563). Thus, allicin exerts an antiviral and immunomodulatory effect,
indicated by the decreased antiviral interferon response in treated SARS-CoV-2 infected cells
in vitro.

Previous studies showed that eukaryotic and prokaryotic cells can detoxify allicin and
express pathways, which catalyze the reversal of protein S-thioallylations (202, 586). In our
work, we couldn’t identify S-thioallylated viral or host proteins 24 hours after allicin addition,
most likely because these modifications have already been removed by the cellular
Grx/GSH/Gor/NADPH system. A proteome analysis in human Jurkat cells revealed that a
biocompatible allicin dose leads within ten minutes to S-thioallylations of 332 proteins (199).
It was proposed that the immune-stimulatory effect of allicin in Jurkat cells is mediated by
S-thioallylation of Cys118 of p21™, leading to the activation of extracellular signal-regulated
kinases 1 and 2 (ERK1/2) (591). Additionally, S-thioallylation of Zn*' coordinating Cys
thiolates and subsequent Zn** release was suggested to account for the immunomodulatory

activity of allicin in murine EL-4 cells by promoting interleukin (IL)-1p dependent synthesis of

-53-



IL-2 (199). Moreover, the allicin-mediated inhibition of the NF-kB signaling pathway
contributes to the decreased level of pro-inflammatory cytokines (592, 593). Clinical
observations demonstrated that severe COVID-19 illness is mainly mediated by
immunopathology and to a lesser extent by virus replication (594, 595). Thus, the extensive
immunomodulatory effects of allicin observed in our and previous studies could be exploited
to motivate the further development of less toxic and more stable allicin derivates. Additionally,
the immunomodulatory effect of allicin might be an integral part of the antiviral effect of allicin

to overcome virus-induced immune dysfunctions, which should be further investigated (596).
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Figure 17: Allicin treatment of infected Calu-3 cells reduced the expression of interferon (IFN) signaling
pathways and IFN-stimulated gene (ISG) effectors and reverted several host pathways to levels of
uninfected cells. (A) The host-viral proteome treemaps depict the 536 differentially expressed proteins upon
SARS-CoV-2 infection versus uninfected cells (left), and after allicin addition versus uninfected cells (right). The
cell sizes denote the average abundances of 207 proteins with >1.5-fold inductions (red-orange color) and 329
proteins with <0.66-fold decreased (blue color) expression after SARS-CoV-2 infection. The legend indicates the
functional KEGG categories (563). (B) Schematic representation of the effect of allicin on SARS-CoV-2
infections. Upon endocytosis, the viral RNA is recognized, and ISG effectors, such as cGAS, lead to the activation
of a signaling cascade for IFN induction. Binding of Type-I IFN a/B to the IFNAR receptor leads to the
phosphorylation of signal transducers and activators of transcription (STAT1/2) and transcription of ISGs. The
ISG effector MX1 inhibits virus endocytosis and uncoating, while the oligoadenylate synthases (OAS) interfere
with translation via viral RNA degradation. FKBP4, kinesins (KIFA/B/C) and TUBAL3 promote translation and
virus assembly by functioning in protein folding and vesicular transport. Allicin probably interferes with the viral
life cycle and reverses most of the SARS-CoV-2 induced proteome changes in Calu-3 cells, leading to a reduced
IFN and ISGs response and viral replication. The figure is adapted from (597) and chapter 10 (563).

During the pandemic, many in silico molecular docking and screening studies were

performed to discover potential antiviral compounds that can be used to target specific SARS-
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CoV-2 proteins (598). As a result, allicin was suggested as a putative inhibitor of the main
protease MP™ and the RNA-dependent RNA polymerase RdRp, which mediate the viral
polyprotein processing and viral genome replication (599-601). Recently, the molecular targets
and antiviral mechanism of Zn?'-therapy against SARS-CoV-2 were investigated (602). The
reversible Zn*" coordination at the catalytic dyad of MP™ was found to inhibit the enzymatic
activity with nanomolar affinity, leading to diminished viral replication (602). This result
suggests that allicin not only directly interferes with the MP™ activity but, since Zn?" is released
from S-thioallylated proteins, also indirectly via elevated Zn** levels. Although experimental
evidence is lacking, it is likely that allicin also targets, like other thiol-reactive compounds,
further Cys-containing viral proteins, such as the spike glycoprotein and ORF8 protein (603).
The S-thioallylation of viral proteins most likely happens analog to the S-thioallylation of
eukaryotic and prokaryotic proteins (199, 202) within the first 10-30 min of allicin treatment,
followed by fast reduction. Therefore, S-thioallyations of viral proteins are difficult to
investigate due to limited virus particles inside host cells at these early time points post-
infection.

Overall, these studies suggest that allicin exerts its antiviral and immunomodulatory
activity by a plethora of different targets and interferes with many stages of the viral life cycle.
However, our and previous research has shown that allicin also exerts high cytotoxicity on
human cells (199, 563, 568). Moreover, the overdosage of raw garlic can cause severe cellular
damage, such as garlic burns of the skin and mucosa (604-607). Thus, allicin cannot be applied
directly as a therapeutic against viral and bacterial infections. Rather, to exploit the
antimicrobial and immunomodulatory activity of allicin, less toxic and more stable allicin
derivatives have to be developed. The potential applications of allicin-inspired antibiotics and
A. sativum-derived carbon dots as antimicrobials and antivirals are currently examined, and first
compounds, such as pyridyl disulfides and thiolated fluoroquinolones have been developed (13,

608-610).

3 Conclusion and future perspectives

This doctoral thesis aimed to advance our understanding of the thiol stress response and defense
strategies used by S. aureus and S. pneumoniae to counteract the oxidative burst and
microbicidal effects of quinones encountered under infections. The findings resulted in eight
original publications and two review articles, which are shown in the following chapters.
Previous research efforts have established the function of various stress-specific

regulons in the maintenance of the redox and metal homeostasis of S. aureus under changing
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environmental conditions. Within this thesis, it was revealed that also the small alarmone
(p)ppGpp, the inducer of the stringent response, is involved in these processes. By modulating
the respiratory chain activity and free iron levels, (p)ppGpp was found to be essential for the
redox homeostasis and acquisition of the non-specific, general oxidative stress and antibiotic
resistance of S. aureus in the stat phase. Moreover, this thesis contributed to our knowledge
about the Brx/BSH/YpdA/NADPH pathway, functioning in the regeneration of
S-bacillithiolated proteins and BSSB during the recovery from oxidative stress in S. aureus.
Since (p)ppGpp and enzymes involved in the biosynthesis and recycling of alternative LMW
thiols are regarded as promising drug targets, the characterization of their cellular function and
regulation, to which this work has added, is essential for a prospective application of effective
inhibitors. Triggered by the pandemic, parts of this thesis were also directed to examine the
mode of action of the thiol-reactive compound allicin against SARS-CoV-2 infection in cell
culture models. Since the interferon response and other host proteome changes in infected
Calu-3 lung cells were abrogated upon allicin treatment, our data supported the antiviral and
immunomodulatory effect of the RSS allicin. Thus, further studies should be directed to develop
less toxic and more stable allicin derivates.

Moreover, the investigation of the physiological responses of S. pneumoniae and
S. aureus to HOCI and quinones, respectively, led to the identification of important resistance
mechanisms, and the analysis of four stress-specific regulators, namely NmIR, GbaA, MhgqR
and QsrR. Thereby, the MerR-family regulator NmIR was characterized as the first HOCI-
sensing transcription factor in S. pmneumoniae, which responds to oxidative stress by
intermolecular disulfide formation and S-glutathionylation. The NmIR regulon was shown to
confer resistance against oxidative stress encountered in vitro and after phagocytosis by human
macrophages. To further work out the impact of the NmlIR regulon under irn vivo conditions, we
are currently elucidating the adaptation strategies of S. pneumoniae during human lung tissue
infections in cooperation with the research group of Prof. Dr. Andreas Hocke.

The results of the present work also contributed to the functional and regulatory
characterization of the GbaA regulon, revealing its involvement in the protection of S. aureus
against strong oxidants and electrophiles and the role of the Cys residues in the stress defense.
Moreover, the oxidative stress defense of S. aureus was identified as essential to withstand the
microbicidal activity of quinones, which act mainly via ROS production, such as lapachol. In
contrast, the resistance against quinones, which function as electrophiles and ROS producers,
was dependent on the MhgR and QsrR regulons. The MarR-family regulator MhqR was

identified as a novel quinone-sensing repressor in S. aureus, which is probably regulated by
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direct ligand sensing. On the contrary, the sensing mechanism of QsrR was shown to involve
different thiol switches, leading to the derepression of the QsrR regulon. Since my work
recognized the MhgR and QsrR regulons as important defense mechanisms of S. aureus against
oxidants and antibiotics, our current studies are directed to further investigate the crosstalk of
both regulators and the underlying enzymatic detoxification mechanisms. Moreover, since the
MhgR regulon was shown to be essential for long-term survival in macrophages, the role of
MhqR for persistence induction is a topic for follow-up studies.

In conclusion, by coupling global transcriptome analyses with detailed functional and
regulatory investigations of general and stress-specific regulators, this doctoral thesis adds to
the plethora of known resistance mechanisms employed by the two human pathogens S. aureus
and S. pneumoniae for the successful survival in their niche. The inhibition of these
characterized redox-sensing transcription factors and regulons will most likely sensitize these
human pathogens and increase the host’s own ability to combat bacterial infections and the

efficiency of antibiotic treatments.
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