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Zusammenfassung der Dissertation

Reaktive Sauerstoffspezies (ROS) verursachen oxidativen Stress in Bakterien und entstehen
durch stufenweise Ein-Elektronen-Ubertragungen auf molekularem Sauerstoff in der
Atmungskette. Pathogene Bakterien sind oxidativen Stress durch die Immunabwehr des Wirts
ausgesetzt, wobei ROS durch den oxidativen Burst in Makrophagen und Neutrophilen
produziert werden. Neben ROS missen sich Bakterien auch mit reaktiven Chlor-Spezies
(RCS), reaktiven elektrophilen Spezies (RES) und reaktiven Stickstoffspezies (RNS)
auseinandersetzen. Um sich gegen reaktive Spezies zu verteidigen, haben Bakterien
verschiedene Schutzmechanismen und Reparatursysteme entwickelt. Sie nutzen
niedermolekulare Thiolverbindungen um den reduzierten Zustand des Zytoplasmas
aufrechtzuerhalten. Niedermolekulare Thiolverbindungen sind an post-translationalen
Thiolmodifikationen von Proteinen durch S-Thiolierungen beteiligt. S-Thiolierungen dienen
dem Schutz der Thiolgruppen von Cysteinen vor irreversibler Oxidation und regulieren
Proteinaktivitdten nach oxidativem Stress.

Die niedermolekulare Thiolverbindung Glutathion (GSH) ist ein Tripeptid und kommt in
millimolaren Konzentrationen im Zytoplasma von Eukaryoten und Gram-negativen Bakterien
vor. Gram-positive Bakterien sind nicht in der Lage, GSH zu synthetisieren und produzieren
stattdessen alternative niedermolekulare Thiolverbindungen. Mycothiol (MSH) fungiert als
niedermolekulare Thiolverbindung in Actinomyceten, wie z.B. in Mykobakterien und
Corynebakterien. In Firmicuten, wie z.B in Bacillus und Staphylococcus-Spezies, wurde
Bacillithiol (BSH) als niedermolekulare Thiolverbindung charakterisiert. Neben der
Schutzfunktion von Thiolgruppen vor irreversibler Oxidation zu Sulfin- und Sulfonsauren, sind
Bacillithiol und Mycothiol auch an der Virulenz und dem Uberleben von pathogenen Bakterien
beteiligt. Weiterhin spielen sie eine wichtige Rolle in der Homdostase von Metall-lonen und als
Kofaktor von Enzymen fir die Entgiftung von Xenobiotika, Toxinen und Antibiotika.

In der vorliegenden Arbeit sollte die Rolle von MSH und BSH in der Redoxregulation
und beim Schutz von NaOCI-sensitiven metabolischen Enzymen unter oxidativem Stress in
Corynebacterium diphtheriae und Staphylococcus aureus untersucht werden. Quantiative
Redoxproteom-Analysen in C. diphtheriae und S. aureus hatten die Glycerinaldehyd-3-
Phosphat Dehydrogenase GapDH und die Aldehyd-Dehydrogenase AldA als S-thioliert und
stark oxidiert identifiziert. Deshalb habe ich in der Promotionsarbeit die Redoxregulation des
metabolischen Enzyms GapDH aus C. diphtheriae durch S-Mycothiolierung als Antwort auf
NaOCI und H,O, Stress in Kapitel 1 biochemisch untersucht. Die Redoxregulation von GapDH
aus C. diphtheriae durch Thioredoxin (Trx) und Mycoredoxinl (Mrx1) wurde weiterhin in dieser
Doktorarbeit untersucht.

Es wurden im Redoxproteom von C. diphtheriae 26 S-mycothiolierte Proteine nach

NaOCI-Stress mittels Shotgun-Proteomics identifiziert. Diese Proteine sind beteiligt am
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Energiestoffwechsel (Ndh, GIpD), der Biosynthese von Aminosauren (ThrA, LeuB), Purinen
(PurA) und von Zellwandbausteinen (GImS). Die glykolytische Glycerinaldehyd-3-Phosphat
Dehydrogenase (GapDH) konnte als konserviertes Target fir S-Thiolierungen in C. diphtheriae
und S. aureus identifiziert werden. GapDH war mit einem Anteil von 0.75 % das am haufigsten
vorkommende Protein im Cystein-Proteom von C. diphtheriae. GapDH ist in Prokaryoten und
Eukaryoten ein konserviertes Target fur die Redoxregulation durch S-Glutathionylierung nach
oxidativem Stress. Die Oxidation von GapDH mittels NaOCI und H;O; -Stress ohne MSH in
vitro fiihrte zur Uberoxidation und irreversiblen Inaktivierung von GapDH. In Gegenwart von
MSH kam es nach H2O; und NaOCI-Stress zur reversiblen Inaktivierung von GapDH durch S-
Mycothiolierung in vitro. Weiterhin konnte gezeigt werden, dass die S-Mycothiolierung
schneller ablief im Vergleich zur Uberoxidation. Detaillierte Enzym-Kinetiken zeigten, dass die
S-Mycothiolierung das Cys153 im aktiven Zentrum von GapDH effektiv vor der Uberoxidation
schitzt. Die glykolytische Aktivitdt von GapDH konnte durch die Reduktion von S-
mycothioliertem GapDH durch Mrx1 und Trx in vitro regeneriert werden. Wir konnten weiterhin
zeigen, dass die Reduktion von S-mycothioliertem GapDH durch Mrx1 sehr viel schneller
erfolgte als durch Trx. Diese Ergebnisse bestatigten friihere Publikationen zur Reaktivierung
von S-mycothioliertem Mpx und MrsA durch Mrx1, welche um 2 GréfRenordnungen schneller
ablief im Vergleich zur Reaktivierung durch das Trx-System.

Wir waren weiterhin an der Redoxregulation von Gap aus S. aureus nach NaOCI und
H.O,-Stress interessiert, was in Kapitel 2 beschrieben wird. Mittels der Redox-Proteomics-
Analyse OxICAT wurden 58 NaOCI-sensitive Proteine identifiziert und quantifiziert, die im
Vergleich zur Kontrolle einen erhéhte Thiol-Oxidation nach NaOCI-Stress aufwiesen. Dabei
zeigten die Aldehyd-Dehydrogenasen Gap und AIdA eine 29 % erhdhte Oxidation nach
NaOCI-Stress in den Cysteinen im katalytischen aktiven Zentrum. Weiterhin konnten die finf
S-bacillithiolierten Proteine Gap, AldA, GuaB, RpmJ und PpaC mittels Shotgun Proteomik in
S. aureus identifiziert werden. Dabei ist wiederum Gap das mit 4% am haufigsten
vorkommende Protein im Cystein-Proteom von S. aureus. Wir konnten durch biochemische
Aktivitatsmessungen zeigen, dass Gap aus S. aureus sehr sensitiv gegenliber Oxidationen
durch H>0; und NaOCI-Stress ist. Die Oxidation von Gap durch H.O, und NaOCI-Stress ohne
BSH fuhrte zur irreversiblen Inaktivierung durch Uberoxidation des Cys151 zur Sulfonsaure.
In Gegenwart von BSH kam es zur reversiblen Inhibierung der glykolytischen Aktivitat von
GapDH durch S-Bacillithiolierung, welche schneller ablief im Vergleich zur Uberoxidation ohne
BSH. Enzymatische Aktivititsmessungen zeigten, das Cys151 durch S-Bacillithiolierung
effektiv vor der Uberoxidation geschiitzt werden kann. Weiterhin konnten wir zeigen, dass das
Baciliredoxin Brx eine Reduktion und Reaktivierung von S-bacillithioliertem Gap in vitro
katalysieren kann. Durch Kooperation mit Frauke Gréter (Universitat Heidelberg) wurde ein

molekulares Docking von BSH in das aktive Zentrum von Gap in silico durchgefuhrt. Das
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Docking von BSH zeigte, dass die S-Bacillithiolierung von Gap keine grofl3en
Strukturanderungen erforderte.

Neben dem glykolytischen Enzym Gap wurde die Aldehyd-Dehydrogenase AldA am
Cys279 nach NaOCI-Stress im aktiven Zentrum in S. aureus als S-bacillithioliert identifiziert.
Deshalb wurde die Expression, Redoxregulation und die strukturellen Anderungen von AldA
aus S. aureus nach S-Bacillithiolierung untersucht, was in Kapitel 3 dieser Arbeit beschrieben
ist. BSH-spezifische Western-Blots zeigten die S-Bacillithiolierung von AIdA nach Oxidation
durch H>0,-Stress und BSH in vitro. Das aldA-Gen wird durch den alternativen Sigmafaktor
SigmaB in S. aureus reguliert, was bereits friher publiziert worden ist. In Northernblot-
Experimenten konnte eine SigmaB-unabhangige Induktion der aldA-Transkription in S. aureus
nach Formaldehyd, NaOCI und Diamid-Stress gezeigt werden. Mittels einer aldA-
Deletionsmutante konnte demonstriert werden, dass AldA fir das Wachstum und Uberleben
von S. aureus nach NaOCI-Stress wichtig ist. Aktivitditsmessungen von AldA zur Aldehyd-
Oxidation konnten die NAD*-abhangige Oxidation von Formaldehyd, Methylglyoxal,
Glycolaldehyd und Acetaldehyd in vitro nachweisen. Dies zeigte, dass AldA ein breites
Substratspektrum aufweist, wobei das naturliche Aldehyd-Substrat von AldA bisher unbekannt
ist.

Es wurde weiterhin eine C279S-Mutante erzeugt, um die Funktion des konservierten
Cys279 im aktiven Zentrum fur die Aktivitdt von AIdA nachzuweisen. Das gereinigte
AIdAC279S-Protein war katalytisch inaktiv in vitro. Die aldAC279S-Mutante war ebenfalls
sensitiv gegentber NaOCI-Stress in vivo, was durch Komplementation bestétigt werden
konnte. In Aktivitatsassays konnte gezeigt werden, dass das gereinigte AldA-Protein sensitiv
gegeniiber einer Uberoxidation durch H20-ist und in Gegenwart von BSH S-bacillithioliert wird.
Mittels molekularen Dockings und molekular-dynamischen Simulationen wurde durch
Kooperation mit Agnieszka Bronowska (University of Newcastle) bestatigt, dass die S-
Bacillithiolierung von AIdA am Cys279 keine Strukturveranderungen erfordert, was die
Ergebnisse zu Gap bestatigte. Es konnte weiterhin gezeigt werden, dass BSH in zwei
verschiedenen Positionen im aktiven Zentrum von AldA lokalisiert ist, was vom NAD* Kofaktor
abhangt. Im Apoenzym ist BSH am Cys279 im ,ruhenden® Zustand lokalisiert, wahrend BSH
im Holoenzym die Disulfidbindung mit Cys279 im ,aktivierten* Zustand eingeht. Ahnliche
Positionen von BSH im aktiven Zentrum von Cys151 von Gap im ruhenden oder aktivierten
Zustand konnten auch in der friiheren Docking Analyse bestatigt werden.

Zusammenfassend konnte mit AldA ein weiterer Schutzmechanismus von S. aureus
gegenlber oxidativem Stress identifiziert werden. Es wird vermutet, dass AldA eine Funktion
bei der Entgiftung von toxischem Methylglyoxal oder anderen Aldehyden unter NaOCI-Stress

besitzen kdnnte, was in Folgeanalysen weiter untersucht werden sollte.
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Summary of the dissertation

Bacteria are exposed to oxidative stress as an unavoidable consequence of their aerobic
lifestyle. Reactive oxygen species (ROS) are generated in the stepwise one-electron reduction
of molecular oxygen during the respiration. Pathogens encounter ROS during the oxidative
burst of macrophages as part of the host immune defense. Besides ROS, bacteria also have
to cope with reactive chlorine, electrophilic and nitrogen species (RCS, RES, RNS). To cope
with these reactive species, bacteria have evolved different defense and repair mechanisms.
To maintain the reduced state of the cytoplasm, they utilize low molecular weight (LMW) thiols.
LMW thiols are small thiol-containing compounds that can undergo post-translational thiol-
modifications with protein thiols, termed as S-thiolations. S-thiolations function as major redox
regulatory and thiol-protection mechanism under oxidative stress conditions.

In eukaryotes and Gram-negative bacteria, the tripeptide glutathione (GSH) functions
as major LMW thiol, which is present in millimolar concentrations. The Actinomycetes, such as
Mycobacterium and Corynebacterium species do not produce GSH and utilize instead
mycothiol (MSH) as their alternative LMW thiol. In Firmicutes, including Bacillus and
Staphylococcus species, bacillithiol (BSH) functions as the major LMW thiol. LMW thiols
protect protein thiols against the irreversible overoxidation of cystein residues to sulfinic and
sulfonic acids. In addition, LMW thiols contribute to the virulence and survival of pathogens,
function in metal homeostasis and serve as enzyme cofactors for detoxification of xenobiotics
and antibiotics.

In this doctoral thesis, we aimed to investigate the roles of MSH and BSH in redox
regulation of main metabolic enzymes under oxidative stress in the pathogens
Corynebacterium diphtheriae and Staphylococcus aureus. Previous redox proteomics studies
identified the glyceraldehyde-3-phosphate dehydrogenase GapDH and the aldehyde
dehydrogenase AldA as S-thiolated in S. aureus and C. diphtheriae. Thus, we aimed to study
the redox regulation of the metabolic enzyme GapDH in C. diphtheriae in response to NaOCI
and H»O, stress by S-mycothiolation, which is described in chapter 1. Moreover, we studied
the involvement of the mycoredoxin-1 (Mrx1) and thioredoxin (Trx) pathways in reactivation of
S-mycothiolated GapDH in vitro.

Using shotgun proteomics, 26 S-mycothiolated proteins were identified under NaOCI
stress in C. diphtheriae. These are involved in energy metabolism (Ndh, GIpD) and in the
biosynthesis of amino acids (ThrA, LeuB), purines (PurA) and cell wall metabolites (GImS).
The glycolytic GapDH was identified as conserved target for S-thiolation across Gram-positive
bacteria. GapDH was the most abundant protein, contributing with 0.75 % to the total cystein
proteome. Moreover, GapDH is a conserved target for redox regulation and S-glutathionylation
in response to oxidative stress in several prokaryotic and eukaryotic organisms. Treatment of

GapDH with NaOCI and H;O in the absence of MSH resulted in irreversible enzyme
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inactivation due to overoxidation. Pretreatment of GapDH with MSH prior to H,O, or NaOCI
exposure resulted in reversible inactivation due to S-mycothiolation of the active site Cys153.
Since S-mycothiolation is faster compared to overoxidation, S-mycothiolation efficiently
protects the GapDH active site against overoxidation. The activity of S-mycothiolated GapDH
could be restored by both, the Mrx1 and Trx pathway in vitro. Interestingly, the recovery of S-
mycothiolated GapDH by Mrx1 was faster compared to its reduction by the Trx pathway. In
previous studies, the reactivation of S-mycothiolated Mpx and MrsA by the mycoredoxin
pathway occurred also faster compared to the Trx pathway, which is consistent with our results.

We were further interested to analyze the redox regulation of the glyceraldehyde-3-
phosphate dehydrogenase Gap of S. aureus under NaOCI and H.O; stress, which is described
in chapter 2. Using the quantitative redox proteomic approach OxICAT, 58 NaOCI-sensitive
cystein residues with >10% thiol oxidation under NaOCI stress were identified. Gap and AldA
showed the highest oxidation increase of 29% under NaOCI stress at their active site cystein
residues. Using shotgun proteomics, five S-bacillithiolated proteins were identified, including
Gap, AldA, GuaB, RpmJ and PpaC. Gap contributed with 4 % as most abundant cystein protein
to the total cystein proteome. Our activity assays demonstrated that Gap of S. aureus is highly
sensitive to overoxidation by H.O, and NaOCI in vitro in the absence of BSH. The active site
Cys151 of Gap was oxidized to the BSH mixed disulfide under H.O, and NaOCI stress in the
presence of BSH in vitro, which resulted in the reversible Gap inactivation. Moreover,
inactivation of Gap by NaOCI and H.O. due to S-bacillithiolation was faster compared to
overoxidation, indicating that S-bacillithiolation protects the Gap active site against
overoxidation in vitro. We further showed that the bacilliredoxin Brx catalyzes the reduction of
S-bacillithiolated Gap in vitro. Molecular docking of BSH into the Gap active site revealed that
S-bacillithiolation does not require major structural changes.

Apart from Gap, the aldehyde dehydrogenase AldA was identified as S-bacillithiolated
at its active site Cys279 under NaOCI stress in S. aureus previously. Thus, the expression,
function, redox regulation and structural changes of AldA were analysed under NaOCI and
aldehyde stress in S. aureus as summarized in chapter 3. AldA was S-bacillithiolated in the
presence of H.O, and BSH as demonstrated in BSH-specific Western blots in vitro. The
expression of aldA was previously shown to be regulated by the alternative sigma factor
SigmaB in S. aureus. Transcription of aldA was strongly increased in a SigmaB-independent
manner under formaldehyde, NaOCI and diamide stress in S. aureus. Using an aldA deletion
mutant, we demonstrated that aldA is required for growth and survival under NaOCI stress in
S. aureus. The purified AIdA enzyme was shown to catalyze the oxidation of various aldehyde
substrates, including formaldehyde, methylglyoxal, glycolaldehyde and acetaldehyde in vitro.
In addition, the function of the conserved Cys279 for AldA activity was investigated in vivo and

in vitro. The purified AIJAC279S mutant was shown to be inactive for aldehyde oxidation in
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vitro. Moreover, the aldAC279S mutant was very sensitive under NaOCI stress in vivo, and
this phenotype could be reversed using the aldA complemented strain. These experiments
demonstrate the function of Cys279 for AldA activity both in vitro and in vivo. AIdA activity
assays showed that AldA is sensitive to overoxidation and irreversible inactivation by H,O;
alonein vitro. In the presence of BSH, AldA is protected against overoxidation by reversible S-
bacillithiolation in vitro. Molecular docking and molecular dynamics simulations revealed that
BSH occupies two different positions in the Cys279 active site, which depend on the NAD*
cofactor. In the apoenzyme, BSH forms the disulfide with Cys279 in the “resting” state position,
while Cys279 is S-bacillithiolated in the “attacking” state position in the holoenzyme in the

presence of the NAD* cofactor.
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Introduction and general conclusion

1. Adaptation of Staphylococcus aureus to infection conditions

Staphylococcus aureus is a common commensal bacterium, but also a major human and
animal pathogen. S. aureus colonizes the anterior nares of one quarter of the human
population [1]. However, in immune comprised persons or under the hospital settings, S.
aureus is often a leading cause of infectious diseases, such as bacteremia, infective
endocarditis, skin and soft tissue infections and pneumonia [2]. The high diversity of virulence
factors determines the high pathogenicity of S. aureus during host invasion. These virulence
factors include toxins, proteases, lipases, nucleases, metalloproteases, superantigens as well

as factors for attachment, evasion and penetration of host tissues during infections (Figure 1)

[1].
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Figure 1: Pathogenic factors of Staphylococcus aureus that play a role in virulence. Surface
proteins are involved in the attachment to the host and secreted toxins mediate sepsis (A). Cross
sections of the cell envelope of S. aureus (B, C). TSST-1; toxic shock syndrome toxin 1. The figure is

from reference [1].

The adherence to host tissue under infections is mediated by numerous surface proteins,
called “microbial surface components recognizing adhesive matrix molecules” in S. aureus [3].
S. aureus is able to evade host defenses, antimicrobials and antibiotics by formation of biofilms
and small-colony variants (SVCs) [4, 5]. The production of antiphagocytic microcapsules and
leucocidins as well as the secretion of chemotaxis inhibitory proteins help S. aureus to evade
the host immune system during infection [6-8]. The expression of numerous enzymes, such as
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proteases, lipases and elastases enable S. aureus to invade and destroy the host tissue.
Furthermore, the activation of the host immune system, coagulation pathways and
superantigens result in septic shock or sepsis-like syndromes [9, 10]. During S. aureus
infection, activated neutrophils produce hypochlorous acid (HOCI) to destroy the invading
pathogen. Production of HOCI is catalyzed by the myeloperoxidase (MPO) [11]. S. aureus is
able to detoxify HOCI and other reactive species. In addition, the low molecular weight (LMW)
thiol bacillithiol (BSH) protects cellular biomolecules from oxidative damage [12, 13]. It is
therefore of utmost importance to study the adaptation of S. aureus to the host immune
defense under infection conditions to identify new drug targets to effectively combat S. aureus

infections.

2. Redox stress responses in bacterial systems

2.1 Sources and chemistry of reactive oxygen, nitrogen, chlorine and
electrophilic species (ROS, RNS, RCS, RES)

The bacterial cytoplasm is a strongly reducing environment under physiological conditions with
a redox potential (E®") of approximately -260 to -280 mV as determined in Escherichia coli [14].
The reduced state of the cytoplasm is maintained by abundant LMW thiols as well as thiol-
disulfide reducing systems. Alterations in the cellular redox state are caused by different
reactive species, such as reactive oxygen, nitrogen, chlorine and electrophilic species (ROS,
RNS, RCS, RES) [15]. Bacteria are exposed to different reactive species during respiration,
autoxidation of enzymes, by exogenous antibiotics or xenobiotics, by microbial communities

or during host-pathogen interactions [15-17].

2.1.1 Sources and chemistry of ROS

ROS are constantly generated from the sequential one-electron reduction of molecular oxygen
(02), that produces superoxide anions (O2*7), hydrogen peroxide (H202) and highly reactive
hydroxyl radicals (OHe) (Figure 2). The generation of O+~ and H»O, also occurs during the
autoxidation of non-respiratory flavoproteins. Therefore, electrons are transferred from
molecular oxygen to dihydroflavin, resulting in the formation of Oz~ and a flavosemiquinone
anion, which leads to H.O» production [18]. The oxidative burst of macrophages leads to the
release of Oz, H»O2, nitric oxide (NO) and hypochlorous acid (HOCI) to kill invading
pathogenic bacteria. The pathogens are first engulfed by activated macrophages into
phagosomes. The phagocytic NADPH oxidase (NOX) pumps electrons into the phagosomal
lumen to reduce molecular oxygento Oz*~. The superoxide dismutase (SOD) converts Oz*" to
H-0> [11, 19]. Degranulation releases millimolar amounts of myeloperoxidase (MPO). MPO

dismutates O+~ to H.O, and provides chlorine for an efficient conversion of H.O» to HOCI [11].
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The highly reactive OHs is generated by the reaction of H.O, with Fe?* in the Fenton reaction

which can damage all cellular biomolecules (Figure 2) [20, 21].
e - & e e
02 — 02' —= H202 = HO: = Hzo

Fe?* + H,0, + H* = Fe* + HO- + H,0

Figure 2: Sources of reactive oxygen species (ROS) in bacteria. ROS, including superoxide anions
(O2¢7), hydrogen peroxide (H202) and hydroxyl radicals (OH¢) are generated during the incomplete one-
electron reduction of molecular oxygen. The highly reactive hydroxyl radical is produced in the Fenton

reaction by reaction of H202 and Fe?*. The figure is from reference [22].

ROS can oxidize several amino acids in proteins, including cysteine, methionine and
tryptophane as well as LMW thiols. The thiol group of cysteine is the main target for post-
translational thiol modifications by ROS due to its nucleophilic character. Protein thiols can
either be reversibly oxidized to protein disulfides or irreversibly overoxidized to sulfinic or
sulfonic acids [15, 16]. The ROS-induced oxidation of protein thiols is initiated by the formation
of the cysteine sulfenic acid intermediate (R-SOH). The unstable cysteine sulfenic acid rapidly
reacts with other protein thiols to form intramolecular and intermolecular protein disulfides.
Cysteine sulfenic acids can also react with LMW thiols to form mixed disulfides, termed as S-
thiolations. S-thiolations protect protein thiols against the irreversible overoxidation to cysteine
sulfinic (R-SO2H) and sulfonic acid (R- SOsH) [16]. Sulfiredoxins are able to reduce cysteine
sulfinic acid intermediates in 2-Cys peroxiredoxins, but they are only present in eukaryotes
[23]. Superoxide can also react with NO, which generates peroxynitrite (ONOQ") in a diffusion-
controlled process [24]. The oxidation of FeS clusters by O»¢~ and H.O5 releases non-protein
bound iron inside the cell, that can undergo Fenton reactions, increasing the level of OHe.
Hydroxyl radicals can induce DNA strand breaks and oxidation of DNA bases, leading to an

increase in mismatches and mutations [25-27].
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2.1.2 Sources and chemistry of RCS

Reactive chlorine species (RCS) include hypochlorous acid (HOCI) and chloramines (RNHCI)
as byproducts of the oxidation of primary and secondary amines. HOCI is generated during
the oxidative burst in neutrophils, catalyzed by MPO. RCS react with almost all cellular
components, including amino acids, LMW thiols, DNA, metal centers and lipids. The resulted
unfolding of proteins by aggregation or degradation can lead to cell death. HOCI reacts with
protein thiols to generate an unstable sulfenylchloride (R-SCI) intermediate that can further
react with water to generate cysteine sulfenic acid (Figure 3). These reactive intermediates
can either be overoxidized to cysteine sulfinic and sulfonic acids or further react with other
protein thiols to form disulfides. Moreover, disulfides are oxidized by HOCI to thiosulfinates [R-
S(0)-S-R] or thiosulfonates [R-S(02)-S-R] [17, 28].

Methionine residues are oxidized to reversible methionine sulfoxides and irreversible
dehydromethionines [29]. HOCI also reacts with primary and secondary amines, leading to the
formation of chloramines. Chloramines rapidly decompose to their respective aldehydes or
react with iron and copper ions to generate RNS (Figure 3) [30]. HOCI and chloramines can

lead to DNA and RNA damage by chlorination of primary and secondary nucleotide bases [31].

2.1.3 Sources and chemistry of RNS and RES

RNS include nitric oxide (NO), peroxynitrite (ONOO™), S-nitrosothiol (RS-NO), S-nitrothiol (RS-
NO2) and other nitrogen oxides. Neutrophils generate NO in an enzyme-catalyzed oxidation of
L-arginine to L-citrulline by the inducible nitric oxide synthase (iNOS). Peroxynitrite is produced
by the rapid reaction of NO with O»*"[16, 32, 33]. RNS cause the reversible S-nitrosylation of
protein thiols and LMW thiols. The generation of S-nitrosothiols occurs by reaction of a thiolate
with a nitrosonium cation (NO*) or by reaction of a thiyl intermediate with nitrogen dioxide
radicals (NOz*) [34]. At high concentrations, tyrosine can undergo RNS-catalyzed nitration of
tyrosine to 3-nitrotyrosine. RNS also have an impact on the iron metabolism through disruption
of FeS clusters and the formation of metal-nitrosyl complexes [24]. In eukaryotes, NO or its
one-electron reduced protonated form nitroxyl (HNO) plays a role in signal transduction [35].
Reactive electrophilic species (RES) are small molecules with electron-deficient carbon
centers that undergo covalent reactions by accepting an electron pair from a nucleophilic
molecule. Electrophilic species that alter the cellular redox state include quinones, aldehydes,

a,B-unsaturated dicarbonyl compounds, epoxides and diamide [16, 22, 36].
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Figure 3: Chemistry of hypochlorous acid (HOCI) with biomolecules. HOCI reacts with the sulfur-
containing amino acids cysteine and methionine in proteins. Reactions of HOCI with cysteine generate
an unstable sulfenylchloride intermediate, that can undergo further oxidations to sulfinic and sulfonic
acids, inter- or intramolecular disulfides and sulfonamides. Sulfenic acids and disulfides are reversible
intermediates, reduced by thioredoxins, while sulfonic acids and sulfonamides represent dead-end
products. Methionine is oxidized to methionine sulfoxide, reversed by the methionine sulfoxide
reductase (a). The reaction of HOCI with primary and secondary amines leads to the formation of
chloramines, that can undergo reactions to generate aldehyde or nitrogen radicals (b). The figure is from

reference [17].

RES can be generated during normal cellular metabolism or often as secondary reactive
metabolites from oxidation products of amino acids, lipids, carbohydrates and nucleic acids.
The a,B-unsaturated dicarbonyl compound methylglyoxal is generated as a byproduct of the
glycolysis or as a consequence of HOCI stress at the host-pathogen interface [15, 37, 38].

RES can also be produced by biotransformation of xenobiotic compounds [39]. Quinones are
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other electrophiles that are present in the soil in humic substances. Ubiquinone and
menaquinone are lipid-electron carriers of the respiratory chain [40, 41].

RES are able to react with cysteine, histidine, lysine and arginine residues as well as
DNA bases. Proteins with nucleophilic cysteine thiols are preferred targets for RES due to their
low pKa [15]. Formaldehyde can undergo 1,2-addition reactions with amines and further
dehydration to imines (Schiff base formation). These labile Schiff bases can form cross-links
with several amino acid residues, including cysteine, arginine and tyrosine. Formaldehyde can
also induce direct modifications of cysteine thiols to hydroxymethylthiols in proteins (Figure 4).
Formaldehyde also reacts with the N2 nitrogen of desoxyguanosine [42, 43].

Methylglyoxal is an a,B-unsaturated dicarbonyl compound that reacts with nucleophilic
DNA bases and cysteine thiols via Michael addition. Furthermore, methylglyoxal conjugates
the amino acids cysteine, arginine and lysine, leading to the formation of advanced glycation
end-products [43, 44]. Electrophilic quinones can form irreversible thiol-S-alkylations with
cysteine residues and LMW thiols by Michael addition. The redox reaction of quinones
generates highly reactive semiquinone radicals that lead to the formation of O.~ (Figure 4)
[39, 45].
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Figure 4: Chemistry of formaldehyde with biomolecules. Formaldehyde can react with amine groups
in biomolecules to form imine adducts via the formation of an N-methylol intermediate. Imines can react
with other amines in biomolecules to form cross-linking methylene bridges between proteins and DNA
molecules (A). Reactions of formaldehyde with thiol groups generate S-hydroxymethyl and thiazolidine
adducts (B).
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2.2 Defense mechanisms and repair systems against ROS, RNS, RCS and RES

2.2.1 Detoxification of ROS and RCS

Bacteria evolved many enzymatic and non-enzymatic protection and repair mechanisms to
cope with ROS, RNS, RCS and RES. The high reaction rates of Oz~ and H>O- with
biomolecules require the synthesis of ROS scavenging enzymes, including superoxide
dismutase (SOD), catalase and peroxidases (Figure 5). Superoxide dismutases are the first
line of defense against oxidative damage, catalyzing the dismutation of O2*~ to H202. Due to
the limited membrane permeability of O,+~, SODs are present in all cellular compartments [46].
E. coli contains three distinct SODs, a cytoplasmic iron- and manganese-containing SOD
(FeSOD and MnSOD) and a periplasmic copper-zinc SOD (CuZnSOD). The two cytoplasmic
SODs are expressed under iron starvation and controlled by the Fur repressor. Some
anaerobic organisms scavenge O+~ by superoxide reductases due to their lack of SOD [46,
47].

Catalases and peroxidases effectively scavenge endogenous H.O;, keeping the
cellular concentration at almost 20 nM in E. coli [21]. Catalases catalyze the disproportion of
H.O, to water and molecular oxygen [48]. Based on their structure, catalases are classified
into monofunctional catalases, catalase-peroxidases and Mn-catalases (pseudo-catalases)
[49]. The monofunctional catalases and catalase-peroxidases contain heme as active site that
can generate the reactive ferryl/radical species during the reduction of H,O,. The ferryl/radical
intermediate is potentially dangerous for the cell. Thus, catalases are only active at high
concentrations of H.O». Under low H2O: levels, peroxidases are favored, because they do not
form a reactive intermediate in their catalytic H.O» reduction cycle [18, 21].

Peroxidases are widely distributed in mammals, plants, yeasts and bacteria, catalyzing
the reduction of H>O> to water at the expense of various electron donors [50]. In E. coli, the
thiol-based AhpCF peroxiredoxin system uses electrons from NADPH to reduce H,O,to water
[18]. The selenium-containing glutathione peroxidase (Gpx) reduces H>O;to water as well as
lipid peroxides to lipid alcohols. In the Gpx reaction, GSH is oxidized to GSSG, which is
recycled by the glutathione reductase with NADPH as electron donor (Figure 5) [51, 52].

The bacterial responses to RCS and ROS are connected due to their high reactivity
with cysteine thiols. Catalases and peroxidases are considered as H»O,-detoxifying enzymes,
but also play a role in RCS scavenging [17]. Global transcriptome profiling in response to RCS
stress in E. coli, Bacillus subtilis and Pseudomonas aeruginosa reveals the upregulation of

catalases, peroxidases and methionine sulfoxide reductases (Msr) [53-57].
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Figure 5: Scavenging enzymes for ROS. Superoxide dismutases, catalases and peroxidases are the
main detoxification enzymes in bacteria. Superoxide dismutases catalyze the dismutation of Oz~ to
H20:.. Catalases catalyze the disproportion of H2O2to H20 and O:. Peroxidases, such as the glutathione
peroxidase Gpx, reduce H202to water and thereby oxidize glutathione (GSH) to glutathione disulfide
(GSSG). The figure is from reference [58].

The high reaction rate of RCS with GSH provides effective protection and reduces the damage
of other essential cellular components [59, 60]. In B. subtilis, the methionine synthase (MetE)
catalyzes the final step in the methionine synthesis, and is protected at its catalytic cysteine
residue by S-bacillithiolation under HOCI-treatment [55]. A major defense mechanism against
RCS-induced protein unfolding and aggregation is the upregulation of molecular chaperones
and proteases. The redox-regulated chaperone Hsp33 is activated under HOCI stress
conditions that leads to protein unfolding [61, 62]. Furthermore, increased levels of OH+ under
HOCI stress require the control of cellular metal pools. Mutants of E. coli lacking fur are more
sensitive to HOCI compared to wild-type cells [63, 64]. Bacteria can also respond to RCS stress
by changing the permeability and hydrophobicity of the outer membrane. In E. coli, the ycfR
gene is strongly induced by RCS, leading to a reduced permeability and increased
hydrophobicity of the outer membrane [65, 66].

2.2.1 Detoxification of RNS and RES

RNS, such as ONOO™ react with LMW thiols by the formation of S-nitrosoglutathione as major
defense mechanism [67, 68]. Reactions of ONOO™ with haemoglobin and diffusion across the
red blood cell membrane provide an alternative protection mechanism in eukaryotes [69-71].
The rapid reduction of ONOO™ to nitrite by the selenocysteine containing glutathione
peroxidase protects the cell from the formation of 3-nitrotyrosine [72].

RES include aldehydes, diamide and quinones that are detoxified by specific enzymes.

The two-electron reduction of quinones to hydroquinones is catalyzed by the NADPH-
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dependent quinone oxidoreductase 1 (NQO1), by-passing the formation of the highly reactive
semiquinone [73]. Some quinones and the azo-compound diamide can be detoxified by
reduction or ring-cleavage through azoreductases, nitroreductases and thiol-dependent
dioxygenases [16].

The toxic aldehydes formaldehyde and methylglyoxal are degraded by specific
aldehyde dehydrogenases and thiol-dependent glyoxalases [74]. Bacteria also assimilate
formaldehyde by the ribulose monophosphate (RuMP)-dependent pathway leading to fructose-
6-phosphate formation, which is further directed into the glycolytic pathway [75]. The
detoxification of methylglyoxal in bacteria requires GSH- or BSH-dependent glyoxalase

systems as well as thiol-independent oxidation pathways that require NAD" [76].

2.3 The glyoxalase system: cellular adaptation to methylglyoxal stress

Methylglyoxal is a natural metabolite that is produced as a byproduct of glycolysis, lipid
peroxidation, acetone metabolism, L-threonine degradation and DNA oxidation [76]. The
methylglyoxal synthase (MgsA) catalyzes methylglyoxal formation from the glycolytic
intermediate dihydroxyacetone phosphate (DHAP) [76, 77]. In the fatty acid/acetone
metabolism, methylglyoxal is produced from acetone by enzymes of the cytochrome P450
gene subfamily. The NADPH-dependent conversion of aceton to methylglyoxal is controlled
by formation of an acetol intermediate [78]. In the threonine and glycine metabolism, the
metabolic intermediate aminoacetone is converted to methylglyoxal by the amine oxidase,
which is termed as aminoacetone oxidase [77].

Methylglyoxal causes a variety of cytotoxic effects, including DNA damage,
modification of amino acids and formation of glycation end-products. Thus, bacteria evolved
different detoxification pathways for methylglyoxal removal [37, 79, 80]. The glyoxalase system
is the major enzymatic pathway for degradation of methylglyoxal, which is ubiquitiously
distributed in all domains of life (Figure 6). Glyoxalases are classified into GSH-dependent
and GSH-independent glyoxalases in E. coli [76, 81]. The GSH-dependent glyoxalase system
of E. coli consists of the glyoxalase-1 (GIxI; S-lactoylglutathione methlylglyoxal lyase) and the
glyoxalase-Il (Glxll; S-hydroxyacylglutathione hydrolase) [77].

In the glyoxalase pathway, methylglyoxal reacts spontaneously with GSH to form a GSH-
hemithioacetal intermediate. Glyoxalase | catalyzes the isomerization of GSH-hemithioacetal
to S-lactoyl-GSH. Glyoxalase Il hydrolysis the thioester S-lactoyl-GSH into D-lactate to
regenerate GSH [77, 79]. The S-lactoyl-GSH intermediate is required for activation of the
KefBC- potassium/proton antiporter, leading to potassium efflux and proton import. Proton
influx causes cytoplasmic acidification to prevent the interaction of methylglyoxal with DNA
bases as protection mechanism against methylglyoxal (Figure 6) [82]. S-lactoyl-GSH also

induces metabolic responses by generation of S-lactoylcysteinylglycine via the y-
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glutamyltranspeptidase, GTP-promoted assembly of microtubules, neutrophil movement and

secretion of granules [81].
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Figure 6: Methylglyoxal detoxification by glyoxalases in E. coli. Methylglyoxal (MG) is generated
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as a byproduct of the glycolysis or derived from exogenous sources. MG leads to the damage of cellular
macromolecules, including DNA bases. In E. coli, the GSH-dependent and GSH-independent
glyoxalase systems detoxify MG to D-lactate. The GSH-dependent glyoxalase system consists of
glyoxalase-1 (GIxI) and glyoxalase-1l (GIxIl) and provides the main route for MG detoxification. The
intermediate S-lactoylglutathione activates the KefBC potassium/proton antiporter, leading to
cytoplasmic acidification. The GSH-independent glyoxalase Il (GIxIII) directly converts MG to D-Lactate.

The figure is from [83].

The GSH-independent glyoxalase system requires the glyoxalase-lll, originally identified as
heat shock protein HchA in E. coli. Glyoxalase-lll catalyzes the direct conversion of
methylglyoxal to D-lactate without GSH [37, 76]. In the Gram-positive bacterium B. subtilis,
related BSH-depdendent glyoxalases GIXA and GIxB as well as BSH-independent systems
(GIxC) could have been characterized recently [82].

3. Redox regulation by protein S-thiolation and its reversal in bacteria

3.1 The biosynthesis and functions of mycothiol in Actinomycetes

The cysteinyl pseudo-disaccharide mycothiol (MSH; AcCys-GIcN-Ins) is the major LMW thiol
in Actinomycetes, including Streptomycetes, Mycobacteria and Corynebacteria [84, 85]. The
biosynthesis of MSH is catalyzed in five enzymatic steps, which involve MshA, MshA2, MshB,
MshC and MshD (Figure 7). The first step of the MSH biosynthesis is catalyzed by the
glycosyltransferase MshA which conjugates myo-inositol-1-P to UDP-GIcNAc, leading to the
formation of the pseudodisaccharide phosphate GIcNAc-Ins-P. In the second step, the

phosphatase MshA2 catalyzes dephosphorylation of GIcNAc-Ins-P to GIcNAc-Ins. The third
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step involves the metal-dependent deacetylase MshB for deacetylation of GICNAc-Ins, leading
to the formation of GIcN-Ins [84, 86]. The MshB enzyme is a homolog of the MS-conjugate
amidase Mca that catalyzes the hydrolysis of MS-conjugates. In the fourth step of the MSH
biosynthesis, the ATP-dependent ligase MshC ligates cysteine to GIcN-Ins leading to Cys-
GlcN-Ins. The Cys ligase MshC is a homolog of the Cys-tRNA synthetase. The
acetyltransferase MshD catalyzes the acetylation of the cysteine amino group by acetyl-CoA
as final step of the MSH biosynthesis [84, 85, 87].
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Figure 7: The MSH biosynthesis pathway in Mycobacterium tuberculosis. The MSH biosynthesis
requires the precursor UDP-N-acetyl glucosamine, inositol-1-phosphate and cysteine. The stepwise
MSH synthesis involves the glycosyltransferase MshA, the phosphatase MshA2, the deacetylase MshB,
the ATP-dependent cysteine ligase MshC and the acetyltransferase MshD. The figure is from [88].

MSH serves as a thiol-cofactor for many detoxification enzymes that are involved in the
detoxification of antibiotics, xenobiotics, ROS, RCS, RES, RNS and other reactive species
[84]. Under oxidative stress, MSH is oxidized to mycothiol disulfide (MSSM) which requires the
NADPH-dependent mycothiol disulfide reductase (Mtr) for NADPH-dependent reduction of
MSSM to maintain a high MSH:MSSM redox ratio [85].

MSH conjugates xenobiotics and antibiotics either spontaneously or enzyme-catalyzed
by MSH S-transferases (Mst), which belong to the DinB superfamily [89]. These MSH-S-
conjugates are hydrolyzed by the mycothiol-S-conjugate amidase (Mca), releasing mercapturic
acid derivatives (AcCysSR) and GIcN-Ins. GlIcN-Ins is recycled to MSH and the toxic
mercapturic acid derivatives are exported from the cell. Mca was shown to be involved in
detoxification of MSH-S-conjugates with the antibiotics cerulenin and rifamycin in Mycobacteria
[85]. MSH was also identified as sulfur donor for incorporation of the methylmercapto group
into lincomycin in Streptomyces lincolnensis through unusual S-glycosylation reactions. This
indicates a direct function of MSH in the biosynthesis of the sulfur-containing antibiotic

lincomycin [90].
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MSH serves as a cofactor for the MSH-dependent peroxidase Mpx that is involved in
the detoxification of peroxides. Mpx was identified as S-mycothiolated Gpx-homolog under
oxidative stress in C. glutamicum [91]. The MSH-dependent detoxification enzyme MscR is a
dual function enzyme with S-nitrosylmycothiol (MSNO) reductase and formaldehyde
dehydrogenase activity. Formaldehyde is conjugated to MSH, leading to S-hydroxymethyl-
MSH, which is further oxidized to an S-formyl thioester and formate. MSNO is converted to
MSH sulfonamide (MSONH,) by MscR [84, 85]. The maleylpyruvate isomerase of
Corynebacterium glutamicum uses MSH as a cofactor for the enzymatic isomerization of
maleylpyruvate to fumarylpyruvate [92]. MSH also functions as cofactor of the MSH-dependent
arsenate reductases ArsC1/C2 in the detoxification of arsenate [91, 93]. Moreover, MSH
serves as reservoir for cysteine and is much less susceptible to autoxidation when compared
to cysteine [85]. MSH also has an important function in the virulence and survival of the
pathogen M. tuberculosis under infection conditions. MSH is essential for growth and viability
in M. tuberculosis since the mshC mutant could only be generated in the presence of a second
copy of mshC [94].

3.1.1 The functions of S-mycothiolated proteins in M. smegmatis

Protein S-mycothiolation is a widespread redox modification under NaOCI stress in
Actinomycetes and involved in many cellular processes, including energy metabolism, fatty
acid biosynthesis, nucleotide biosynthesis, amino acid biosynthesis, translation and in the
oxidative stress response. In total, 58 S-mycothiolated proteins could be identified under
NaOCI stress in Mycobacterium smegmatis (Figure 8) [95]. The peroxiredoxins Tpx, AhpC
and OsmC are S-mycothiolated at their active and/or resolving cysteine residues, which are
involved in redox regulation and detoxification processes in M. smegmatis. The global
transcriptional regulator for iron uptake of the DtxR-family (IdeR) was S-mycothiolated at
Cys102 in its primary iron-binding site [95].
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Figure 8: In total, 58 S-mycothiolated proteins of M. smegmatis were identified under NaOCI
stress by proteomics, which are shown in comparison to their protein abundances in Voronoi
treemaps. (A) Functional classification of the M. smegmatis proteome according to TIGRfam
annotations, which served as legend for the Voronoi treemap in (B). (B) The treemap includes the 58
identified S-mycothiolated proteins shown by an orange-red color gradient based on their cysteine
oxidation level as quantified by the OxICAT [95]. Non-modified proteins are colored in grey and S-
mycothiolated proteins, that were not identified using the OxICAT approach, are shown in pink. The cell
size of the identified proteins is determined by the total spectral counts as protein abundance. The figure
is from [95].

Many abundant enzymes of the energy metabolism were identified as S-mycothiolated in M.
smegmatis, that are involved in the glycerol catabolism, glycolysis, the glyoxalate shunt and
gluconeogenesis. The glycerol kinase GIpK3 and the glycerol dehydrogenase Adh2 are
abundant S-mycothiolated proteins since glycerol is used as sole source of carbon and energy
in M. smegmatis. The generation of dihydroxyacetone phosphate (DHAP) involves GIpK3 and
Adh2. Thus, S-mycothiolation could prevent glycerol degradation under NaOCI stress to save
the carbon and energy source. The isocitrate lyase AceA and the myo-inositol-1-phosphate
synthase Inol were further identified as abundant S-mycothiolated proteins in M. smegmatis.
AceA is the key enzyme of the glyoxylate bypass. Thus, S-mycothiolation of AceA could
contribute to the survival of M. smegmatis under oxidative stress [95]. Furthermore, abundant
enzymes involved in the biosynthesis of fatty acids as precursors for mycolic acids were S-
mycothiolated in M. smegmatis, including acetyl-CoA carboxylases (AccD5 and AccD6), the
enoyl-CoA hydratase (EchA6), the methoxy mycolic acid synthase (UmaA), the acyl-CoA
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dehydrogenase (MSMEG_0531) and the acyl-CoA-thioesterase (MSMEG_6208) [95]. Other
S-mycothiolated proteins of M. smegmatis are involved in the nucleotide biosynthesis,
including the conserved inosine-5'-monophosphate (IMP) dehydrogenases (GuaB and GuaB2)
and biosynthesis enzymes for thiamine (ThiG, MSMEG_4827), cobalamine (CobN), iron sulfur-
cluster assembly (YfhF2) as well as ribosomal proteins (RpIC, RpsM, RpsR2) and amino acyl
tRNA synthetases (GatC, PheT) for protein translation [95]. Overall, many detailed future
studies are required to elucidate the physiological role of the widespread protein S-

mycothiolation in  redox regulation and/or thiol-protection in  Mycobacteria.
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Figure 9: In total, 26 S-mycothiolated proteins of C. diphtheriae were identified under NaOCI
stress by proteomics which are shown in comparison to their protein abundances in Voronoi
treemaps. (A) Functional classification of the C. diphtheriae proteome according to TIGRfam
annotations, which served as a legend for the Voronoi treemap in (B). (B) The treemap includes the 26
identified S-mycothiolated proteins labelled in red [95]. The cell size of each protein is determined by
the total spectral counts as protein abundance. GapDH, DirA (AhpC), Ndh and GuaB belong to the most

abundant S-mycothiolated proteins in the proteome. The figure is from reference [95].
3.1.2 The functions of S-mycothiolated proteins in C. diphtheriae

In the pathogen C. diphtheriae, 26 S-mycothiolated proteins were identified under NaOCI
stress using shotgun LC-MS/MS analysis (Figure 9). These include five conserved targets for
S-thiolations across Gram-positive bacteria, such as AhpC, the ribosomal proteins RplIC and
RpsM, the glycolytic enzyme glyceraldehyde-3-phosphate dehydrogenase (GapDH) and the
IMP dehydrogenase GuaB. Other S-mycothiolated proteins are involved in energy metabolism,
including the ribose-5-phosphate isomerase DIP1796 and the NADH dehydrogenases Ndh,
GlpD and DIP1726. Further targets for S-mycothiolation function in the biosynthesis of amino
acids (LeuB, DapA, GInA), purines (PurA), iron sulfur-clusters (DIP1631) and cell wall
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metabolites (GImS). Interestingly, the glycolytic GapDH was identified as most abundant S-
mycothiolated protein, contributing with 0.75 % to the total cysteine proteome in C. diphtheriae.
In this doctoral thesis, GapDH was further analyzed for its redox regulation by S-mycothiolation

under NaOCI and H.O; stress and its reversal by the Mrx1 and Trx pathways in vitro.

3.2 The biosynthesis and functions of bacillithiol in Firmicutes

Bacillithiol (BSH, Cys-GIcN-malate) is the a-anomeric glycoside of L-cysteinyl-D-glucosamine
with L-malic acid which functions as the major LMW thiol in many Firmicutes bacteria, including
Bacillus and Staphylococcus species [96]. The biosynthesis of BSH occurs in three steps by
the enzymes BshA, BshB and BshC. The glycosyltransferase BshA catalyzes the conjugation
of UDP-N-acetylglucosamine (UDP-GIcNAC) to L-malate, leading to GIcNAc-Mal (Figure 10).
GlcNAc-Mal is further deacetylated by the deacetylase BshB to GIcN-Mal. The cysteine ligase
BshC adds cysteine to GIcN-Mal as final step in the BSH biosynthesis.
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Figure 9: The BSH biosynthesis pathway in comparison to the MSH biosynthesis. The BSH
biosynthesis requires the precursor UDP-N-acetyl glucosamine, L-malate and cysteine and is catalyzed
in three steps by the glycosyltransferase BshA, N-acetyl hydrolase BshB and the cysteine-adding
enzyme BshC to generate BSH. The MSH biosynthesis shows similarities to the BSH biosynthesis

pathway including the homologous enzymes MshA, MshB and MshC. The figure is from reference [97].

BSH functions in the detoxification of thiol-reactive compounds, electrophiles, alkylating agents
and antibiotics. BSH-deficient mutants in B. subtilis showed increased sensitivity towards
hypochlorite, diamide, methylglyoxal, ROS, osmotic and acidic stress, alkylating agents and
fosfomycin in phenotype studies. Thus, BSH is involved in the detoxification of various reactive
species and toxic compounds. The NADPH-dependent flavin oxidoreductase YpdA was
suggested to function as bacillithiol disulfide (BSSB) reductase to maintain BSH in its reduced
state [55, 97].

The BSH-dependent thiol-S-transferase FosB is involved in the detoxification of the
antibiotic fosfomycin and cleaves the ring structure of the BSH-fosfomycin-conjugate [98]. The
fosB and bsh mutants showed equal sensitivities towards fosfomycin treatment in B. subtilis
and S. aureus, indicating that FosB is a BSH-dependent S-transferase for fosfomycin
detoxifcation. Co-crystallization of the S. aureus FosB with BSH resulted in the formation of a

BSH-mixed disulfide at the active site Cys9 of FosB of S. aureus in vitro [97, 99]. Apart from
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FosB, the BSH S-transferase BstA catalyzes the conjugation of BSH to reactive electrophiles,
such as chlorinated hydrocarbons and monobromobimane in vitro. The resulting mercapturic
acids are exported from the cell by potential efflux pumps that are encoded by the yfiS and
yfiU genes [89].

BSH functions in detoxification of methylglyoxal as cofactor for the BSH-dependent
glyoxalases GIXA and GIxB in B. subtilis. Methylglyoxal reacts spontaneously with BSH to form
BSH-hemithioacetal that is converted to S-lactoyl-BSH by GIXA. GIxB catalyzes the hydrolysis
of S-lactoyl-BSH to lactate as end product, which is secreted from the cell [82]. In addition,
phenotype studies in B. subtilis indicated the involvement of BSH in the detoxification of heavy
metals, such as tellurite and selenite [100]. BSH also binds and stores Zn?* and functions as
an intracellular Zn?* buffer in metal ion homeostasis. The thiolate, amine and carboxylate
groups of BSH serve as ideal ligands for metal coordination, binding Zn?* as (BSH).:Zn?**
complex under Zn?* stress [101]. Treatment of the BSH-deficient mutant with Zn?* resulted in
a decreased accumulation of Zn?*, due to an increased expression of the CadA and CzcD
efflux systems. BSH also protects against Zn?* toxicity in cells lacking Zn?* efflux pumps [101].

BSH also plays an important role in the virulence and survival of S. aureus under
infection conditions as revealed by phenotype analysis of bshA mutants in clinical methicillin-
resistant S. aureus (MRSA) isolates. The survival of S. aureus COL and USA300 bshA mutants
as well as the natural bshC mutant of strain SH1000 were decreased in phagocytosis infection
assays, using murine macrophages and human whole-blood assays [102] [103]. These results
suggest a role of BSH in the defense against the host-immune system and in the survival of S.

aureus under infection conditions.

3.3 Therole of protein S-bacillithiolation in Gram-positive Firmicutes

BSH plays an important role in post-translational modifications of proteins under oxidative
stress in B. subtilis and S. aureus. In response to HOCI stress, protein thiols are oxidized to
mixed disulfides with BSH, termed as protein S-bacillithiolation [104-106]. In total, eight
common and 29 unique S-bacillithiolated proteins were identified in Bacillus and
Staphylococcus species previously [106]. Many of the identified S-bacillithiolated proteins
control important cellular processes, such as the biosynthesis of amino acids, cofactors and
nucleotides as well as protein translation. The methionine synthase MetE was identified as the
most abundant S-bacillithiolated protein in B. subtilis, which was S-bacillithiolated at the active
site Cys730 and at the non-conserved Cys719 [105]. The MarR-type repressor OhrR was S-
bacillithiolated at its redox-sensing Cys15. S-bacillithiolation of OhrR at its lone cysteine
residue leads to inactivation of its repressor function and derepression of transcription of the
ohrA gene, encoding the peroxiredoxin OhrA [104, 105]. The translation elongation factor EF-

Tu (TufA) and the IMP dehydrogenase GuaB were also identified as abundant and essential
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S-bacillithiolated proteins under NaOCI stress [55, 91, 106]. The bacilliredoxins BrxA, BrxB
and BrxC were identified as S-bacillithiolated in B. subtilis and S. carnosus, which could
represent snapshots of intermediates in the bacilliredoxin pathway [106, 107].

S-bacillithiolated proteins
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Figure 10: Close-up of the redox treemap of S. aureus showing S-bacillithiolated proteins
identified under NaOCI stress in vivo. Enlarged section of the redox treemap is shown that include
the identified S-bacillithiolated proteins (Gap, AldA, GuaB, RpmJ). The close-up shows the percentage
of thiol oxidation under control, NaOCI stress, and the percentage of oxidation increase under NaOCI
stress versus control by a color gradient. The asterisks denote conserved cysteine residues. The figure

is from reference [108].

In S. aureus, five S-bacillithiolated proteins could have been identified using shotgun
LC-MS/MS analysis under NaOCI stress, including Gap, AldA, GuaB, RpmJ and PpaC [108]
(Figure 11). GuaB, Gap and AldA were S-bacillithiolated at their conserved catalytic active site
Cys307, Cys151 and Cys279 residues, respectively.

The glycolytic Gap is the most abundant S-bacillithiolated protein contributing with 4 %
to the total cysteine proteome of S. aureus [108]. As part of this doctoral thesis, the redox
regulation of Gap of S. aureus by S-bacillithiolation and bacilliredoxin under NaOCIl and H.0O>
stress was studied in detail in comparison to GapDH of C. diphtheriae. In addition, the aldehyde
dehydrogenase AldA was identified as another target for S-bacillithiolation in S. aureus. Thus,
we studied the redox regulation, expression, function and structural changes of AldA in S.
aureus more in detail. AIdA was identified as an important enzyme that contributes to the HOCI
defense in S. aureus [109].
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4. Redox regulation of protein S-thiolation by mycoredoxins and bacilliredoxins

4.1 Redox regulation of protein S-mycothiolation by mycoredoxin-1 (Mrx1)

The redox regulation of protein S-mycothiolations requires specific thiol-disulfide reducing
pathways to restore the protein activity. The Mrx1l/MSH/Mtr system is specific for the de-
mycothiolation of MSH-mixed protein disulfides (Figure 12). Mycoredoxin-1 (Mrx1) was
characterized as a glutaredoxin-homolog in Actinomycetes [110]. Mrx1 has a typical Trx-like
fold with a CGYC catalytic active site, composed of a four-stranded antiparallel $-sheet and
surrounded by three a-helices. The CGYC motif is located at the N-terminus of the first a-helix.
The conserved proline residue (Pro57) is located in cis-conformation opposite to the active
site. The active site Cysl14 is solvent exposed in the oxidized and reduced form of Mrx1, while
the C-terminal resolving Cys17 is buried inside the protein [110]. Mrx1 has a negative redox
potential of -218 mV that is in the same range as for glutaredoxin. Thus, Mrx1 functions as
effective thiol disulfide reducing enzyme in Actinomycetes [111]. Mrx1 catalyzes the de-
mycothiolation of MSH-mixed protein disulfides in a bimolecular nucleophilic substitution
reaction analogous to the monothiol reaction mechanism of glutaredoxins. During de-
mycothiolation of the substrate, Mrx1 is S-mycothiolated at its active site Cys14. Oxidized Mrx1
is regenerated by MSH leading to the formation of MSSM, which is recycled back to MSH by
Mtr with NADPH as electron donor. The electron transfer from the Mrx1/MSH/Mtr electron
pathway to the MSH-mixed disulfide substrate was shown in a hydroxyethyl disulfide (HED)
assay [110].

The thiol peroxidase Tpx was identified as S-mycothiolated at its active and resolving
Cys60 and Cys94 residues under HOCI stress in vivo. Mrx1 was shown to catalyze the de-
mycothiolation of Tpx-SSM as the first substrate in vitro [91]. The membrane-associated
peroxidase AhpE of M. tuberculosis was S-mycothiolated at its active site Cys45 in vitro and

also shown to be reduced by Mrx1 as another substrate [112].
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Figure 11: Reduction of protein S-glutathionylations, S-bacillithiolations and S-mycothiolations
by glutaredoxin, bacilliredoxin and mycoredoxin pathways. The S-glutathionylated proteins are
reduced by glutaredoxins (Grx) leading to a Grx-SSG intermediate that is reduced by GSH, leading to
GSSG which is recycled back to GSH by the NADPH-dependent GSSG reductase (Gor). Analogous
bacilliredoxin and mycoredoxin pathways have been characterized in BSH- and MSH-utilising Gram-
positive bacteria. The S-bacillithiolated proteins are reduced by bacilliredoxins (Brx) leading to Brx-SSB
formation. Brx-SSB is reduced by BSH with the generation of BSSB that likely requires the NADPH-
dependent BSSB reductase YpdA for regeneration of BSH. In Actinomycetes, mycoredoxinl catalyzes
the reduction of S-mycothiolated proteins, leading to Mrx1-SSM generation that is recycled by MSH and
the NADPH-dependent MSSM reductase Mtr.

4.2 Redox regulation of protein S-bacillithiolation by bacilliredoxin (Brx)

The reduction of S-bacillithiolated proteins in Firmicutes is catalyzed by the bacilliredoxin redox
pathway (Figure 12). The bacilliredoxins BrxA and BrxB were identified as paralogs of the
DUF1094 family in B. subtilis, which shared 53 % sequence identity. Phylogenomic profiling
identifies BrxA and BrxB as Trx-like proteins with unusual CGC active sites [113, 114]. The
crystal structure of BrxA reveales overall structural similarities to thioredoxins. However, the
redox potential was determined as -130 mV, which is much more positive compared to that of
thioredoxin proteins [115]. Furthermore, BrxC was identified as candidate for a monothiol Brx
which has a TCPIS active site motif and is similar to monothiol Grxs. However, the function of
BrxC in de-bacillithiolation remains to be elucidated [116]. The flavin disulfide reductase YpdA
was suggested as putative BSSB reductase in the STRING search due to its phylogenetic co-
occurance together with the BSH biosynthesis enzymes. However, the catalytic activity of
YpdA in BSSB reduction could not be demonstrated [97]. Bacilliredoxins function analogous

to glutaredoxins by the attack of the active site cysteine on BSH-mixed protein disulfides,
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resulting in the transfer of BSH to the active site cysteine of Brx [113]. In B. subtilis, the S-
bacillithiolated OhrR repressor and the methionine synthase MetE were identified as natural
substrates for BrxA and BrxB in vitro. While de-bacillithiolation of OhrR-SSB is catalyzed
mainly by BrxB, reduction of MetE-SSB can be catalyzed by both BrxA and BrxB [113].
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Figure 13: Recycling of S-bacillithiolated Gap requires the bacilliredoxin Brx in vitro. (A) Gap
activity is reversibly inhibited by S-bacillithiolation in vitro and can be restored by reduction using the
bacilliredoxin Brx (SAUSA300_1321). De-bacillithiolation required the Brx active site Cys. The BrxAGC
mutant showed weak activity to reduce Gap-SSB, while the BrxCGA mutant could restore Gap activity
similar to the wild-type Brx protein. S-bacillithiolated Gap was generated in vitro by treatment of Gap
with H202 in the presence of BSH. (B) De-bacillithiolation of Gap-SSB by Brx and its cysteine mutant
proteins in vitro was monitored using nonreducing BSH-specific Western blot analysis. The SDS-PAGE
is shown as loading control (right). The numbers 1-5 shown in the BSH Western blot and in the SDS-
PAGE refer to the legend shown in (A).

In this doctoral thesis, we studied the function of Brx of S. aureus in reduction of S-
bacillithiolated Gap in vitro (Figure 13). Gap activity could be restored by de-bacillithiolation
with the Brx wild type and BrxCGA resolving cysteine mutant proteins, but not with the BrxAGC
active site mutant protein. The reduction of Gap-SSB by Brx wild type and the BrxCGA mutant
was confirmed in BSH-specific Western blots. Our results indicate that S-bacillithiolation of
Gap functions in protection and redox regulation of the Gap active site cysteine and can be

reversed by the bacilliredoxin Brx in vitro.
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5. Redox regulation of the metabolic enzymes GapDH and AldA
5.1 The glyceraldehyde-3-phosphate dehydrogenase (GapDH) protein family

5.1.1 Structure and catalytic mechanism of GapDH

The glyceraldehyde-3-phosphate dehydrogenase (GapDH) is highly conserved across all
kingdoms of life [117]. Many bacteria contain a single GapDH, while others possess multiple
GapDH homologs. In E. coli, gapA, gapB and gapC encode for three GapDH homologs [118].
In B. subtilis and S. aureus, two GapDH homologs are encoded by gapA and gapB. GapA
functions in the glycolysis using NAD* as cofactor, while GapB participates in the
gluconeogenesis with NADP* as cofactor [119, 120]. The phosphorylating glyceraldehyde-3-
phosphate dehydrogenase (GapDH, EC 1.2.1.12) is a member of the GapDH protein family,
while the non-phosphorylating glyceraldehyde-3-phosphate dehydrogenase (GapDN, EC
1.2.1.9) belongs to the aldehyde dehydrogenase (ALDH) superfamily [121, 122]. GapDN is
present in plants, algae and bacteria, catalyzing the NADP*-dependent oxidation of
glyceraldehyde-3-phosphate (G3P) to 3-phosphoglycerate (3-PG) [123]. The homotetrameric
GapDH is the key enzyme of the glycolysis and catalyzes the oxidative phosphorylation of G3P
to 1,3-bis-phosphoglycerate (1,3-BPG) (Figure 14). All GapDH structures share a common
conserved fold composed of a NAD(P)*-binding domain and a catalytic domain [124-126].

The catalytic mechanism of the phosphorylating GapDH is initiated by the nucleophilic
attack of the active site cysteine on the aldehyde carbon of the G3P substrate, forming a
covalently enzyme-bound hemithioacetal intermediate. The transfer of a reactive hydride ion
to a tightly bound NAD™ oxidizes the thiol-bond of the hemithioacetal to an energy rich thioester
bond, releasing NADH. The hydride ion transfer is stabilized by an adjacent histidine residue
in the active site of the enzyme. The binding of a second NAD* molecule to the acyl-enzyme
intermediate stabilizes the negatively charged carbonyl group of the thioester and makes the
carbonyl vulnerable to a nucleophilic attack by the inorganic phosphate. The phosphorolysis
reaction of inorganic phosphate and the acyl-enzyme intermediate releases the product 1,3-
BPG [127-129].
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Figure 14: The catalytic mechanism of the phosphorylating glyceraldehyde-3-phosphate
dehydrogenase 1 (GapDH1) of S. aureus MRSA252. In the first step, D-glyceraldehyde-3-phosphate
(G3P) binds to the active site of GapDH (a). The nucleophilic attack of the catalytic active site Cys151
at the aldehyde carbon of G3P leads to the formation of a tetrahedral hemithioacetal intermediate (b).
The second step involves a hydride transfer from the hemithioacetal intermediate to NAD*, leading to a
thioacyl complex (c). In the third step, the G3P phosphate group is repositioned (“flip”) (d). In the fourth
step, the NAD* cofactor is released and a new NAD* enters the active site. The phosphate group of G3P
relocates again (“flop”) to restore hydrogen-bonding with NAD* (e). In the fifth step, the phosphorolysis

releases the 1,3-bisphosphoglycerate (1,3-BPG) from the active site of Gap. The figure is from reference

[130].
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5.1.2 Functions and metabolic adaptation of GapDH under oxidative stress

GapDH is a multifunctional enzyme that is involved in numerous cellular processes, including
transcriptional and post-transcriptional regulation, chromatin structure, intracellular trafficking,
DNA replication and DNA repair [131-133]. Other functions of bacterial GapDHs are mainly
associated with their extracellular localization. GapDH of pathogenic bacteria was shown to be
secreted and localized at the bacterial surface, enabling the colonization and manipulation of
host cells [134]. In pathogenic E. coli, GapDH contributes to the host infection by interaction
with human plasminogen and fribrinogen [135]. Secreted GapDH can catalyze its own post-
translational modification by ADP-ribosylation to protect bacteria against oxidative stress [136].
The interaction of secreted GapDH with mucin was shown for probiotic strains, contributing to
intestinal colonization [137, 138]. In Mycoplasma pneumoniae, GapDH is located at the surface
and contributes to the colonization of the respiratory tract by interaction with extracellular matrix
proteins of human host cells [139].

In E. coli, GapDH has also intracellular functions that are not related to its glycolytic
function. GapDH was shown to interact with the phosphoglycolate phosphatase (Gph). Gph is
involved in the DNA repair of 3 -phosphoglycolate ends that are generated by the antibiotic
bleomycin [140, 141]. GapDH also interacts with proteins of the base-excision repair (BER)
pathway, including Endo 1V, uracil DNA glycosylase (UDG) and the single-stranded DNA
binding protein (SSB) [134].

The GapDH active site cystein is highly sensitive to oxidation by H,O; and subject to
numerous post-translational thiol-modifications. The redox sensitivity of the GapDH active site
depends on a highly conserved proton relay mechanism that enhances its reactivity towards
H.0- [142]. The H,0.-dependent oxidation of GapDH leads to its inactivation and re-direction
of the glycolytic flux into the pentose phosphate shunt for NADPH generation. NADPH is
required as cofactor for thiol-disulfide reductases. The reactivation of S-thiolated GapDH itself
requires NADPH-dependent reducing systems. Therefore, GapDH is kept inactive by S-
thiolation until NADPH levels are restored, allowing a reactivation of GapDH activity [17, 142,
143]. Our results showed a high sensitivity of GapDH of C. diphtheriae and S. aureus towards
H.O, and NaOCI-induced overoxidation in vitro. GapDH was identified as S-mycothiolated
under NaOCI stress in C. diphtheriae in vivo. Thus, we investigated the kinetics of GapDH
inactivation under H.O, and NaOCI-stress in the overoxidation and S-mycothiolation pathways

in comparison (Figure 15).
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Figure 15: Protein S-mycothiolation protects GapDH of C. diphtheriae against overoxidation
under NaOCI stress in vitro. GapDH was inactivated by NaOCI alone (A) or in the presence of NaOCI
and MSH (B), followed by reduction with 10 mM DTT (C). The inhibition of GapDH activity is due to
overoxidation and intramolecular disulfide formation with NaOCI alone. However, GapDH activity is
reversibly inhibited by NaOCl and MSH due to S-mycothiolation of the active site Cys153.

In S. aureus, the glycolytic GapDH was identified as most abundant target for S-bacillithiolation
under NaOCl stress in vivo. Thus, we further analyzed the inactivation of Gap of S. aureus by
H.0, and NaOCI-induced oxidation in the absence and presence of BSH (Figure 16). The
results showed that GapDH of S. aureus is faster inactivated by H.O, and NaOCI stress due
to S-bacillithiolation compared to the overoxidation. These results indicate that S-
bacillithiolation of the GapDH active site can effectively protect the enzyme against the

irreversible overoxidation under H,O, and NaOCI stress.
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Figure 16: Protein S-bacillithiolation protects Gap of S. aureus against overoxidation under
NaOCI stress in vitro. Gap was inactivated by NaOCI alone (A) or in the presence of NaOCl and BSH
(B), followed by reduction with 10 mM DTT (C). The inhibition of Gap activity is due to overoxidation
with NaOCI alone, while Gap activity was reversibly inhibited with NaOCI and BSH due to S-

bacillithiolation of the active site Cys151.

The kinetic comparison of both GapDH enzymes further suggests that the S. aureus Gap
enzyme is more sensitive to oxidative inactivation compared to GapDH of C. diphtheriae since

lower NaOCI doses effectively inhibited S. aureus Gap activity. This higher sensitivity of S.
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aureus Gap may be due to the absence of the second cystein in the otherwise highly conserved

C153TTNC157 motif, which is present in GapDH of C. diphtheriae.
5.2 The aldehyde dehydrogenase (ALDH) protein family

5.2.1 Structure and catalytic mechanism of the ALDH enzymes

The aldehyde dehydrogenase (ALDH) family is a unique class of enzymes that includes NAD*-
dependent aldehyde dehydrogenases (ALDH, EC 1.2.1.3) and some NADP*-dependent
aldehyde dehydrogenases (ALDH, EC 1.2.1.4) [144]. These enzymes are different compared
to other classes of aldehyde dehydrogenases, such as haemoprotein/quinoprotein ALDHS,
molybdoprotein  ALDHs and tungsten-containing aldehyde ferredoxin oxidoreductases.
Haemoprotein/quinoprotein ALDHs contain a pyroloquinoline, quinone or gquinoheme as
prosthetic group and a quinoprotein-specific super barrel domain [145]. Molybdoprotein ALDHs
contain an FeS cluster in their active site and need molybdopterin-cytosine-dinucleotide, FAD*
and an acid-labile sulfide as cofactors [146]. Tungsten-containing aldehyde ferredoxin
oxidoreductases utilize tungsten, FeS clusters and molybdopterin to oxidize aldehyde
substrates [147]. Enzymes of the ALDH family contain NAD™ or in some exceptions NADP* as
cofactor and do not require molybdopterin-based cofactors and FeS clusters.

The ALDH proteins are tetramers or dimers. Each subunit contains a catalytic domain,
an “arm-like” bridging domain and the Rossmann-fold domain [148]. ALDHs have a B-a,3
NAD*-binding mode at their Rossmann-fold domain. This is different from the classical B-a-
NAD*-binding mode observed in all other aldehyde dehydrogenases with Rossmann-folds
[148]. A funnel passage is located at the interface of all three domains that leads to the catalytic
pocket. The lower portion of the funnel is composed of highly conserved residues of the
nucleotide-binding and catalytic domains that form the catalytic ative site. The hydride transfer
from the cofactor to the substrate is catalyzed in the active site [149]. ALDHs catalyze the
NAD*-dependent oxidation of aldehydes to their carboxylic acids in four steps (Figure 17)
[150]. In the first step, a tetrahedral hemithioacetal-enzyme complex is formed. NAD* binding
repositions the catalytic cysteine, allowing the nucleophilic attack on the carbonyl carbon of an
aldehyde substrate. The nucleophilicity of the catalytic cysteine is achieved by deprotonation
through an adjacent conserved glutamate residue. In the second step, hydride transfer from
the hemithioacetal intermediate to NAD* generates a covalent thioester intermediate. In the
third step, NADH is released from the enzyme allowing hydrolysis of the thioester intermediate.
Therefore, nucleophilic water attacks the thioester intermediate to generate a second
tetrahedral intermediate. In the final step, hydrolysis of the thioacyl enzyme complex releases

a carboxylic acid product [150].
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Figure 17: Catalytic mechanism of the NAD(P)*-dependent aldehyde dehydrogenases. NAD(P)*
binds tightly to the active site and repositions the catalytic active site cysteine. Nucleophilic attack of the
catalytic cystein at the aldehyde carbon leads to formation of a thiohemiacetal intermediate (1). Hydride
transfer to NAD(P)* results in a thioester intermediate (2). Deacylation is catalyzed by attack of a
nucleophilic water molecule, generating a tetrahedral intermediate. In the final hydrolysis, a carboxylic

acid product is released (3). The figure is from reference [151].
5.2.2 Functions and metabolic adaptation of ALDHs under oxidative stress

The main function of ALDHs is the oxidation of metabolic and biogenic amine-derived
aldehydes to their corresponding carboxylic acids [144]. The substrate specificity of ALDHs
depends on the amino acid residues at the upper portion of the funnel at the interface of all
three domains. The betaine aldehyde dehydrogenase of S. aureus uses betaine aldehyde as
substrate, which is oxidized to the osmoprotectant glycine betaine [150]. The human succinic
semialdehyde dehydrogenase from the brain uses succinic semialdehyde as substrate [152].
The rat liver formaldehyde dehydrogenase specifically catalyzes the oxidation of S-
hydroxymethyl glutathione [153]. The salicylaldehyde dehydrogenase (NahF) from
Pseudomonas putida is an example for an ALDH with a broad substrate spectrum. This
enzyme catalyzes the oxidation of salicylaldehyde and several other aliphatic and aromatic
aldehydes [154].

In this doctoral thesis, we chacterized the NAD*-dependent aldehyde dehydrogenase
AldA of S. aureus. AldA showed a broad substrate specificity for the oxidation of formaldehyde,
methylglyoxal, glycolaldehyde and acetaldehyde as potential substrates (Figure 18).

Transcription of aldA is induced under NaOCI, diamide and formaldehyde stress in a SigmaB-
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independent manner. In phenotype survival assays, the aldA mutant was very sensitive to
NaOCI stress, indicating that AldA could be involved in detoxification of aldehydes that are
elevated under NaOCI stress. Thus, AldA could function in the detoxification of methylglyoxal
that is produced under NaOCI stress in S. aureus. The increased production of methylglyoxal

under HOCI stress was previously shown in E. coli [38].
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Figure 18: Purified AIdA shows broad substrate specificity towards various aldehydes in vitro.
The catalytic activity of the aldehyde dehydrogenase AldA was analyzed with increasing concentrations
of different aldehyde substrates ranging from 10-100 pM, including (A) formaldehyde (FA), (B)
methylglyoxal (MG), (C) acetaldehyde (AA) and (D) glycolaldehyde (GA). The oxidation of aldehydes
was measured in the presence of NAD* as coenzyme and NADH generation was monitored at 340 nm

using a spectrophotometer.

Apart from their role in aldehyde detoxification, ALDHs have other catalytic and non-catalytic
functions. Some ALDHSs have an additional esterase activity to catalyze ester hydrolysis [155].
Some ALDHs were shown to bind androgen, cholesterol, thyroid hormone and exogenously
derived xenobiotics [156]. In addition, these enzymes can function as antioxidants by
contributing to the production of NAD(P)H or by scavenging hydroxyl radicals via cysteine
sulfhydryl groups [157, 158]. ALDHs were shown to play a role in pheromone metabolism and
developmental processes [148].

We could show that AldA of S. aureus is protected by S-bacillithiolation against the
irreversible inactivation to overoxidation under oxidative stress in vitro. This could be a new
mechanism for the metabolic adaptation of S. aureus under infection conditions (Figure 19).
Thus, AldA represents a novel thiol-switch mechanism required for the defense of S. aureus

under HOCI stress.
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Figure 19: Protein S-bacillithiolation protects AldA of S. aureus against overoxidation under H2O>
stress in vitro. AldA is irreversibly inactivated by H20O2 alone due to overoxidation (A). In the presence
of H202 and BSH, AIdA is reversibly inactivated due to S-bacillithiolation (B,C) as revealed by DTT
reduction (A, B) and BSH-specific Western blots (C). Thus, S-bacillithiolation protects the AldA active
site against overoxidation under H20: stress. AldA activity was measured with methylglyoxal as

substrate.

6. Conclusion and future perspectives

Bacteria have evolved specific strategies to resist oxidative stress and to survive in an aerobic
environment. LMW thiols are important defense mechanisms in bacteria that mediate
protection against various reactive species, including ROS, RCS, RES and RNS. Under
oxidative stress, LMW thiols can form mixed disulfides with proteins that are termed as S-
thiolations. Protein S-thiolation functions in redox regulation of protein activities and in thiol-
protection against overoxidation under oxidative stress. In this doctoral thesis, we have studied
the redox regulation of main metabolic enzymes that are highly sensitive to oxidation under
HOCI stress, including the glycolytic GapDH and the aldehyde dehydrogenase AIdA of C.
diphtheriae and S. aureus. We could confirm that GapDH and AIdA are protected by S-
bacillithiolation or S-mycothiolation against overoxidation to sulfonic acids under NaOCI and
H>O: stress. In addition, the reversible inactivation of GapDH and AIdA by S-thiolation was
shown to occur faster compared to the overoxidation. We further analyzed the roles of the
bacilliredoxin and mycoredoxin pathways for reactivation of the S-thiolated enzymes in S.
aureus and C. diphtheriae. Thus, our studied not only identified new S-thiolated proteins in
human pathogens, but also new substrates for bacilliredoxins and mycoredoxins in pathogenic
bacteria. Thus, the detailed biochemical results of this doctoral thesis provide new insights into
the protective roles of BSH and MSH of main metabolic enzymes under infection-like
conditions in S. aureus and C. diphtheriae. Since BSH is important for virulence in S. aureus,
these S-bacillithiolated enzymes could be new drug targets that could be used in drug design

to combat multi-resistant S. aureus infections.
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SCIENTIFIC REPLIRTS

The glyceraldehyde-3-phosphate
dehydrogenase GapDH of
Corynebacterium diphtheriae is
e’ redox-controlled by protein S-
e mycothiolation under oxidative
stress

Melanie Hillion®?, Marcel Imber?, Brandan Pedre?>*, J6rg Bernhardt>, Malek Saleh?, VuVan
. Loi', Sandra Maal3®, Dorte Becher®, Leonardo Astolfi Rosado?3*, Lorenz Adrian®, Christoph
. Weise’, Rudiger Hell?, Markus Wirtz(8, Joris Messens?>* & Haike Antelmann?

Mycothiol (MSH) is the major low molecular weight (LMW) thiol in Actinomycetes and functions in
post-translational thiol-modification by protein S-mycothiolation as emerging thiol-protection and
redox-regulatory mechanism. Here, we have used shotgun-proteomics to identify 26 S-mycothiolated
proteins in the pathogen Corynebacterium diphtheriae DSM43989 under hypochlorite stress that are

. involved in energy metabolism, amino acid and nucleotide biosynthesis, antioxidant functions and

. translation. The glyceraldehyde-3-phosphate dehydrogenase (GapDH) represents the most abundant

S-mycothiolated protein that was modified at its active site Cys153 in vivo. Exposure of purified

. GapDH to H,0, and NaOCl resulted in irreversible inactivation due to overoxidation of the active site

:invitro. Treatment of GapDH with H,0, or NaOCl in the presence of MSH resulted in S-mycothiolation

: and reversible GapDH inactivation in vitro which was faster compared to the overoxidation pathway.

. Reactivation of S-mycothiolated GapDH could be catalyzed by both, the Trx and the Mrx1 pathways

. invitro, but demycothiolation by Mrx1 was faster compared to Trx. In summary, we show here that

. S-mycothiolation can function in redox-regulation and protection of the GapDH active site against
overoxidation in C. diphtheriae which can be reversed by both, the Mrx1 and Trx pathways.

Bacteria are exposed to various redox-active compounds, such as reactive oxygen species (ROS) in their nat-
. ural habitat or during infections and are equipped with specific protection mechanisms’. To cope with ROS,
. bacteria use different antioxidant enzymes, such as catalases, peroxiredoxins, superoxide dismutase and
. low molecular weight (LM W) thiols to maintain the reduced state of the cytoplasm and to survive oxidative
© stress’™*. Gram-negative bacteria utilize glutathione (GSH) as their major LMW thiol, but GSH is absent in most
© Gram-positive bacteria. Instead, the Actinomycetes that include streptomycetes, corynebacteria and myco-
© bacteria produce mycothiol (MSH) as their major LMW thiol®>. MSH functions in detoxification of various

redox-active compounds, including ROS, electrophiles and antibiotics in all Actinomycetes®=. Apart from its
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detoxification functions, MSH is also involved in post-translational thiol-modification and forms mixed disulfides
with protein thiols under hypochlorite stress® . Protein S-mycothiolation is an emerging thiol-protection
and redox-regulatory mechanism in Actinomycetes. In Corynebacterium glutamicum, we identified 25
S-mycothiolated proteins using shotgun LC-MS/MS analysis'’. These include conserved targets for S-thiolation
across different Gram-positive bacteria, such as the thiol-peroxidase Tpx, the inosine monophosphate (IMP)
dehydrogenase GuaB and ribosomal proteins'® !'. In Mycobacterium smegmatis, protein S-mycothiolation was
more abundant with 58 identified proteins, which correlates with the 20-fold higher MSH content in mycobacte-
ria compared to corynebacteria’.

The redox-regulatory mechanisms of S-mycothiolated proteins have been studied thus far for several antiox-
idant enzymes, such as thiol peroxidases (Tpx, Mpx, AhpE) and methionine sulfoxide reductases (MsrA)'% 1215,
Moreover, Tpx has been shown to function as a peroxidase and as oligomeric chaperone in response to differ-
ent levels of H,0,". Regeneration of peroxidase and methionine sulfoxide reductase activities requires both
the mycoredoxin (Mrx1) and thioredoxin pathways in vitro'® 12131617 Apart from its redox-regulatory role
for antioxidant enzymes, MSH also functions in thiol-protection of the methionine synthase MetE by protein
S-mycothiolation under acid stress conditions'®.

In this work, we have used shotgun proteomics to identify 26 S-mycothiolated proteins in the path-
ogen Corynebacterium diphtheriae. As major redox-controlled metabolic enzyme, the glycolytic
glyceraldehyde-3-phosphate dehydrogenase DIP1310 (GapDH) was S-mycothiolated under NaOCl stress at the
active site Cys in C. diphtheriae in vivo. GapDH is a conserved target for redox-regulation and post-translational
thiol-modifications including S-glutathionylations across all domains of life'* ?°. In Staphylococcus aureus,
the glycolytic GapDH was recently shown as major target for S-bacillithiolation which contributes with 4% to
the total Cys proteome?!. GapDH uses the active site Cys for the nucleophilic attack at the aldehyde group of
glyceraldehyde-3-phosphate (G3P) to catalyze its phosphorylation to 1,3-bisphosphoglycerate, generating NADH
in this process®. The relatively high reactivity of the active site thiolate towards H,O, depends on the stabiliza-
tion of the transition state and a dedicated proton relay mechanism that promotes leaving group departure?* 22,
S-glutathionylation of GapDH from the plant Arabidopsis thaliana resulted in enzyme inactivation which could
be faster regenerated by glutaredoxins compared to thioredoxins*. Here, we studied the redox-regulation of
GapDH of C. diphtheriae in response to oxidative stress by protein S-mycothiolation in vitro. We show that
S-mycothiolation functions in redox regulation and efficiently protects the active site against overoxidation by
H,0, and NaOCI which can be reversed by both, the Mrx1 and Trx pathways. Thus, striking similarities exist
in the redox-control mechanisms of GapDH homologs from prokaryotic and eukaryotic organisms that involve
protein S-thiolations using different thiol-redox systems for recycling, and as such for controlling central glyco-
Iytic activities.

Results

Identification of 26 S-mycothiolated proteins in C. diphtheriae under NaOCI stress using shot-
gun LC-MS/MS analysis.  The role of protein S-mycothiolation in thiol-protection and redox regulation has
been studied previously in C. glutamicum'® and M. smegmatis®. In this study, we were interested to identify the
targets for protein S-mycothiolation in the pathogen C. diphtheriae under NaOCl stress. Cells of C. diphtheriae
DSM43989 were grown in heart-infusion broth (HIB) and transferred at an ODsg of 0.8 into a minimal medium
(BMM) for NaOCl stress exposure to avoid the quenching of NaOCl by the rich HIB medium. Treatment of cells
with 300 uM and 400 uM NaOCl resulted in a delay of growth with slow recovery after overnight growth (Fig. 1A).
Using MSH-specific non-reducing Western blots, a strongly increased protein S-mycothiolation pattern could be
detected after 30 min of 300-400 uM NaOCl stress (Fig. 1B). We further analysed the MSH level in C. diphtheriae
under NaOClI stress using thiol-metabolomics. The MSH level was determined as 0.3 +0.03 pmol/g raw dry
weight (rdw) under control conditions which decreased 4-fold after 30 min of NaOCl treatment (Fig. 1C). Thus,
the depletion of MSH correlates with increased protein S-mycothiolation under NaOCl stress. This confirms our
previous results in M. smegmatis where strong MSH depletion was also observed under NaOCl stress’.

Using LTQ-Orbitrap LC-MS/MS analysis, we identified 26 S-mycothiolated proteins in C. diphtheriae
in NaOCl-treated cells based on the 484 Da mass increase of MSH at cysteine residues (Tables 1, S1 and S2).
These S-mycothiolated proteins are displayed in a Voronoi treemap where the spectral protein abundance
determines the cell size of each protein that is present in the proteome and the S-mycothiolated proteins are
marked in red (Fig. 2). The 26 S-mycothiolated proteins of C. diphtheriae include only 5 conserved targets for
S-thiolation, such as the peroxiredoxin AhpC, the ribosomal proteins RplC and RpsM, the glycolytic enzyme
glyceraldehyde-3-phosphate dehydrogenase (GapDH) and the IMP dehydrogenase GuaB (Tables 1, S1 and S2).
The ribose 5-phosphate isomerase DIP1796 was identified as S-mycothiolated in C. diphtheriae which functions
in the pentose phosphate pathway and was previously found S-glutathionylated in the photosynthetic organ-
ism Chlamydomonas reinhardtii**. In Leishmania, this enzyme is essential for replication of the intracellular
form of the parasite, and in Trypanosoma brucei the knockout mutant has a reduced infectivity in mice?. Other
S-mycothiolated proteins are involved in energy metabolism (Ndh, GlpD, DIP1726), amino acid biosynthesis
pathways (ThrA, LeuB, DapA, GInA), purine biosynthesis (PurA), iron sulfur cluster biosynthesis (DIP1631)
and cell wall biosynthesis (GImS). The NADH dehydrogenase (Ndh) is an abundant enzyme that plays a role in
the respiratory chain. S-mycothiolation of Ndh was found at the non-conserved Cys159. Some S-mycothiolated
proteins are Cys-rich proteins including the glutamine synthetase GlnAl, the 4-alpha-glucanotransferase MalQ
(DIP1726), and PurA, which possess 4 to 8 Cys residues. GInA1 catalyzes the condensation of glutamate and
ammonia to form glutamine and plays a major role in the survival of Mycobacterium tuberculosis under infec-
tion inside macrophages®. In conclusion, the identified S-mycothiolated proteins are mainly involved in cellular
metabolism, and share as main and conserved targets for S-thiolations: GapDH, GuaB, AhpC and the ribosomal
proteins RplC and RpsM.
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Figure 1. Protein S-mycothiolation pattern and MSH depletion in C. diphtheriae under NaOCl stress. C.
diphtheriae was grown in HIB medium to an ODsg of 0.75-0.8, transferred to BMM and treated with 300 and
400 uM NaOCI which resulted in growth delay (A) and strongly increased protein S-mycothiolation as revealed
by non-reducing MSH-specific Western blots (B). The level of reduced MSH was 0.3 pmol/g rdw in the control
and strongly depleted under NaOCl stress in the thiol-metabolome indicating that MSH is used for protein
S-mycothiolation (C). All data represent mean values of three independent biological replicates and the error
bars given were calculated as standard error of the mean (SEM).

Contribution of S-mycothiolated proteins to the total Cys proteome. It was interesting to note
that GapDH was S-mycothiolated at the active site Cys153 in C. diphtheriae. Previously, we found that GapDH
is the major target for S-bacillithiolation in S. aureus contributing with 4% Cys abundance to the total Cys pro-
teome?!. Thus, we calculated the percentages of Cys contributions of GapDH and other S-mycothiolated proteins
to the total Cys proteome in C. diphtheriae (Figs 3 and S1, Table S4). In total, 2266 proteins are encoded in the
genome of C. diphtheriae DSM43989 that include 1847 Cys proteins with 6156 Cys residues. The theoretical Cys
content in the proteome of C. diphtheriae is 0.85% confirming that Cys is the rarest amino acid in the C. diphthe-
riae proteome (Figure S1). Next, we calculated the percentages of Cys abundances of all Cys proteins expressed
in the proteome based on their spectral counts that are multiplied by the numbers of Cys residues. The spec-
tral counts of the 1030 expressed proteins are visualized in a Cys proteome treemap including 805 Cys proteins
(Fig. 3, Tables S3 and S4). The cell size indicates the spectral protein abundance and the color-code denotes the
Cys content. About 395 Cys proteins contain only 1-2 Cys residues while the remaining 410 proteins have 3 or
more Cys residues. These include 11 proteins with more than 10 Cys residues and the FeS-cluster oxidoreductase
DIP2133 was identified as the most Cys-rich protein with 18 Cys residues. Of note, 83 Cys proteins were found to
contribute to 60% of the total Cys abundances in the proteome including 55 Cys-rich proteins with more than 3
Cys residues (Figure S1). The RNA polymerase subunit beta’ (RpoC) and two translation elongation factors (Tuf
and FusA) account for 2.5-4.5% of the total Cys abundance in the proteome. Furthermore, the Cys abundance
treemap also visualizes that many ribosomal proteins and abundant chaperones and proteases (GroES, GroLl,
GroL2, DnaK and ClpB) are devoid of Cys residues (Fig. 3).

Of the 26 S-mycothiolated proteins, 24 proteins were quantified based on their total spectral counts (Tables S3
and S4). Eleven S-mycothiolated proteins were found to contribute with 0.2-0.75% to the total Cys abundance,
including the glycolytic GapDH on the top with 0.75%. Thus, in C. diphtheriae, GapDH is also the most abun-
dant target for S-mycothiolation in comparison to all other identified S-mycothiolated proteins. Apart from
GapDH, the AhpC homolog DirA, the IMP dehydrogenase GuaB, the glucanotransferase MalQ (DIP1726) and
the glutamine synthetase GlnA1 contributed with 0.4-0.6% to the total Cys abundance in the proteome (Fig. 3;
Table S4). As noted already, many S-mycothiolated proteins are Cys-rich proteins with more than 4 Cys resi-
dues which might explain why they are susceptible to S-mycothiolation under NaOClI stress. In conclusion, the
comparison of the S-mycothiolated proteins with their Cys abundances in the total Cys proteome indicates that
GapDH makes a major contribution to the S-mycothiolome in C. diphtheriae under NaOCl stress.

GapDH is reversibly inhibited and protected against overoxidation by S-mycothiolation under
H,0, and NaOCl stress in vitro. GapDH was identified as S-mycothiolated at its active site Cys153 that
is highly sensitive to oxidation by H,0, and located in a conserved C,5;TTNC, 5, motif present in prokaryotic
and eukaryotic GapDH homologs (Figure S2). Under peroxide stress, the active site Cys is initially oxidized to a
sulfenic acid that reacts further with LMW thiols, such as GSH, leading to S-glutathionylation®>?’. In the absence
of thiol-redox systems or adjacent thiols, Cys-SOH can react further to irreversible oxidation forms, such as
sulfinic or sulfonic acids® ?. S-glutathionylation functions in redox control and protects catalytic and vulnerable
Cys residues against overoxidation®> 2%,

We were interested to investigate if S-mycothiolation controls GapDH activity and functions in
thiol-protection against overoxidation in vitro. The His-tagged enzyme was cloned in Escherichia coli, purified
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Antioxidant enzymes

DirA (AhpC) | DIP1420 | 2-Cys peroxiredoxin Cys61** active site (K)DFTFVC4 PTEIAAFGK(L) Rv2428*
Protein synthesis

RplC DIP0473 508 ribosomal protein L3 Cys154%* (R)VGGIGAC,5,ATPGR(V) Rv0701*
RpsM DIP0546 | 30S ribosomal protein S13 Cys86** (K)IEIGCg YQGLR(H) Rv3460c*
Pth DIP0897 Peptidyl-tRNA hydrolase Cys49 (K)ASGAVIEVGGCR(V) Rv1014c
DIP1398 DIP1398 | RNA methyltransferase Cys376* nucleophile (R)AIAQSGPQAAIHIGC,,DPATFAR(D) Rv2689c*
Energy metabolism

DIP1726 DIP1726 Putative glucanotransferase Cys45 (R)SLGVC,sFGNEDEPATDHEPLTGPMPSEDQIR(Y) Rv1781c
Gap DIP1310 | Glyceraldehyde 3-phosphate DH Cys153** active site (K)HNIISNASC,s; TTNCLAPMAK(V) Rv1436*
DIP1796 DIP1796 Putative ribose/galactose isomerase Cys143 (R)RIDILC, 3sEYER(T) Rv2465¢
DIP0655 DIP0655 | Putative ribokinase Cysl171 (R)GTVVVNLAPVIDVDRDC,, LLR(A) —

GlpD DIP2237 Putative glycerol-3-phosphate DH Cys10 (K)SHC,,TFNPDYYQDVWQR(F) Rv2249c
Ndh DIP1217 | NADH dehydrogenase Cys159 (R)AEmC,5,EDPKER(E) Rv1854c
Biosynthesis of amino acids

ThrA DIP1036 | Homoserine dehydrogenase Cys243 (R)VTYADVYC,,;EGISK(I) Rv1294
DIP0511 DIP0511 4-hydroxy-tetrahydrodipicolinate synthase Cysl141 (R)AVAAATSLPVIAYDIPVC,,, VHTK(L) —

DapA DIP1464 | 4-hydroxy-tetrahydrodipicolinate synthase | Cys161 (R)SVVPIAPDTLC ¢ R(L) Rv2753¢
DIP0974 DIP0974 Putative aminotransferase Cys138 (R)C,33DAPHELPNDDIDLVFINSPSNPTGR(V) Rv1178
GlnAl DIP1644 Glutamine synthetase Cys220 (R)QHPEC,,,GTGSQQEINYR(F) —

LeuB DIP1105 | 3-isopropylmalate dehydrogenase Cys130 (R)EGTEGLYC,3,GNGGTLR(E) Rv2995¢
Biosynthesis of nucleotides

DIP1631 DIP1631 Uncharacterized protein Cys43* (R)IAVQPGGC,;SGLR(Y) Rv2204c*
GuaB DIP0580 Inosine-5'-monophosphate DH Cys317** active site (K)VGIGPGSIC;,, TTR(V) Rv3410c*
PurA DIP2063 | Adenylosuccinate synthetase Cys423 (R)DQTIVC,,;HDVMEAC(-) Rv0357¢
Other functions

DIP0913 DIP0913 Uncharacterized protein Cys22 (K)ERPTAGPQLYPVTC,,EAVVSAIR(A) —
DIP1026 DIP1026 Conserved ATP-binding protein Cys75 (R)IC,;LEADLGPVR(F) Rv1278
DIP1102 DIP1102 Putative uncharacterized protein Cys441 (R)LLSAC,,,PESGLYK(G) —
DIP1250 DIP1250 M18 family aminopeptidase Cys401* (K)AGSSHQVFVGNNSVPC,,, GSTIGPITATR(L) Rv0800*
DIP1287 DIP1287 | UPF0210 protein DIP1287 Cys324 (K)GGMMAC,;,,SR(V) —

GImS DIP1700 | Glutamine-fructose-6-P aminotransferase Cys74 (K)VQALEQELETSPMPQSC,,LGIGHTR(W) Rv3436¢

Table 1. Identification of 26 S-mycothiolated proteins in C. diptheriae DSM43989 using shotgun LC-MS/

MS analysis after exposure to 400 uM NaOCl for 30 min. The S-mycothiolated proteins were identified using
shotgun LC-MS/MS analysis and the Scaffold proteome software based on the mass increase of 484 Da (for
-SSM) at Cys peptides. The table lists the Uniprot-accession number, protein name, conservation of the protein
and the S-mycothiolated Cys residue in M. tuberculosis (Mtb) and the Cys-SSM peptide sequence. Conserved
Cys residues are indicated with (*) and are shown in bold-face. Cys residues that were previously identified S-
mycothiolated or S-bacillithiolated in C. glutamicum, M. smegmatis or S. aureus are indicated with (#).

and subjected to GapDH activity assays after exposure to H,0, and NaOCl in the absence and presence of MSH in
vitro. The inhibition of glycolytic GapDH activity by H,0, and NaOCl was measured spectrophotometrically with
G3P as substrate in the presence of NAD™" as coenzyme. NADH production was monitored in function of time as
an absorbance increase at 340 nm'°. The remaining GapDH activity was calculated from the slope in the kinetic
curves as described previously??. Treatment with 200 uM H,O, alone did not affect GapDH activity, but 500 uM
H,0, resulted in a 60% GapDH activity decrease. The enzyme was fully inactivated with 1 mM H,0, (Fig. 4A).
GapDH inactivation with 1 mM H,0, was 65% irreversible while 35% activity could be recovered with 10 mM
DTT (Fig. 4C). This suggests that the GapDH active site was rapidly overoxidized to Cys sulfonic acid by H,0,,
but part of the enzyme was also reversible inactivated perhaps due to an intramolecular disulfide between Cys153
and Cys157 (Fig. 4D). This intramolecular disulfide has been detected also in other GapDH homologs of E. coli
and Bacillus subtilis under oxidative stress*> **. Using Orbitrap mass spectrometry, we could confirm the forma-
tion of the Cys153-sulfonic acid and of the intramolecular disulfide between Cys153 and Cys157 after exposure
to 1 mM H,0, (Figure S3A). In agreement with the activity assays, the overoxidized Cys153-peptide was detected
at higher abundance compared to the intramolecular disulfide peptide.

Next, we analyzed whether S-mycothiolation can prevent overoxidation of the GapDH active site. Thus, the
inhibition of GapDH activity and its reversibility was analyzed in the presence of H,0, and MSH. GapDH was
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Figure 2. Voronoi treemaps show total protein abundance and 26 S-mycothiolated proteins identified in

C. diphtheriae under NaOCl stress using shotgun LC-MS/MS analysis. (A) The treemap legend shows the
classification of the C. diphtheriae proteome into functional categories as revealed by TIGRfam annotations.
(B) The spectral protein abundance determines the cell size of each protein identified in the total proteome
(Table S3). The 26 identified S-mycothiolated proteins under NaOCl stress are red-colored in the proteome
treemap. The protein abundance treemap indicates that Gap, DirA (AhpC), Ndh and GuaB belong to the most
abundant S-mycothiolated proteins in the total proteome.
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Figure 3. The total Cys abundance treemap of C. diphtheriae with proteins color-coded according to their
number of Cys residues. (A) The treemap legend shows the functional classification of 1030 proteins detected in
the proteome of C. diphtheriae as revealed by their TIGRfam annotations. (B) The spectral protein abundance
determines the cell size of each protein identified in the total proteome (Table S3). The 805 Cys proteins were
color-coded using a yellow-red color gradient based on their numbers of Cys residues. Non-Cys proteins are
displayed in grey. The Cys abundance treemap visualizes that C. diphtheriae contains many Cys-rich proteins
with >4 Cys residues in the proteome. The most abundant S-mycothiolated proteins Gap, DirA (AhpC), Ndh
and GuaB contribute with 0.4-0.8% to the total Cys proteome. The values of calculated Cys abundances are
shown in Table S4.

pre-treated with a 10-molar excess of MSH before it was subjected to 200 uM, 500 uM and 1 mM H,0O,. Of note,
GapDH inactivation by H,0, and MSH was faster compared to H,O, alone since 200-500 uM H,0, resulted
in a 40-75% GapDH activity decrease in the presence of MSH (Fig. 4B). The treatment with 1 mM H,0, and
MSH lead to a complete enzyme inactivation which was comparable to the inactivation by H,O, alone. However,
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Figure 4. S-mycothiolation protects GapDH against overoxidation under H,O, stress in vitro. (A,B) The
NAD*-dependent GapDH activity was determined in a spectrophotometric assay by monitoring NADH
generation during G3P oxidation at 340 nm. Inactivation of GapDH activity was performed using 200 uM,

500 uM and 1 mM H,0, (A) in the absence and (B) in the presence of Il mM MSH. (A,C) GapDH is 65%
irreversibly inactivated with 1 mM H,0, alone due to overoxidation of the active site Cys. (B,C) GapDH activity
is reversibly inhibited due to S-mycothiolation with 1 mM H,0, and MSH and could be reactivated by 10 mM
DTT. (E) Non-reducing MSH specific Western blot analysis confirmed the S-mycothiolation of GapDH under
H,0, and MSH treatment and its reduction by DTT. (D) These results suggest that the GapDH active site Cys
forms a sulfenic acid that reacts further to form Cys sulfonic acid and intramolecular disulfides in the presence
of 1 mM H,0, alone. GapDH is protected against this irreversible overoxidation by S-mycothiolation of the
active site Cys in the presence of MSH and H,O,. All data represent mean values of three independent replicate
experiments and the error bars given were calculated as standard error of the mean (SEM).
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GapDH inactivation by H,0, and MSH was 80% reversible with 10 mM DTT, which indicates that Cys153 is
S-mycothiolated in the presence of MSH and H,0,. The S-mycothiolated Cys153 peptide could be verified by
mass spectrometry and by non-reducing MSH-specific Western blot analysis (Figs 4E, S3B and S4A). In addition,
the intramolecular Cys153-SS-Cys157 disulfide peptide was also detected by mass spectrometry (Figure S3B).
These results provide evidence for the high reactivity of the nucleophilic active site Cys153 towards H,0,, its vul-
nerability to overoxidation and the protection from overoxidation by S-mycothiolation (Fig. 4E). Moreover, our
results support that GapDH inactivation by S-mycothiolation occurs faster compared to overoxidation by H,O,
alone which was observed in the activity assays with 200 and 500 uM H,O, (Fig. 4A,B). Thus, S-mycothiolation
can efficiently prevent the overoxidation of the GapDH active site.

However, S-mycothiolation of the GapDH active site Cys153 was observed in vivo under conditions of NaOCl
stress. Thus, we analyzed GapDH inactivation with different NaOCI concentrations in the absence or presence
of MSH. The incubation of GapDH with 100 uM NaOCI did not affect its activity and concentrations of 200-
500 uM led to a 40% activity decrease (Fig. 5A). GapDH was fully inactivated with 1 mM NaOCI. Interestingly,
the treatment of GapDH with 1 mM NaOCl was also partly (30%) reversible with 10mM DTT (Figure 5C). This
suggests that GapDH inactivation must be caused by both, irreversible overoxidation of Cys153 and reversible
Cys153-SS-Cys157 intramolecular disulfide bond formation under NaOCl stress (Fig. 5D). Using Orbitrap mass
spectrometry, we could confirm the overoxidation of GapDH as main modification which occurred in this case
at Cys153 and Cys157. The intramolecular disulfide between Cys153 and Cys157 was also detected under NaOCl
stress, but at lower abundance (Figure S3C). In conclusion, GapDH is subject to overoxidation and intramolecular
disulfide formation under both, H,0, and NaOCl treatment in vitro.

To investigate whether S-mycothiolation can prevent the overoxidation of the active site by NaOCl, we
repeated the GapDH activity assays above and pretreated the enzyme with 10-fold molar excess of MSH prior
to NaOClI exposure. Exposure of GapDH to 100 uM NaOCl resulted in 35% activity decrease while 200-500 M
NaOClI caused 50% enzyme inactivation (Fig. 5B). Treatment with 1 mM NaOCI in the presence of MSH led
to 90% inactivation. Thus, it appears that GapDH inactivation with 100-500 uM NaOCI and MSH is faster
compared to inactivation with NaOCl alone. GapDH inactivation by 1 mM NaOCl and MSH was almost com-
pletely reversible, since about 75% GapDH activity could be recovered with DTT. These results indicate that
the GapDH active site should be protected against overoxidation by S-mycothiolation under NaOCl treatment
in the presence of MSH. The S-mycothiolation of GapDH after NaOCl treatment was verified by MSH-specific
Western blots and both S-mycothiolated Cys153 and Cys157 peptides were identified by mass spectrometry
(Figures S3D and S4B). Apart from S-mycothiolation, we identified less abundant Cys153-SS-Cys157 intramo-
lecular disulfides under NaOCl stress in the presence of MSH. In conclusion, our activity assays provide evidence
that the S-mycothiolation pathway occurs faster compared to the overoxidation under both, H,0, and NaOCl
treatment in vitro. Thus, S-mycothiolation can efficiently protect the active site against overoxidation and irrevers-
ible inactivation under H,0, and NaOCl stress in vitro (Figs 4D and 5D). In addition, intramolecular disulfides
were detected under both, H,0, and NaOCI treatment in the presence and absence of MSH as an additional
redox-regulatory mechanism of GapDH.

Reactivation of S-mycothiolated GapDH requires the Mrx1/MSH/Mtr and Trx/TrxR electron
transfer pathways. Previous studies have demonstrated that both, the Mrx1 and Trx electron transfer path-
ways can function in reduction of the S-mycothiolated peroxidase Mpx in vitro'> 4. Moreover, de-mycothiolation
by Mrx1 was shown to operate faster via a monothiol reaction mechanism compared to the reduction via Trx
using a dithiol mechanism. Thus, we were interested to see if the Mrx1 and/or Trx electron transfer pathways
could function in the reduction of S-mycothiolated GapDH resulting in recovery of its glycolytic activity in vitro.
Regeneration of GapDH activity using Mrx1 and/or Trx should work only with the S-mycothiolated protein,
but not with the overoxidized GapDH protein. Thus, the GapDH activity assay was performed after treatment
of S-mycothiolated and overoxidized GapDH with the Mrx1 and Trx pathways (Fig. 6A,B). The regeneration of
GapDH activity after Mrx1 and Trx reduction was followed by monitoring the NADH production at 340 nm. The
results showed that both, Mrx1 and Trx can catalyze the reduction of S-mycothiolated GADPH to regenerate
GapDH activity in vitro (Fig. 6A,B). In contrast, Mrx1 and Trx could not restore the activity of overoxidized
GapDH that was irreversibly inactivated using 10 mM H,0, alone (Fig. 6A,B). To verify the de-mycothiolation
of S-mycothiolated GapDH by Mrx1 and Trx, we performed a MSH-specific Western blot analysis (Fig. 6D). The
results showed that Mrx1 and the Mrx1 resolving Cys mutant (Mrx1C15S) could reduce the GapDH MSH-mixed
disulfide in this de-mycothiolation assay as shown by a decreased intensity of the S-mycothiolated GapDH band.
Similarly, the reduction of GapDH-SSM by Trx and the Trx resolving Cys mutant (TrxC35S) are shown using the
MSH-specific Western bot analysis. Here, the transfer of MSH to the Trx active site was clearly visible (Fig. 6D).
Next, we analyzed whether there is a catalytically relevant reduction mechanism of GapDH by the Mrx1 and
Trx electron pathways which can be monitored by NADPH consumption. The Mrx1/MSH/Mtr/NADPH and
Trx/TrxR/NADPH pathways were reconstituted in vitro using S-mycothiolated GapDH as substrate and NADPH
consumption was followed over time in progress curves. First, we analyzed reduction of S-mycothiolated GapDH
with the Mrx1/MSH/Mtr pathway at 340 nm. However, we failed to see any higher NADPH consumption rate
using the Mrx1 electron transfer pathway. We concluded that reduction of S-mycothiolated GapDH with the
Mrx1 pathway might be too fast and already finished before we started the measurement. Therefore, we decided
to shift to a stopped flow device with a 2 ms mixing time. Under the same conditions, we found that most NADPH
was already consumed within 5seconds (Fig. 6E). In contrast, de-mycothiolation of S-mycothiolated GapDH
could be measured in the Trx-coupled assay using a spectrophotometer. Here, NADPH is much slower con-
sumed within 100 to 400 seconds. The NADPH consumption rate using Trx was higher for S-mycothiolated
GapDH compared to the reduced GapDH control, indicating that Trx is able to reduce S-mycothiolated GapDH
(Fig. 6F). In conclusion, our results demonstrate that both Mrx1 and Trx can provide electrons for GapDH

SCIENTIFICREPORTS|7:5020 | DOI:10.1038/541598-017-05206-2 7


http://S3B
http://S4A
http://S3B
http://4A,B
http://S3C
http://S3D
http://S4B

www.nature.com/scientificreports/

A -@- control

& 100 pM NaOCl
-¥ 200 pM NaOCl

- 500 uM NaOClI
0.20- - 1 mM NaOCI

> 1004
= & 100 NaOCI
2 0.15- 2
<L = T 75
S ©
£ 0.10- o 50
s ©
< 0.05- O 254
0 ® 0-
control 100 uM 200 pM 500 uM 1 mM NaOClI
Time (min)
-@- control
B 4% 100 uM NaOCI + MSH

- 200 pM NaOCl + MSH
¥ 500 pM NaOCl + MSH

0207 4 1mmNaoCI+MSH >
100
= £ NaOCH+ MSH
£ ]
< 0.10 o 50
3 ®
< 0.05- O 254
X
0 * o
control 100 yM 200 yM500 uM1 mM NaOCl
Time (min)
C -@ control
& 1mMNaOCI +DTT
0.207 - 1mMNaOCI+ MSH + DTT > _ +MSH
. — 2100 +DTT
2 | >
z 0.15 ..3 754
Eg 0.10- o 50 A
3 1]
< 0.05- O 251
(J
0 B 0-

control 1mM 1mM NaOCI

DIT/ T
S” NaOC e
= Ganly, —+ (G S

Figure 5. S-mycothiolation protects GapDH against overoxidation under NaOCl stress in vitro. (A,B) The
NAD*-dependent GapDH activity was determined in a spectrophotometric assay by monitoring NADH
generation during G3P oxidation at 340 nm. Inactivation of the GapDH activity was performed with 100, 200,
500 uM and 1 mM NaOCl (A) without or (B) with MSH pre-treatment. (A,C) GapDH inactivation with 1 mM
NaOCl alone is mostly irreversible due to the overoxidation of the active site to Cys sulfonic acid. (B,C) GapDH
activity is reversibly inhibited due to S-mycothiolation with 1 mM NaOCI and MSH and could be reactivated by
10mM DTT. The S-mycothiolation of Gap was confirmed by MSH-specific Western blots (Figure S4). (D) These
results suggest that the GapDH active site Cys is chlorinated by NaOCl alone to form Cys-sulfenylchloride
(-SCI) that reacts further to form Cys sulfonic acid and intramolecular disulfides in the absence of MSH.
GapDH is protected against overoxidation by S-mycothiolation of the active site Cys in the presence of MSH. All
data represent mean values of three independent replicate experiments and the error bars given were calculated
as standard error of the mean (SEM).
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Figure 6. Re-activation of S-mycothiolated GapDH by the Trx/TrxR and Mrx/MSH/Mtr electron transfer
pathways. (A,B) GapDH activity could be restored after demycothiolation of S-mycothiolated GapDH with
Mrx1 and Trx as shown by NADH production in the G3P oxidation assay. In contrast, overoxidized GapDH
that was treated with 10mM H,0, alone could not be reactivated by the Mrx1 and Trx pathways. (C,D)
MSH-specific non-reducing Western blot analysis confirmed the S-mycothiolation of GapDH in vitro and
its demycothiolation by the Mrx1 and Trx pathways. The transfer of MSH to the Trx resolving Cys mutant
TrxC35S is shown. (E,F) The Mrx1/MSH/Mtr and Trx/TrxR electron transfer pathways both reduce S-
mycothiolated GapDH with different reaction rates as revealed by progress curves of NADPH consumption.
The demycothiolation of GapDH by the Mrx1-pathway was faster compared to the Trx-pathway. All data
represent mean values of three independent replicate experiments and the error bars given were calculated as
standard error of the mean (SEM).
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de-mycothiolation. However, Mrx1 reduces the MSH mixed disulfide of GapDH much faster compared to Trx.
Thus, our results show that S-mycothiolation of GapDH can efficiently function in protection of the active site
against overoxidation and can be reversed using both, the Mrx1 and Trx pathways in vitro.

Discussion

Protein S-mycothiolation is a widespread and emerging redox modification in Actinomycetes and functions in redox
regulation and thiol-protection against overoxidation to Cys sulfonic acids under conditions of NaOCl stress® 1°.
Hypochloric acid (HOCI) is encountered by the pathogens C. diphtheriae and M. tuberculosis particularly during
infections. HOCl is generated in neutrophils by the enzyme myeloperoxidase (MPO) with the aim to kill pathogenic
bacteria®>*. HOCl is a strong thiol-oxidant and chlorinating agent that reacts with Cys residues to sulfenylchlorides
(-SCl) and further to protein disulfides®”, such as S-thiolations as we observed in Gram-positive bacteria*.

We identified 25 S-mycothiolated proteins in C. glutamicum'® and 26 proteins in C. diphtheriae while protein
S-mycothiolation was more abundant in M. smegmatis® with 58 identified proteins under NaOCl stress. The dif-
ferent numbers of S-mycothiolated proteins might be related to the different MSH contents between corynebac-
teria and mycobacteria®. Mycobacteria produce high levels of up-to 20 mM MSH?® and we recently estimated 6
umol/g rdw MSH in M. smegmatis®. However, the MSH-levels determined in C. diphtheriae are 20-fold lower
with 0.3 umol/g rdw according to this work and previous studies’. Due to the low MSH-content, the number of
S-mycothiolated proteins might be lower in C. diphtheriae and C. glutamicum compared to mycobacteria. This
indicates that in addition to MSH, unknown alternative LMW thiols might function in corynebacteria to main-
tain the thiol-redox homeostasis and to protect proteins by alternative S-thiolations. Recent studies further sug-
gest that overexpression of the mycothiol disulfide reductase (Mtr) under oxidative stress conditions could play
an important role in the maintenance of the redox homeostasis by increasing the levels of reduced MSH*. In M.
tuberculosis, MSH and the alternative LMW thiol ergothioneine (EGT) have been shown to be critical for redox
homeostasis, energy metabolism and virulence and mutants deficient in MSH or EGT biosynthesis showed over-
lapping responses in the transcriptome*">#2. The EGT levels were also elevated in a M. smegmatis mshA mutant®.
Thus, it remains to be elucidated whether EGT plays also a role as alternative LMW thiol in corynebacteria. In
addition, it is also possible that the lower intracellular MSH level and the lower level of protein S-mycothiolation
in corynebacteria is related to their 2-3-fold smaller genome size compared to mycobacteria.

The comparison of the functions and conservation of all identified S-mycothiolated proteins across
Actinomycetes indicates that these are involved in a variety of cellular pathways. S-mycothiolated proteins partic-
ipate in energy metabolism, fatty acid and mycolic acid biosynthesis, nucleotide, cofactor, mycothiol and amino
acid biosynthesis, redox regulation, detoxification, transcription and translation. Some S-mycothiolated proteins
are conserved and essential targets for S-thiolation across Gram-positive bacteria, such as thiol-peroxidases
and peroxiredoxins (Tpx, AhpC), ribosomal proteins (RpsM, RplC), the IMP dehydrogenase (GuaB), the
myo-inositol-1-phosphate synthase (Inol), the methionine synthase (MetE), and the conserved glycolytic GapDH.

These conserved targets for S-mycothiolations overlap also with conserved S-bacillithiolated proteins in
Firmicutes, such as Bacillus and Staphylococcus species'>*%. Of note, the methionine synthase MetE is the most
abundant S-bacillithiolated metabolic enzyme in B. subtilis, while GapDH represents the major S-bacillithiolated
protein in S. aureus®"**. GapDH of S. aureus contributes with 4% Cys abundance to the total Cys proteome and
is the most abundant Cys protein in the proteome. In C. diphtheriae, GapDH represents also the most abundant
S-mycothiolated protein, but contributes only with 0.75% Cys abundance to the total Cys proteome. In C. glutami-
cum, the major targets for S-mycothiolation are the maltodextrin phosphorylase MalP and the thiol-peroxidase
Tpx and it was shown that S-mycothiolation inhibited the activities of MalP and Tpx'® !>, Thus, it seems that abun-
dant redox-sensitive metabolic enzymes are the main targets for inactivation by S-thiolations in different bacteria.
The different abundances of the S-mycothiolated MetE, MalP and GapDH in corynebacteria most likely depend
on the different minimal growth media used for bacterial cultivations.

In addition, we found that many S-mycothiolated proteins of C. diphtheriae contain a high number of Cys
residues explaining their susceptibility to oxidative inactivation. The glycolytic GapDH was S-mycothiolated at
its active Cys153 residue that is known to be highly susceptible to oxidation by H,0,*-*%. GapDH is a well-known
and conserved target for redox-regulation and S-glutathionylation in response to oxidative stress in several
prokaryotic and eukaryotic organisms, including bacteria, malaria parasites, yeast, plants and human cell'*2% 4,
GapDH inactivation in response to oxidative stress has been shown to reprogram central carbon metabolism
and to re-direct the glycolytic flux into the pentose phosphate pathway (PPP) to increase NADPH production
under conditions of high demands for reducing equivalents®” . Thus, the goal of the GapDH inactivation by
S-thiolation could be metabolic adaptation to provide more NADPH as reducing power in the cell under oxidative
stress. In fact, a change of the global carbon flux was shown in E. coli under superoxide and H,0, stress leading
to an increased NADPH/NADH ratio®>**. Post-translational thiol-modifications play a key role in this metabolic
adaptation to oxidative stress in different organisms and can change enzyme functions to re-configurate central
carbon metabolism which confers high metabolic plasticity®>>!.

In this study, we have asked the question whether S-mycothiolation can function in thiol-protection and
redox-regulation of GapDH activity in C. diphtheriae under H,0,- and NaOClI stress. To address this ques-
tion, GapDH was inactivated with H,O, and NaOCl in the absence and presence of MSH to analyze the kinet-
ics of the irreversible overoxidation and S-mycothiolation pathways in vitro. The kinetic curves of H,0, and
NaOCl-dependent GapDH inactivation showed that the majority (65%) of the glycolytic activity is rapidly irrevers-
ibly inhibited with 1 mM H,0, and NaOCl without pre-exposure to MSH. The mass spectrometry data confirmed
the overoxidation of the active site Cys153 with H,0, and NaOCl alone. In addition, 35% of GapDH activity was
reversibly inhibited by 1 mM H,0, and NaOCl alone due to an intramolecular Cys153-SS-Cys157 disulfide that was
identified using mass spectrometry. In presence of MSH, GapDH inactivation by H,0, and NaOCl was faster due to
S-mycothiolation which was fully reversible with DTT and confirmed also by MSH-specific Western blot analysis.
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This indicates that the GapDH overoxidation can be prevented by the faster S-mycothiolation. These results are
in agreement with kinetic measurements performed for the related GapDH homolog of S. aureus?'. The S. aureus
GapDH was highly susceptible to overoxidation in the presence of H,0, and NaOCl which could be prevented by
S-bacillithiolation?'. Interestingly, the comparison of the kinetics for the dose-dependent inactivation suggests that
the S. aureus GapDH enzyme is more sensitive to oxidative inactivation compared to GapDH of C. diphtheriae since
lower H,0, and NaOCl doses inhibited S. aureus GapDH activity. This higher sensitivity of S. aureus GapDH may
be due to the fact that Cys157 is replaced by a serine in the otherwise highly conserved C,5;TTNC,;, motif?!, so
there is no possibility of intramolecular disulfide formation to prevent overoxidation (Figure S2). The active site Cys
in Homo sapiens GapDH was demonstrated to provide a proton relay mechanism that determines H,O,-sensitivity
of GapDH for oxidation?’. On the other hand, S. aureus GapDH contains a threonine in position 243 instead of
the otherwise conserved valine, which compensates for the disappearance of the oxidation sensitivity in the C157S
mutant. This was demonstrated with the Homo sapiens GapDH C156S mutant, where an additional V243T muta-
tion restores the oxidation sensitivity??. Our results strongly suggest that the second conserved cysteine might play
an important role for oxidation sensitivity of GapDH and prevents overoxidation through intramolecular disulfide
formation. Further studies are required to confirm whether Cys157 or other structural features make a difference in
the sensitivity of GapDH to overoxidation and S-mycothiolation.

The strong H,O, reactivity of the GapDH active site thiolate was recently shown to depend on a specific H,0, bind-
ing pocket, transition state stabilization, and a dedicated proton relay mechanism promoting hydroxyl leaving-group
departure® 22 This proton relay also determines the preferred modification by S-glutathionylation in eukaryotic organ-
isms which requires the initial formation of a sulfenic acid at Cys153 followed by reaction with GSH to form the mixed
disulfide. This proton relay explains why GapDH of C. diphtheriae is a preferred target for S-mycothiolation under H,O,
and NaOCI. Our results confirmed the reactivity of the GapDH active site Cys towards H,O,- and NaOCl-dependent
oxidation and the preference for formation of S-thiolations as observed in other GapDH homologs.

The reduction of S-mycothiolated proteins was previously shown to require both, the Mrx1 and Trx pathways
for the regeneration of the activities of Mpx and MsrA in vitro'>1>163%54 Mpx and MsrA form intramolecu-
lar disulfides and S-mycothiolations under H,O, treatment in vitro that are reduced by the Trx and Mrx1 path-
ways. Here, we have shown that reduction and re-activation of S-mycothiolated GapDH also requires both, the
Mrx1 and the Trx pathway in vitro. We have further shown that Mrx1 is much faster than Trx in reduction of
S-mycothiolated GapDH. Thus, Mrx1 can take over the role of Trx, especially when Trx, as a ubiquitous disulfide
reductase, is busy with reducing other non-native disulfides upon recovery from oxidative stress. Mrx1 efficiently
functions in regeneration of GapDH activity to restore cellular growth and survival. The overlapping roles of Mrx1
and Trx in demycothiolation at different reaction rates were recently shown for Mpx recycling'. In agreement
with our GapDH results, Mpx de-mycothiolation was also about two orders of magnitude more efficient with the
Mrx1 system. De-mycothiolation of Mpx by Mrx1 occurs via a monothiol mechanism, which generates MSSM, and
de-mycothiolation by Trx occurs via a dithiol-mechanism, generating oxidized Trx and reduced MSH. Both results
suggest Mrx1 is the primary de-mycothiolating enzyme in Actinomycetes, with Trx having only a residual contri-
bution. Under these premises, Trx would only be able to take over the role of Mrx1 if the concentration of reduced
MSH is limiting, or if Trx is present at a much higher concentration than Mrx1 inside the cell. In conclusion,
de-mycothiolation using the Mrx1 and Trx pathways may be a common mechanism to recover after oxidative stress
when the pentose pathway has again produced enough NADPH to ensure the regeneration of oxidized Cys residues.

Similar to our studies, the de-glutathionylating activity of Trx was shown for GapDH isoform 1
(AtGapCl) from A. thaliana that could be reactivated by glutaredoxin C and less efficiently by thioredoxin
in vitro*. De-glutathionylation using Trx1 and Grx1 was also demonstrated for other GapDH homologs and
S-glutathionylated enzymes in the malaria parasite, Plasmodium falciparum and in yeast cells*>>>. In C. glutami-
cum, overexpression of the MSH disulfide reductase Mtr resulted in a higher reduced level of MSH and increased
activities of several redox-enzymes, including Mpx, MsrA, Trx, and Mrx1%. Thus, future research should be
directed to explore the cross-talk of the Mrx1 and Trx systems in regenerating S-mycothiolated proteins and MSH
itself to restore the redox balance during the recovery from oxidative stress.

Material and Methods

Bacterial strains and growth conditions. C. diphtheriae DSM43989 was grown under vigorous agitation
in Heart Infusion broth (HIB) (Difco) at 37 °C to an optical density at 580 nm (ODsg) of 0.75-0.8. For NaOCl stress
exposure, the cells were harvested, washed and re-suspended into Belitsky Minimal Medium (BMM) and further
cultivated until cells have reached an ODs, of ~1. E. coli strains used were DH5a and BL21(DE3)plysS which were
cultivated in Luria-Bertani (LB) medium at 37°C in the presence of the appropriate antibiotics, such as ampicillin
(100 pg/ml) and chloramphenicol (25 pg/ml). Sodium hypochlorite (NaOCI, 15% stock solution) was purchased
from Sigma Aldrich. For stress experiments, C. diphtheriae cells were treated with 400 uM NaOCI for 30 min.

Identification of S-mycothiolated peptides using LTQ-Orbitrap Velos mass spectrome-
try. N-ethylmaleimide (NEM)-alkylated protein extracts were prepared from C. diphtheriae cells exposed to
400 uM NaOCl for 30 min and separated by 15% non-reducing SDS-PAGE followed by tryptic in-gel digestion
and LTQ-Orbitrap-Velos mass spectrometry as described'’. Post-translational thiol-modifications of proteins
were identified by searching all MS/MS spectra in “dta” format against the C. diphtheriae target-decoy protein
sequence database extracted from UniprotKB release 12.7 (UniProt Consortium, Nucleic acids research 2007,
35, D193-197) using Sorcerer™-SEQUEST® (Sequest v. 2.7 rev. 11, Thermo Electron including Scaffold 4.0,
Proteome Software Inc., Portland, OR). The SEQUEST search parameters and thiol-modifications were used
as described!® using the following parameters: parent ion mass tolerance 10 ppm and fragment ion mass tol-
erance 1.00 Da. Two tryptic miscleavages were allowed. Methionine oxidation (+15.994915 Da), cysteine alky-
lation (+125.04767 Da for NEM), S-cysteinylations (4-119.004099 Da for C3H7NO2S) and S-mycothiolations
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(4+484.13627 Da for MSH) were set as variable post-translational modifications in the Sequest search. Sequest
identifications required ACn scores of >0.10 and XCorr scores of >2.2, 3.3 and 3.75 for doubly, triply and quad-
ruply charged peptides. Neutral loss precursor ions characteristic for the loss of myo-inositol (—180 Da) served
for verification of the S-mycothiolated peptides. The mass spectrometry (MS) proteomics datasets (MS raw files
and Scaffold files) are deposited into the ProteomeXchange database via the PRIDE partner repository with the
dataset identifier PXD003321.

Mass spectrometry of the H,O,-treated overoxidized GapDH was performed after in-gel tryptic digestion
using nLC-MS/MS by an Orbitrap fusion as described previously™.

Monobromobimane-labelling and HPLC-thiol metabolomics analysis. Cells were cultivated
in HIB medium and transferred to BMM medium for the NaOClI stress experiments as described above.
Thiol-labelling using monobromobimane (mBBr) was performed as described previously''. The mBBr-labelled
thiols were separated by reverse phase chromatography and quantified by fluorescence detection using the same
HPLC system as described®®. The following gradient method was applied: 10 min 92% buffer A (10% methanol,
0.25% acetic acid, pH 3,9) supplemented with 8% buffer B (90% methanol, 0.25% acetic acid, pH 3,9), linear
increase to 40% buffer B in 10 min, constant flow of 40% buffer B for 5 min, linear increase to 90% buffer B in
5min, washing with 100% buffer B for 2 min followed by re-equilibration with 8% buffer B for 8 min. The flow rate

was constantly set to 1.5mlmin—.

Expression, cloning and purification of recombinant Hisg-tagged GapDH protein. The DIP1310
gene encoding GapDH was amplified by PCR using the primer pairs Gap-for (5-GGAATTCCATATGGTG
ACGATTCGCGTAGGTATCA-3’) and Gap-rev (5'-CTAGCTAGCTTAGTGATGGTGATGGTGATGGAGACG
CTCACCGACGTATTC-3') with C. diphtheriae DSM43989 chromosomal DNA as template. The PCR product
was digested with Nhel and Ndel restriction enzymes and cloned into a similarly digested pET11b expression
vector resulting in pET11b-gapDH that was transformed into E. coli BL21(DE3)plysS. The gapDH sequence
was confirmed by DNA sequencing. For GapDH overproduction, the E. coli BL21(DE3)plysS strain with plas-
mid pET11b-gap was cultured in LB broth medium to an ODgy, of 0.5 to 0.7 at 37 °C. Protein expression was
induced with 1 mM IPTG (Isopropyl-3-D-1-thiogalactopyranoside) and cultivation was continued for 4 hours.
Recombinant Hisg-tagged GapDH was purified by affinity chromatography using His Trap™ HP Ni-NTA col-
umns (5ml; GE Healthcare, Chalfont St Giles, UK) and the AKTA purifier liquid chromatography system (GE
Healthcare) according to the instructions of the manufacturers. Purified GapDH was dialyzed against 20 mM
Tris-HCI, pH 8.0 and concentrated to 20 mg/ml using Vivaspin Ultra concentrators (Sartorius, Gottingen,
Germany). The cloning and purifications of recombinant His6-tagged proteins Mrx1, Mtr, Trx and TrxR were
performed as described previously*.

Production and purification of mycothiol. MSH was purified from M. smegmatis mc?155 that was
grown to the late exponential phase in Middlebrook 7H9 broth with 0.05% Tween 80 and 10% oleic albumin
dextrose catalase (OADC) at 37 °C as described". The cells were harvested by centrifugation and disrupted using
a French press (Constant Systems). The purified MSH was reduced with TCEP following several additional chro-
matographic steps. The concentration of MSH was determined by HPLC by correlating the MSH mBBr conjugate
elution peak of an ACE 5 C18 column (Achrom) with a known standard. The sample purity was checked with
Proton Nuclear Magnetic Resonance ("H NMR).

Non-reducing Western blot analysis. MSH-specific Western blot analysis of the GapDH MSH-mixed
disulfides were carried out using rabbit anti-MSH specific antiserum (1:1000-dilution) as described previously'.

Glycolytic GapDH activity assay. GapDH was reduced before the activity assays with 10mM DTT
for 30 minutes at room temperature. Excess of DTT was removed by desalting with Micro Biospin 6 columns
(Biorad). Glycolytic GapDH activity was monitored spectrophotometric at 340 nm and 25 °C by the production
of NADH. The oxidation of G3P to 1,3-bisphosphoglycerate (1,3 BPG) was measured in an assay mixture con-
taining 1.25mM NAD™" and 0.25 uM GapDH in argon-flushed 20 mM Tris/HCl with 1.25mM EDTA and 15mM
sodium arsenate as described previously?. After pre-incubation, the reaction was started by addition of 0.25 mM
D,L-G3P. Sodium arsenate was used as a co-substrate to form unstable 1-arseno,3-phosphoglycerate. Degradation
of the product allows a favorable equilibrium for measuring the rate of GapDH activity in the glycolytic forward
reaction.

Inactivation of GapDH by H,0, and NaOCl treatment. Pre-reduced GapDH (25uM) was incubated
with different concentrations of H,0, and NaOCl (100, 200, 500 uM, 1 mM) in the absence or presence of I mM
MSH for 5min at 37°C in an assay mixture containing 1.25mM NAD™" and 0.25uM GapDH in argon-flushed
20mM Tris-HCl with 1.25mM EDTA and 15 mM sodium arsenate. After the removal of excess H,0, and MSH,
0.25mM D,L-G3P was added as substrate, GapDH activity was measured spectrophotometric by the production
of NADH. The reversibility of the reaction was analyzed by measuring the GapDH activity after reduction with
10mM DTT for 30 min.

De-mycothiolation of GapDH by the Mrx1/MSH/Mtr and Trx/TrxR pathways. GapDH, MrxI1
and Trx were reduced before the assays with 10mM DTT for 30 minutes at room temperature. Excess of DTT
was removed by desalting with Micro Biospin 6 columns. Pre-reduced GapDH (25uM) was pre-incubated with
10-molar excess of MSH at 37 °C for 5 min, then 100-fold molar excess of H,O, was added and the mixture
was incubated at 37 °C for 5min. Excess of H,0, and MSH were removed on a PD-10 desalting column (GE
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Healthcare). The NADPH consumption during the de-mycothiolation reactions was monitored spectrophoto-
metrically at 340nm and 37 °C, using argon-flushed 50 mM Hepes/NaOH, pH 8, 500 mM NaCl, 1 mM EDTA. For
the reduction of S-mycothiolated GapDH by the Trx pathway, we used 2 uM Trx, 5 uM Trx-reductase and 250 uM
NADPH in a Spectramax 340PC plate reader (Molecular Devices). For the reduction of S-mycothiolated GapDH
by the Mrx1 pathway, we used 20nM Mrx1, 5uM MSH, 5uM MSSM reductase and 250 uM NADPH in SX-20
stopped flow (Applied PhotoPhysics). After 5 min pre-incubation of this mixture at 37 °C, 60 uM mycothiolated
GapDH was added to initiate the reaction. Three technical and experimental replicates were performed.
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Abstract

Aims: Bacillithiol (BSH) is the major low-molecular-weight thiol of the human pathogen Staphylococcus aureus.
In this study, we used OXICAT and Voronoi redox treemaps to quantify hypochlorite-sensitive protein thiols in
S. aureus USA300 and analyzed the role of BSH in protein S-bacillithiolation.

Results: The OXICAT analyses enabled the quantification of 228 Cys residues in the redox proteome of S. aureus
USA300. Hypochlorite stress resulted in >10% increased oxidation of 58 Cys residues (25.4%) in the thiol redox
proteome. Among the highly oxidized sodium hypochlorite (NaOCl)-sensitive proteins are five S-bacillithiolated
proteins (Gap, AldA, GuaB, RpmJ, and PpaC). The glyceraldehyde-3-phosphate (G3P) dehydrogenase Gap rep-
resents the most abundant S-bacillithiolated protein contributing 4% to the total Cys proteome. The active site
Cys151 of Gap was very sensitive to overoxidation and irreversible inactivation by hydrogen peroxide (H,O,) or
NaOCl in vitro. Treatment with H,O, or NaOCl in the presence of BSH resulted in reversible Gap inactivation due to
S-bacillithiolation, which could be regenerated by the bacilliredoxin Brx (SAUSA300_1321) in vitro. Molecular
docking was used to model the S-bacillithiolated Gap active site, suggesting that formation of the BSH mixed
disulfide does not require major structural changes.

Conclusion and Innovation: Using OxICAT analyses, we identified 58 novel NaOCl-sensitive proteins in the
pathogen S. aureus that could play protective roles against the host immune defense and include the glycolytic Gap as
major target for S-bacillithiolation. S-bacillithiolation of Gap did not require structural changes, but efficiently
functions in redox regulation and protection of the active site against irreversible overoxidation in S. aureus.
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PROTEIN S-BACILLITHIOLATION CONTROLS GAP ACTIVITY

Innovation

Using quantitative redox proteomics, 58 redox-
sensitive protein thiols were identified in the methicillin-
resistant Staphylococcus aureus strain USA300 that
showed >10% increased oxidation under NaOCI stress.
The glyceraldehyde-3-phosphate dehydrogenase Gap
was identified as most abundant target for thiol oxidation
and represents the major S-bacillithiolated protein in S.
aureus cells. Molecular docking of bacillithiol (BSH)
into the active site suggests that S-bacillithiolation does
not require major structural changes. Finally, our bio-
chemical assays confirm that S-bacillithiolation effi-
ciently protects the Gap active site against overoxidation
by H,0, and NaOCl and inhibits Gap activity, which can
be reversed by the bacilliredoxin Brx in vitro.

Introduction

S TAPHYLOCOCCUS AUREUS IS a common commensal bac-
terium that colonizes the anterior nares and the skin of one
quarter of the human population without causing symptoms of
infections (22). However, S. aureus can also cause infections
ranging from local skin or soft tissue infections to life-
threatening diseases, such as septicemia, endocarditis, and
necrotizing pneumonia, when the pathogen enters the blood-
stream (2, 8, 53). Many nosocomial infections are caused by
multiple antibiotic-resistant strains, such as methicillin-resistant
S. aureus (MRSA) isolates (50). Moreover, new community-
acquired MRSA strains are emerging quickly with other strains
that are resistant to the last resort of antibiotics, such as van-
comycin (22). Thus, to understand the adaptation of the path-
ogen to the host defense, it is of utmost importance to identify
new drug targets for the treatment of MRSA infections.

The success of S. aureus as a leading pathogen is caused by
high diversity of different virulence factors, such as toxins,
proteases, lipases, and superantigens, as well as efficient
protection mechanisms against the host immune defense
during invasion. During infections, S. aureus has to cope with
the oxidative burst of activated macrophages and neutrophils,
including reactive oxygen and nitrogen species (ROS, RNS)
and the strong oxidant hypochlorous acid (HOCI) (75, 76).
HOCI is produced in neutrophils by the enzyme myeloper-
oxidase (MPO) from hydrogen peroxide (H,0O,) and chloride
(44). The involvement of HOCI as prime mechanism for
oxidative killing of S. aureus by neutrophils has been shown
using MPO inhibitors (29). Moreover, killing of many bac-
teria by isolated neutrophils is strongly inhibited in the ab-
sence of MPO (44).

S. aureus uses several redox-sensing virulence regulators,
such as SarA and the MarR/OhrR-type regulators, MgrA and
SarZ, for defense against oxidative stress. These control large
regulons of virulence factors, antibiotic resistance determi-
nants, and ROS detoxification enzymes (11-13, 35). MgrA
and SarZ are both single Cys MarR/OhrR-type repressors that
sense and respond to ROS via thiol-based redox switches and
by Cys phosphorylation (63, 70). In addition, S. aureus uses
the low-molecular-weight (LMW) thiol bacillithiol (BSH,
Cys-GlcNAc-Mal) to maintain the reduced state of the
cytoplasm. BSH plays an important role in detoxification
of redox-active compounds in S. aureus since bshA mu-
tants displayed increased sensitivities to ROS, hypochlorite,
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electrophiles, and the antibiotic fosfomycin (52, 64, 65).
Moreover, BSH mediates protection under infection-like
conditions as shown in phagocytosis assays using human
macrophages (64, 65). Apart from BSH, also CoenzymeA
(CoASH) and cysteine are found as abundant alternative
LMW thiols in S. aureus cells (58).

Under hypochlorite stress, we have shown that BSH is
also used for S-thiolation of redox-sensitive Cys residues
and forms mixed disulfides with proteins that are termed
as S-bacillithiolation. S-bacillithiolation protects protein
thiols against overoxidation to sulfonic acids and is an im-
portant redox regulatory device in Firmicutes analogous to S-
glutathionylation in eukaryotes (15, 16,47, 52). The presence
of CoASH and cysteine as LMW thiols suggests that alter-
native S-thiolations are also possible in S. aureus, such as S-
cysteinylation or CoASH mixed disulfides. In support of this
notion, S. aureus encodes a CoASH disulfide reductase
(Cdr) that functions in reduction of CoASH mixed protein
disulfides (55).

Using shotgun proteomics, we have previously identified 54
S-bacillithiolated proteins in different Bacillus species and
Staphylococcus carnosus (16). Among these are eight con-
served S-bacillithiolated proteins, such as the methionine
synthase MetE, the inorganic pyrophosphatase PpaC, and the
inosine-5’-monophosphate (IMP) dehydrogenase GuaB. The
glutaredoxin-like YphP protein of the UPF0403 family was
also S-bacillithiolated in Bacillus subtilis in vivo at its CGC
active site motif (15). YphP and its paralog YqiW were re-
named as BrxA and BrxB based on their function as bacilli-
redoxins in the reduction of S-bacillithiolated OhrR and MetE
in vitro (24). Reduction of S-bacillithiolated proteins leads to
Brx-SSB formation, which requires BSH and a still unknown
BSSB reductase for recycling (24, 25, 31, 52). We have re-
cently fused the YphP homolog (Brx) of S. aureus USA300
(SAUSA300_1321) to roGFP2 to construct a dynamic bio-
sensor to monitor BSH redox potential changes in vivo (51).
Brx-roGFP2 was highly specific to recognize BSSB, which
confirms the role of Brx as bacilliredoxin also in S. aureus.

The physiological role of S-bacillithiolation in redox
regulation has been demonstrated for the redox-sensing
OhrR repressor and the methionine synthase MetE under
hypochlorite stress in B. subtilis. S-bacillithiolation of MetE
in its active site Zn center leads to its inactivation and sub-
sequent methionine auxotrophy (15). The DNA-binding
activity of the organic hydroperoxide repressor, OhrR, is
inhibited by S-bacillithiolation under sodium hypochlorite
(NaOCl) and cumene hydroperoxide stress, which results in
the expression of the OhrA peroxiredoxin as ROS protection
mechanism (15, 47).

However, the targets for S-bacillithiolation or reversible
thiol oxidation under hypochlorite stress are unknown in the
major pathogen S. aureus, which could provide leads in drug
design to treat MRSA infections. In this study, we have com-
bined the quantitative redox proteomic approach OxICAT (9,
48, 49) and shotgun proteomics to quantify NaOCl-sensitive
proteins and to identify S-bacillithiolated proteins in S. aureus
USA300. We found that 25% protein thiols showed >10%
increased oxidation under NaOCI stress. The glycolytic Gap
was identified as the most abundant S-bacillithiolated protein in
S. aureus. Our results document that S-bacillithiolation pro-
tects the active site against overoxidation and inhibits Gap
activity in vitro.
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Results

Identification of 58 NaOClI-sensitive proteins
using the quantitative redox proteomic approach
OxICAT in S. aureus USA300

We were interested to study the role of BSH for S-
bacillithiolation and the global thiol oxidation state under
hypochlorite stress in the major pathogen S. aureus. Thus, we
performed a quantitative thiol redox proteomic approach
based on OxICAT (48, 49) and analyzed the percentages of
thiol oxidation levels in S. aureus USA300 in response to
150 uM NaOCl stress, as determined previously (51). OxXICAT
is based on the differential thiol labeling of reduced Cys res-
idues with light isotope-coded affinity tag (‘*C-ICAT), fol-
lowed by reduction of reversible thiol oxidation (e.g., protein
disulfides and S-thiolation) with Tris (2-carboxyethyl) phos-
phine (TCEP) and subsequent labeling of previously oxidized
thiols with heavy '*C-ICAT reagent (48). Light and heavy
ICAT-labeled peptide pairs show a mass difference of 9 Da
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after separation using mass spectrometry (MS). The quantifi-
cation of the percentage of thiol oxidation for each Cys peptide
is based on the calculation of the intensity of the heavy ICAT-
labeled Cys peptide in relation to the total intensity of the light
and heavy ICAT-labeled Cys peptides.

The OxICAT analysis enabled the quantification of the
percentages of reversible thiol oxidation for 228 Cys peptides
in the thiol redox proteome of S. aureus USA300 (Supple-
mentary Table S1; Supplementary Data; Supplementary Data
are available online at www.liebertpub.com/ars). The per-
centages of thiol oxidation were color coded and visualized in
Voronoi redox treemaps according to the TIGRfam classifi-
cation of S. aureus USA300 (Fig. 1).

In untreated S. aureus cells, we identified 193 Cys residues
(84.6%) with a thiol oxidation level of <25%, including 107
Cys residues (46.9%) with <10% oxidation, indicating that
the majority of thiols are in a reduced state (Tables 1 and 2;
Supplementary Table S1). Only 35 Cys residues (15.3%)
showed basal-level oxidation of >25% in the control. These
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Percentages of thiol oxidation for 228 Cys peptides that are identified in Staphylococcus aureus USA300 and

visualized using Voronoi redox treemaps. The percentages of thiol oxidation of 228 Cys residues that are identified using
OxICAT in S. aureus USA300 in the control (A) and 30 min after exposure to 150 uM NaOCl stress (B) are visualized using
Voronoi redox treemaps. The gray—red color gradient denotes 0—100% oxidation. The Voronoi redox treemap in (C) shows
the percentages of oxidation changes under NaOCI stress using a blue—red color gradient ranging from —75% to +75%
oxidation. The treemap in (D) serves as the legend showing the functional classifications of proteins. The treemaps are
generated using the Paver software (Decodon) based on the OXICAT data presented in Supplementary Tables S1 and
proteins were classified according to the S. aureus USA300 TIGRfam annotation. NaOCl, sodium hypochlorite.
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TABLE 1. OVERVIEW OF % THIOL OXIDATION
OF 228 CYs RESIDUES IN THE REDOX PROTEOME
OF STAPHYLOCOCCUS AUREUS

228 Cys residues <25% (<10%) >25% (>40%)

% Thiol oxidation 193 (107) 35 (15)
Control 84.6% (46.9%) 15.3% (6.6%)

% Thiol oxidation 159 (35) 69 (27)
NaOCl 69.7% (15.3%) 30.2% (11.8%)

<10% >10% (20-30%)

% Thiol oxidation 170 58 (19)
increase 74.6% 25.4% (8.3%)
(NaOCl/Control)

Overview of % thiol oxidation of 228 Cys peptides identified in the
redox proteome of the S. aureus USA300 under control and NaOCl
stress, as revealed by OxICAT. All reduced Cys peptides have an
oxidation degree of <25% that include those with <10% oxidation,
shown in parenthesis. Oxidized Cys peptides have an oxidation degree
of >25%. The % thiol oxidation increase includes Cys peptides with
no significant increased oxidation (<10%) and those with >10%
increased oxidation in response to NaOCI stress compared with the
control. The % thiol-oxidation and % thiol-oxidation increase and
related Cys numbers are shown in bold-faced. The percentage of Cys
numbers in relation to all Cys residues is shown in non-bold faced.

NaOCl, sodium hypochlorite.

basal-level oxidized proteins include predicted redox-sensitive
proteins (21), such as the thiol peroxidase Tpx, the alkyl hy-
droperoxide reductase large subunit AhpF, the arsenate re-
ductase ArsCl1, and the thioredoxin reductase TrxB1. Tpx and
AhpCF were previously found as basal-level oxidized in the
redox proteomes of Escherichia coli and Bacillus species (16,
48). Tpx was also S-mycothiolated in Corynebacterium glu-
tamicum at the conserved active site Cys60 (14). In addition,
the topoisomerase TopA and the Dnal chaperone are basal-
level oxidized at their Zn-binding Cys residues.

To discover novel NaOCl-sensitive proteins, we analyzed
the percentages of thiol oxidation levels under NaOCl
stress and its oxidation increase using OxICAT (Fig. 1 and
Tables 2; Supplementary Table S1). The OXICAT approach
enabled the identification of 58 NaOCl-sensitive Cys residues
(25.4%) with >10% increased oxidation, including 19 Cys
residues with 20-30% oxidation change under NaOCl stress
(Tables 1 and 2 and Supplementary Table S1). Several
NaOCl-sensitive proteins have antioxidant functions, such as
the AhpCF peroxiredoxins, the thioredoxin reductase TrxB1,
and the arsenate reductase ArsC. Furthermore, interesting
proteins are the nitric oxide synthase (USA300HOU_1916)
and the CoASH disulfide reductase Cdr (USA300HOU_
0929), the latter is oxidized at the conserved Cys16. Apart
from Cdr, the putative BSH disulfide reductase YpdA
(USA300GOU_1417) was oxidized at the same conserved
Cysl14, but its oxidation is not increased under NaOCl stress
(Supplementary Table S1). Moreover, we observed a slightly
increased oxidation of the deacetylase BshB2 involved BSH
biosynthesis and of the bacilliredoxin YqiW (BrxB) under
NaOCl stress. The oxidation of Cdr, YpdA, BshB2, and BrxB
could indicate increased S-bacillithiolation and CoASH
mixed protein disulfides under NaOCI stress.

NaOCl-sensitive proteins are often oxidized in CxxC
motifs and at conserved Zn-binding sites. Examples for Zn
redox switches are the Zn-containing alcohol dehydrogenase
Adh (USA300HOU_0610), the ribosomal proteins RpmG3
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(USA300HOU_1553), and RpmJ (USA300HOU_2218). Zn-
containing ribosomal proteins share three to four Cys residues
that are suggested to serve as reservoir for Zn storage (54). As
another Zn redox switch, we identified the ferric uptake
repressor Fur that showed 16.6% increased oxidation at its
Zn-binding site at Cys 140 and Cys143 under NaOCl stress
(Tables 2; Supplementary Table S1; Figs. 1-2). Fur contains
two CxxC motifs that form a structural Cys4:Zn site and are
required for stability. In addition, two regulatory iron-
binding sites are present in Fur (32). FurA of Anabaena was
described as redox switch under oxidative stress and Cys101
in the CxxC motif is essential for iron-sensing and DNA-
binding activity (7).

The copper chaperone CopZ was 19.8% oxidized in its
CxxC motif that is required for Cu binding (67). The inter-
action of the B. subtilis CopZ homolog with BSH has been
recently studied leading to the formation of S-bacillithiolated
apo-CopZ and Cu(i)-bound forms of CopZ (42). In addition,
NaOCl-sensitive Cys residues often coordinate FeS clusters
or function in FeS cluster biogenesis. The FeS cluster scaf-
fold protein NifU showed 26% increased oxidation at Cys41
that binds the FeS cluster during the assembly. The cysteine
desulfurase NifS exhibits 20.6% higher oxidation levels at
the catalytic Cys371 that forms the persulfide with the sulfur
released during cysteine desulfuration (5). In addition, the
FeS cluster assembly protein SufB is oxidized in its FeS
cluster binding Cys302. It is interesting to note that the nifS-
nifU-sufB genes are cotranscribed in an operon.

As NaOCl-sensing redox regulators, the MarR/OhrR
family repressors, MgrA and SarZ (USA300HOU_0709 and
USA300HOU_2368), were identified that showed 10.5% and
6.5% increased oxidation levels under NaOCl stress at their
redox-sensing single Cys (Fig. 2). The DNA-binding activity
of MgrA and SarZ was inhibited by S-thiolation using a
synthetic thiol in vitro (11, 13, 35). In this study, increased
oxidation of MgrA and SarZ was found in S. aureus under
NaOCl stress, indicating that both could be redox controlled
by S-bacillithiolation analogous to OhrR of B. subtilis (47).
OhrR and SarZ both control a homologous ohrA peroxir-
edoxin gene that confers resistance to organic hydroperox-
ides and NaOCl in B. subtilis (13). Northern blot analyses
revealed increased transcription of ohrA under NaOCI stress,
indicating that SarZ oxidation leads to its inactivation and
derepression of ohrA transcription (Fig. 3). We further noted
the 15% increased oxidation of the virulence factor and se-
cretory antigen SsaA2 at its conserved single Cys171 under
NaOCl stress. The homologous SceB precursor (Sca_1790)
of S. carnosus was previously S-bacillithiolated at the con-
served Cys in NaOCl-treated cells (16). Thus, SsaA2 is most
likely also S-bacillithiolated in S. aureus.

The NaOCl-sensitive proteins of S. aureus include many
metabolic enzymes that function in energy metabolism and
in different biosynthesis pathways for amino acids, fatty
acids, nucleotides, and cofactors. NaOCl-sensitive en-
zymes involved in energy metabolism include the glyco-
lytic glyceraldehyde-3-phosphate (G3P) dehydrogenase
Gap and phosphofructokinase PfkA (USA300HOU_1685),
the alcohol dehydrogenase Adh, the aldehyde dehydrogenase
AldA (USA300HOU_2110), the formate dehydrogenase FdhA
(USA300HOU_2291), and the malate dehydrogenase Mqo
(USA300HOU_2348). Gap and AldA both showed the highest
oxidation increase of 29% and 26% under NaOCl stress at their
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FIG. 2. Close-ups of the redox treemaps of S. aureus USA300 showing S-bacillithiolated enzymes and redox
regulators (SarZ, MgrA, and Fur). Enlarged sections of the redox treemaps are shown that include the identified S-
bacillithiolated proteins (Gap, AldA, GuaB, RpmJ) and NaOCl-sensitive redox-sensing regulators (MgrA, SarZ, and Fur).
The close-ups show the percentages of thiol oxidation under control, NaOCI stress, and the percentage of oxidation change
under NaOCl stress versus control as revealed in Figure 1 using the same color gradient. The symbol * denotes conserved Cys.

catalytic active sites at Cysl51 and Cys279, respectively.
Furthermore, the IMP dehydrogenase GuaB and the purine
nucleosidase USA300HOU_2265 both displayed 25% in-
creased oxidation under NaOCI stress (Tables 2; Supplemen-
tary Table S1).

Among the cell wall biosynthesis enzymes, the alanine
racemase Alr2 (USA300HOU_2065) and the UDP-N-
acetylglucosamine 1-carboxyvinyltransferase MurZ (USA
300HOU_2112) were identified as NaOCl-sensitive pro-
teins. The glucose-inhibited division protein MnmG showed
20.8% increased oxidation under NaOCl stress. Many
aminoacyl-tRNA synthetases were strongly oxidized under
NaOCl stress. We detected 18-24% higher oxidation levels
for the histidine- and phenylalanine tRNA ligases (HisS and
PheT?2) and for the queuine tRNA ribosyltransferase (Tgt)
under NaOCI stress.

Five S-bacillithiolated proteins were identified
using shotgun proteomics in S. aureus, including
the glycolytic Gap as major target

We used the previously applied shotgun proteomic ap-
proach for identification of S-bacillithiolated proteins under
nonreducing conditions based on the 396 Da mass increase at
Cys residues (16). Five S-bacillithiolated proteins were
identified in NaOCl-treated cells of S. aureus USA300, in-
cluding Gap, AldA, GuaB, RpmlJ, and the manganese-
dependent inorganic pyrophosphatase PpaC (Table 3; Sup-
plementary Fig. S1). GuaB was S-bacillithiolated at its active

Control

site Cys307, which forms the thioimidate intermediate with
the substrate and is S-thiolated also in other gram-positive
bacteria (Table 3; Supplementary Fig. S1).

Gap and AldA were S-bacillithiolated at their catalytic
active sites at Cys151 and Cys279, respectively (Fig. 2 and
Table 3; Supplementary Fig. S1). The AIdA homolog of S.
carnosus was previously found S-bacillithiolated at Cys279
(16). The active site Cys of Gap is a conserved target for S-
glutathionylation in eukaryotic Gap homologs. Cys151 of
Gap showed 29.5% oxidation increase under NaOCI stress in
the OxICAT analysis, which is reflected also by the mass
spectra of the ICAT-labeled Cysl151-peptides (Fig. 4A).
Nonreducing BSH-specific Western blots further identified
that Gap is the most abundant S-bacillithiolated protein under
hypochlorite stress based on the size and supported by the MS
results (Fig. 4B; Supplementary Fig. S1). Gap-SSB was de-
tected in the S. aureus USA300 and COL strains, but is absent
in the bshA mutant as expected.

Gap contributes as most abundant Cys protein
with 4% to the total Cys proteome

We were further interested in the contribution of Gap and
other S-bacillithiolated proteins to the total Cys proteome of
S. aureus. S. aureus USA300 encodes for 2694 proteins.
These include 1864 proteins with 4935 Cys residues, indi-
cating that the Cys content is 0.64% in the theoretical pro-
teome (Supplementary Fig. S2A, B). Using shotgun
proteomics, the spectral protein abundance for 600 proteins,

NaOCl
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FIG. 3. Northern blot analysis showing transcriptional
HOU_0835) under NaOCI stress. RNA was isolated from S.

induction of the SarZ-regulated ohrA gene (USA300-
aureus USA300 grown in Belitsky minimal medium under

control and NaOCI stress conditions and subjected to Northern blot analysis for ohrA (USA300HOU_0835) transcription.
Transcription of ohrA is upregulated due to SarZ thiol oxidation and inactivation under NaOClI stress as revealed by

OxICAT analysis in vivo.
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FIG.4. OxICAT analysis revealed a 29 % increased oxidation of the Gap Cys151 peptide (A) and Gap was identified as most
abundant S-bacillithiolated protein in S. aureus under NaOCl stress as shown by BSH-specific Western blot analysis (B). (A)
The OxICAT mass spectrometry results are shown for the Gap Cys151 peptide in S. aureus USA300 under control and 30 min after
NaOCl stress. The reduced Gap Cys151 peptides in the cell extract are labeled with light "*C-ICAT, followed by reduction of all
reversible thiol oxidation, including the S-bacillithiolated Cys151 peptides and subsequent labeling of previously oxidized Cys151
peptide by heavy '*C-ICAT reagent. According to the quantification by the MaxQuant software, the Cys151 peptide was 8.3%
oxidized in the control and its oxidation level increased to 37.7% under NaOCl stress. (B) Nonreducing BSH-specific Western blot
analysis identified Gap as most abundant S-bacillithiolated protein in S. aureus USA300 and COL strains under NaOCl stress. Two
independent biological replicates are shown for S. aureus COL denoted as COL-1 and COL-2. Gap is S-bacillithiolated at the active
site Cys151 under NaOCl stress as revealed by subsequent LC-MS/MS analysis (Supplementary Fig. S1A). BSH, bacillithiol;
LC-MS/MS, liquid chromatography tandem mass spectry.
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FIG. 5. Voronoi treemaps visualize Gap as the most abundant Cys protein in the total Cys proteome of S. aureus
USA300. The treemap legend (left) indicates the classification of the S. aureus USA300 proteome into functional categories
according to TIGRfam annotations. The cell size corresponds to the spectral counts of each protein identified in the proteome of
S. aureus USA300 and classified according to TIGRfam. The Cys-containing proteins are color coded using a yellow-red color
gradient based on their numbers of Cys residues (Supplementary Table S2). Proteins without Cys residues are displayed in gray.
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BSH, while treatment with 100 uM H,O, alone only led to 50%
decreased activity (Fig. 6A, B). Gap inactivation with H,O, and
BSH was caused by reversible S-bacillithiolation since DTT
reduction resulted in recovery of Gap activity (Fig. 6C-E;
Supplementary Fig. S9). These results support that the Gap ac-
tive site is highly sensitive to overoxidation, which can be pre-
vented by S-bacillithiolation in the presence of H,O, and BSH.

IMBER ET AL.

Fig. S4). Gap was treated with 1 mM H,0O, on ice with or
without BSH and the remaining Gap activity was determined
after different times of H,O,-dependent overoxidation and
S-bacillithiolation. The Gap activity assays revealed that both
S-bacillithiolation and overoxidation lead to 80% enzyme in-
hibition after 7.5min of H,O, treatment (Supplementary
Fig. S4A). In addition, we analyzed the time course for the

detection of Gap-SSB or the overoxidized Cys151 under H,O,
treatment with or without BSH using BSH-specific Western

Next, we determined the time-dependent Gap inactivation by
both H,0O,-dependent oxidation pathways (Supplementary
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FIG. 6. Inactivation of Gap of S. aureus in response to H,O, in vitro. (A, B) Reduced Gap (40 uM) was oxidized with
100 uM, 1, and 10 mM H>O, for 5 min in the absence (A) or presence of 10-molar excess of BSH (400 uM) (B) in reaction
buffer (100 mM Tris HCI, 1.35mM EDTA, pH 8.0). The remaining Gap activity was measured in the presence of G3P and
NAD" spectrophotometrically, following NADH production at 340 nm. The Gap activity was calculated as absorbance
change from the slope of the reaction in the first 80s, as described in the Materials and Methods section. (C) To assess the
reversibility of Gap inactivation by H,O,, Gap was treated with 1 and 10 mM H,0, alone or with HO, and BSH, followed
by reduction with 10 mM DTT. (D) Schematic showing the irreversible inhibition of Gap activity due to overoxidation of
the active site Cys with H,O, alone, while Gap activity was reversibly inhibited with H,O, and BSH due to S-
bacillithiolation. (E) S-bacillithiolation of Gap in the presence of 10mM H,0, and BSH was confirmed using a BSH-
specific Western blot analysis before and after subsequent DTT reduction. DTT, dithiothreitol; EDTA, ethylenediamine-
tetraacetic acid; G3P, glyceraldehyde-3-phosphate; H,O,, hydrogen peroxide.
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blots or MS, respectively. The MS results identified the over-
oxidized Cys151 sulfonic acid (Cys151-SOzH) after 1 min of
H,O, treatment (Supplementary Fig. S5). The S-bacillithiolated
Gap could be also detected after 1 min of treatment with BSH
and H,O, (Supplementary Figs. S4B and S9). These results
suggest that overoxidation and S-bacillithiolation occur at
similar rates under H,O, treatment in vitro. However, the Gap
activity assays after treatment with different H,O, concentra-
tions indicate that Gap inhibition is faster with 100 uM H,0, in
the presence of BSH compared with 100 uM H,0, alone, which
only leads to 50% enzyme inhibition (Fig. 6A, B). Thus, S-
bacillithiolation of Cys151 by H,0O, in the presence of BSH
serves to protect the active site against overoxidation.

Since S-bacillithiolation of Gap was observed under
NaOCl stress in vivo, we studied the dose-dependent Gap
inactivation by NaOCI with or without prior exposure to BSH
(Fig. 7). Treatment of Gap with 100-500 uM NaOCl led to
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50-75% inhibition of Gap activity. Pretreatment of Gap with
BSH before exposure to 100 uM NaOCl resulted in 70% ac-
tivity decrease. Gap was fully inactivated with 1 mM NaOCl
in the absence or presence of BSH. Treatment of Gap with
1 mM NaOCl alone resulted in irreversible inactivation due to
overoxidation since Gap activity could be not restored using
DTT. In the presence of BSH, Gap inactivation by NaOCl was
caused by reversible S-bacillithiolation since 85% Gap ac-
tivity could be restored by DTT reduction (Fig. 7C, D). Next,
we studied the time course for NaOCl-induced overoxidation
and S-bacillithiolation pathways in the presence of 1mM
NaOCI. The Gap activity assays with or without BSH showed
that Gap inhibition is faster with BSH and NaOCI compared
with NaOCl alone (Supplementary Fig. S6). These results
indicate that S-bacillithiolation can efficiently prevent over-
oxidation of the Gap active site under NaOClI in vitro, sup-
porting our in vivo finding.
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Regeneration of S-bacillithiolated Gap
using the bacilliredoxin Brx (SAUSA300_1321) in vitro

The reversal of S-bacillithiolation was shown to require the
glutaredoxin-like bacilliredoxins, YphP (BrxA) and YqiW
(BrxB), in B. subtilis (24). Using a Brx-roGFP2 biosensor, we
demonstrated recently that the YphP homolog of S. aureus
(SAUSA300_1321 or Brx) is highly specific as bacilliredoxin
to recognize BSSB (51). Thus, Gap activity was measured
after debacillithiolation of Gap-SSB with Brx and Brx Cys
mutant proteins (BrxCGA, BrxAGC) and G3P oxidation was
followed by NADH production as absorbance change at
340nm (Fig. 8A). Gap activity could be restored to 70% and
60% during debacillithiolation with Brx and the BrxCGA re-
solving Cys mutant in vitro, respectively. However, Gap ac-
tivity was only 25% recovered with the Brx AGC active site
mutant protein supporting the specificity of the Brx active site
for the attack of BSH mixed disulfide. Debacillithiolation of

IMBER ET AL.

Gap-SSB by Brx and the BrxCGA mutant was verified in
BSH-specific Western blots (Fig. 8B; Supplementary Fig. S9).
These results indicate that S-bacillithiolation of Gap functions
in protection and redox regulation of the active site Cys and
can be reversed by the bacilliredoxin Brx in vitro (Fig. 8C).

Structural features of the Gap active site
during overoxidation and S-bacillithiolation

We were interested in structural changes of Gap after
overoxidation and S-bacillithiolation. The crystals of H,O,-
treated overoxidized Gap diffracted X-rays to 2.6 A resolu-
tion and belonged to the P2,2,2, space group. Previously,
several crystal structures of the Gap holo- and apoenzyme
have been reported with the protein always crystallized in the
P2, space group (57). The structure of the overoxidized Gap
contains four monomers in an asymmetric unit, each con-
sisting of the NAD*-binding domain (residues 1—150) and the
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FIG. 8. Recycling of S-bacillithiolated Gap requires the bacilliredoxin Brx in vitro. (A) Gap activity is reversibly
inhibited by S-bacillithiolation in vitro and can be restored by reduction using the bacilliredoxin Brx (SAUSA300_1321).
Debacillithiolation required the Brx active site Cys. The Brx AGC mutant showed weak activity to reduce Gap-SSB, while
the Brx resolving Cys mutant (BrxCGA) could restore Gap activity similar to the wild-type Brx protein. S-bacillithiolated
Gap was generated in vitro by treatment of 25 uM Gap with 2.5 mM H,0O, in the presence of 250 uM BSH. For deba-
cillithiolation, 2.5 uM Gap-SSB was incubated with 12.5 uM Brx, BrxAGC, and BrxAGC proteins for 30 min. Gap activity
was measured after addition of G3P and NAD" by spectrophotometric monitoring of NADH generation at 340 nm. (B) The
level of debacillithiolation of Gap-SSB in vitro by Brx and BrxCys mutant proteins was monitored using nonreducing BSH-
specific Western blot analysis. The SDS-PAGE is shown as loading control (right). The numbers 1-5 shown in the BSH
Western blot and in the SDS-PAGE refer to the legend shown in (A). (C) Schematic for the reduction of S-bacillithiolated
Gap using the bacilliredoxin Brx. SDS-PAGE, sodium dodecyl sulfate—polyacrylamide gel electrophoresis.
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catalytic domain (residues 151-336) (57) (Supplementary
Fig. S7A). The overall fold of overoxidized Gap is almost
identical to previously reported reduced Gap structures, with
only slight conformational differences observed in the loop
regions comprising residues 59-72, 75-90, and 111-118. The
root-mean square deviation after global superposition of
overoxidized Gap with the holo- (PDB code: 3LVF) or
apoenzyme (PDB code: 3LC7) was 1.01 and 1.11 A, re-
spectively. Interestingly, during previous structural analyses,
Gap always copurified with NAD*, which had to be removed
via activated charcoal to obtain the apoenzyme (57). In
contrast, the present Gap structure does not contain NAD™,
thus representing an apo form of the enzyme. Thus, H,O,
treatment seems to have led to loss of the coenzyme.
According to our MS results and previous publications (73),
the Gap sulfonic acid was identified by MS as overoxidized
form. In the structure of overoxidized Gap, the sulfonic acid
form could be modeled into the electron density of the active
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site Cys151 in each monomer (Supplementary Fig. S7B, C).
Overoxidation of Cys151 results in enzyme inhibition as sup-
ported by our activity assays. During catalysis, the sulthydryl
group of Cys151 attacks the nucleophilic carbon of the G3P
substrate to form a covalent intermediate, thiohemiacetal (72).
In the active enzyme, His178 forms an ion pair with Cys151,
which increases the acidity and nucleophilicity of the thiol
group. During G3P oxidation, His178 hydrogen bonds with the
acyl carbonyl of the substrate and stabilizes the hemithioacetal
intermediate (57). Apart from interfering with the function of
Cys151, the sulfonyl moiety of the hyperoxidized Cys151 also
interacts with the main chain carbonyl of Asn316 and the im-
idazole ring of His178 (Fig. 9A; Supplementary Fig. S7D).
Thus, hyperoxidation of Cys151 affects the function of two key
catalytic residues of Gap, Cys151, and His178, leading to ir-
reversible inactivation of the enzyme.

To obtain insights into the structural changes upon S-
bacillithiolation, BSH was modeled into the active site of the

FIG. 9. Structural insights into the Gap active site after overoxidation and S-bacillithiolation. (A) Crystal structure
of the overoxidized active site Cys151 (Cys-SOs;H, oC151) of Gap. (B, C) Computational model of BSH docked into the
active site of the Gap apoenzyme (B) and holoenzyme with the NAD" coenzyme (C) using a covalent docking algorithm
that takes into account the possibility of bond formation between ligand and receptor. Shown is the best pose of 10 best
poses of the S-bacillithiolated active site. (D) Superposition of Gap-SO3;H with the S-bacillithiolated apo- and holoenzyme
active sites. (E, F) The S-bacillithiolated active site pocket of the apoenzyme (E) and holoenzyme (F) structures rotated
by 25° over y axis in respect to (B, C). (G, H) Surface representation of apoenzyme (G) and holoenzyme (H) with

docked BSH.
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apo- and holoenzyme structures using molecular docking
(Fig. 9B, C). We used a covalent docking algorithm that takes
into account the possibility of bond formation between ligand
and receptor. Docking of BSH into the apo- or holoenzyme
structure resulted in a set of covalent complexes (10 best po-
ses), in which the disulfide bond can readily form and which
are structurally very similar at least in the vicinity of the dis-
ulfide bond, suggesting a high confidence in the docking pose
(Supplementary Fig. S8). In the holoenzyme structure, the
NAD" cofactor partially occludes the binding pocket and
narrows the space available for BSH binding. As aresult, in the
holo-Gap active site, where NAD™ is present, BSH takes up
conformations, which differ significantly less compared with
the ones in the apoenzyme. When superimposing the two best
binding poses, BSH in the apoenzyme structure partially oc-
cupies the part of the pocket where NAD™ would be present
(Fig. 9D). However, in both cases, S-bacillithiolation of the
active site does not require major conformational changes of
the protein (Fig. 9E-H). In addition, previous molecular dy-
namic simulations of human GAPDH (61) suggested little
fluctuations of the protein. Taken together, we suggest that
BSH can undergo disulfide formation with the active site at
little energetic or entropic costs. This may further explain why
Gap as the most abundant redox-sensitive protein in the pro-
teome of S. aureus is also the most abundant S-bacillithiolated
protein under NaOCl stress.

Discussion

Dynamic thiol redox switches are the hallmarks of oxi-
dative stress response and the major principle of redox sig-
naling mechanism in prokaryotes and eukaryotes (33).
Quantitative redox proteomic methods such as OxICAT al-
low to determine the redox state of proteins thiols and to
dissect redox-sensitive thiols at high resolution (9, 48). To
date, global thiol redox proteomics in the major pathogen S.
aureus identified only few targets for oxidation under H,O,
stress (19, 77). However, S. aureus shows remarkable resis-
tance to 100 mM H,O,, which is attributed to the constitutive
expression of the catalase KatA indicating that S. aureus is
well adapted to peroxide stress during infections (36).

In this study, we used OXICAT to monitor the redox state
of 228 Cys residues in S. aureus USA300 under more severe
infection-like conditions as provoked by hypochlorite. In
untreated cells, the majority of thiols (84.6%) are reduced
with an oxidation degree <25%, which is in agreement with
previous studies in E. coli and yeast cells (9, 48). Under
NaOClI stress, 58 NaOCl-sensitive proteins showed >10%
increased oxidation, indicating that 25% of all identified
protein thiols are redox sensitive in S. aureus. To analyze
whether these NaOCl-sensitive Cys residues are buried or
surface exposed, we calculated their relative surface acces-
sibilities (RSAs) using NetSurfP (www.cbs.dtu.dk/services/
NetSurfP/). However, only 9 of 228 Cys residues have RSA
values of >30% and are predicted as solvent exposed (Table 2
and Supplementary Table S1). The RSA calculations clearly
indicate that NaOCl-sensitive Cys residues are often the ac-
tive site centers that are not surface exposed and buried in the
predicted secondary protein structure.

Among the NaOCl-sensitive proteins with the highest
oxidation increase of 20-30%, we identified Gap, AldA, and
GuaB as S-bacillithiolated at their conserved substrate-
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binding active sites. Only a few S-bacillithiolated proteins
were found by the shotgun proteomic approach due to the
instability and low abundance of the BSH-modified peptides.
Thus, we assume that many more NaOClI-sensitive proteins
of our OxICAT dataset are modified by S-bacillithiolation,
but failed to be identified using the shotgun method.

Apart from S-bacillithiolation, also alternative S-thiolations
are possible in S. aureus under NaOCI stress such as S-
cysteinylation or CoASH mixed disulfides since cysteine and
CoASH are also present in the thiol metabolome of S. aureus
(58, 64). Moreover, the Cdr displayed an increased oxidation
level under NaOCl stress at its conserved Cys16 in our OxI-
CAT analyses and was previously shown to function in re-
duction of CoASH disulfides in S. aureus (18, 55). However,
S-cysteinylation and CoASH mixed disulfides were not de-
tected by MS due to their low abundance or instability.

Many Zn-containing NaOCl-sensitive proteins were iden-
tified, such as the Fur repressor, which is oxidized in its
Zn-binding site. Zn-binding sites are common redox switch
motifs (37). The best-studied example is the oxidation-
sensitive Hsp33 chaperone that responds to hypochlorite by a
redox switch in its Zn motif and protects E. coli proteins
against oxidative aggregation (26, 38, 46). NaOCl-sensitive
Zn-containing proteins include the alcohol dehydrogenase
Adh and the ribosomal proteins, RpmG3 and RpmJ. Several
previously predicted redox-sensitive Cys residues are found in
CxxC motifs, such as the copper chaperone, CopZ, and the
antioxidant proteins, AhpC, TrxB, and ArsC (21). These re-
sults are in agreement with previous redox proteomic results in
E. coli under NaOCl stress (48). Increased oxidation levels
were detected for both MarR/OhrR family regulators MgrA
and SarZ that are oxidized at their single Cys residues. Using
Northern blot analyses, we confirmed that SarZ oxidation leads
to derepression of transcription of the ohrA gene (USA300-
HOU_0835) in S. aureus. Thus, the OXICAT approach iden-
tified increased oxidation of both major thiol redox regulators
under NaOCl stress in S. aureus.

The most abundant S-bacillithiolated protein was the gly-
colytic Gap enzyme in S. aureus under NaOCl stress, which
was S-bacillithiolated at the active site Cys151. Gap is the
most abundant Cys-containing protein contributing 4% to the
total Cys proteome. The active site Cys is used for the nu-
cleophilic attack at the aldehyde group of the G3P substrate to
catalyze the substrate-level phosphorylation of G3P to 1,3-
bisphosphoglycerate with production of NADH (34). Gap
homologs are common targets for oxidation in eukaryotes and
prokaryotes and subject of different post-translational thiol
modifications, including S-sulfenylation, S-glutathionylation,
S-nitrosylation, and S-sulfhydration, resulting in reversible en-
zyme inactivation (10, 34). Inactivation of Gap has been shown
to redirect the glycolytic flux into the pentose phosphate path-
way to supply nicotinamide adenine dinucleotide phosphate
(NADPH) as reducing power under oxidative stress (10, 66).

Gap of S. aureus was previously identified as oxidation-
sensitive target for reversible thiol modification (19) and was
also found to be overoxidized at its active site Cys151 under
H,0, stress (73). Using biochemistry, MS, and X-ray crys-
tallography, we confirmed previous findings that the glyco-
Iytic Gap enzyme from S. aureus is highly sensitive to
overoxidation to Cys sulfonic acid in vitro in the presence of
H,O, alone. In this work, we found that Gap is the most
abundant S-bacillithiolated protein under NaOCl stress
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in vivo. We further demonstrate that S-bacillithiolation func-
tions in reversible inhibition of Gap activity under H,O, and
NaOCl treatment in vitro and protects the active site Cys
against overoxidation to ensure fast regeneration of this es-
sential glycolytic enzyme during recovery of cells. Our Gap
activity assays suggest that both pathways, the overoxidation
and S-bacillithiolation, operate at similar kinetics under H,O,
treatment, while inactivation due to S-bacillithiolation was
faster under NaOCl stress. Together, our results confirm the
preference for formation of S-thiolation in the presence of
LMW thiols as observed in many eukaryotic Gap homologs
(34, 43, 78).

The reactivity of the active site cysteine toward H,O, and
the substrate G3P was recently shown to depend on two
different mechanisms (34, 61). The catalytic Cys is in close
proximity with His178 in the structure of Gap of S. aureus
that attracts the thiol proton, leading to deprotonation and
increased acidity of the catalytic Cys. The acidic nature
explains the reactivity of catalytic Cys toward the substrate
G3P that covalently reacts with the nucleophilic thiolate
during the catalytic cycle (34, 62). However, the increased
acidity of Cys151 does not explain its strong reactivity to-
ward H,O,. Instead, the reactivity of the active site thiolate
depends on a specific H,O,-binding pocket, transition state
stabilization, and a proton relay mechanism promoting
leaving group departure (34, 61).

This proton relay mechanism also determines the preferred
modification by S-bacillithiolation of Gap in S. aureus under
H,0, in vitro, which requires the initial formation of a sul-
fenic acid, followed by reaction to the BSH mixed disulfide.
HOCI shows very fast reaction rates with thiols (3x10’
M™'s7!) that are several orders of magnitude higher com-
pared with H,O, (17, 27, 30, 60, 74). HOCI first leads to
chlorination of thiols resulting in an unstable sulfenylchloride
intermediate that reacts further to form disulfides in the
presence of another thiol. In the absence of proximal thiols,
the sulfenylchloride quickly leads to irreversible oxidation
stages (17, 30, 52). We have shown in S. aureus that S-
bacillithiolation functions in protection and redox regulation
of the Gap active site against overoxidation under NaOCl
stress in vitro and in vivo. Molecular docking of BSH into the
active site of the Gap apo- and holoenzyme was used to
model the S-bacillithiolated active site at high confidence.
The model of Gap-SSB structure suggests that BSH can un-
dergo disulfide formation with Cys151 without major con-
formational changes. This may explain why the most
abundant Cys protein Gap is the preferred and dominant
target for S-bacillithiolation inside S. aureus cells.

S-glutathionylation of the active site Cys of Gap was
found in many eukaryotic organisms, such as Arabidopsis
thaliana, the malaria parasite Plasmodium falciparum, or in
human endothelial cells, leading to reversible inhibition of
Gap activity (3, 43, 69). Reactivation of Gap was catalyzed
by glutaredoxins and thioredoxins in plants and malaria
parasites (3, 43). In B. subtilis, the bacilliredoxins, BrxA
and BrxB, were shown to catalyze the reduction of S-
bacillithiolated OhrR and MetE in vitro (24). In this study,
we showed that S-bacillithiolated Gap is also a substrate for
the bacilliredoxin Brx (SAUSA300_1321) in S. aureus,
which requires the active site Cys for debacillithiolation
in vitro. Thus, the bacilliredoxin pathway is also involved in
regeneration of Gap activity in S. aureus.
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Materials and Methods
Bacterial strains and growth conditions

Bacterial strains used were S. aureus COL and USA300 and
its isogenic bshA mutants as described previously (64). For
cloning and genetic manipulation, E. coli DH5a and BL21
(DE3) plysS were cultivated in Luria Bertani (LB) medium.
For NaOCI stress experiments, S. aureus USA300 and COL
strains were cultivated in LB medium until an optical density
at 540nm (ODs4g) of 2.0, transferred to Belitsky minimal
medium, and treated with 150 uM NaOCI stress as described
(51). NaOCl, diamide, DTT, N-ethylmaleimide (NEM), and
H,0, (35% w/v) were purchased from Sigma-Aldrich.

MS-based thiol redox proteomics
using the OxICAT approach

S. aureus USA300 was harvested before and after exposure
to 150 uM NaOCI for 30 min, respectively. The OxICAT
method was performed according to the protocol of Linde-
mann and Leichert (49) with the modification that cells were
disrupted using a ribolyzer. The ICAT-labeled peptides were
dissolved in 0.1% (v/v) acetic acid and loaded onto self-
packed LC columns with 10 ul of buffer A (0.1% (v/v) acetic
acid) at a constant pressure of 220 bar without trapping.
Peptides were eluted using a nonlinear 85-min gradient from
1% to 99% buffer B (0.1% (v/v) acetic acid in acetonitrile)
with a constant flow rate of 300 nl/min and measured using
Orbitrap MS as described (6). The S. aureus USA300 se-
quence database was extracted from Uniprot and used by the
search engine Andromeda and the MaxQuant software (ver-
sion 1.5.1.2) to quantify the ICAT-labeled Cys peptides. Two
miscleavages were allowed, the parent ion mass tolerance
was 10 ppm and the fragment ion mass tolerance was 1.00
Da. The average percentage of oxidation of each Cys peptide
and the percentage change under NaOCl stress were calcu-
lated from 2 to 3 biological replicates using the intensity
values provided by MaxQuant. Voronoi treemaps were
generated using the Paver software to visualize the percent-
age oxidation of all identified ICAT-labeled peptide pairs.
The OXICAT proteomic data have been deposited to the
ProteomeXchange Consortium via the PRIDE partner re-
pository with the dataset identifier PXD004918.

Identification of S-bacillithiolated and overoxidized
Cys peptides using LTQ-Orbitrap MS

For identification of S-bacillithiolated peptides, NEM-
alkylated protein extracts were prepared from S. aureus
USA300 cells after exposure to 150 uM NaOCI for 30 min as
described (15). The protein extracts were separated by 15%
nonreducing sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS-PAGE), followed by tryptic in-gel di-
gestion and LTQ-Orbitrap-Velos MS, as described (15). Post-
translational thiol modifications of proteins were identified
by searching all tandem mass spectrometry (MS/MS) spectra
in dta format against the S. aureus USA300 target—decoy
protein sequence database extracted from UniprotKB release
12.7 (UniProt Consortium, Nucleic acids research 2007, 35,
D193-197) using Sorcerer™-SEQUEST® (Sequest v. 2.7 rev.
11, Thermo Electron, including Scaffold 4.0; Proteome
Software, Inc., Portland, OR). The SEQUEST search para-
meters and thiol modifications were used as described (15).
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The scores and mass deviations of the S-bacillithiolated
peptides are shown in detail in Supplementary Figure S1,
including their fragmentation spectrum and ion tables.

MS of the H,O,-treated overoxidized Gap was performed
after in-gel tryptic digestion using nLC-MS/MS by Orbitrap
fusion, as described previously (45). For Cys151-SO;H
peptide identification and quantification, MS1 data were fil-
tered to the precursor target masses applying an m/z window
of 3 ppm. Isotopic distribution and fragmentation spectra
were inspected manually in different charge states in suc-
cessive MS2 scans in different overoxidized Gap samples.

Cloning, expression, and purification of the S. aureus
Gap, Brx, and Brx Cys-Ala mutant proteins in E. coli

The previously constructed plasmids, pET11b-Brx-roGFP2,
pET11b-BrxAGC-roGFP2, and pET11b-BrxCGA-roGFP2 (51),
were used as template to amplify S. aureus brx (SAUSA300_
1321), brxAGC, and brxCGA by PCR using primer pairs 1321-
roGFP2-For-Nhel (5-CTAGCTAGCATGAATGCATATGAT
GCTTATATGAAAG-3") and roGFP2-1321-Rev-BamHI (5'-
CGCGGATCCTTAGTGATGGTGATGGTGATGTTTACAA
TTT TCGTCAAAGGC-3"). The reverse primer also encodes the
C-terminal Hisg-tag. The PCR products were digested with Nhel
and BamHI and inserted into plasmid pET11b (Novagen) that
was digested using the same restriction enzymes to generate
plasmids pET11b-brx, pET11b-brxAGC, and pET11b-brxCGA.
The primer pairs gap-For-Ndel (5-GGAATTCCATATGGCA
GTAAAAGTAGCAATTAATG-3") and gap-Rev-BamHI (5-
CGCGGATCCTTAGTGATGGTGATGGTGATGTTTAGAA
AGTTCAGCTAAGTATGC-3) were used to amplify the
S. aureus gap gene (SAUSA300_0756) by PCR. Chromo-
somal DNA of S. aureus USA300 was used as template. The
PCR products were digested with the restriction enzymes,
Ndel and BamHI, and inserted into plasmid pET11b that
was digested with the same enzymes to generate plasmids
pET11b-gap. The correct sequences of the cloned genes
were confirmed by sequencing. The plasmids were trans-
formed into E. coli BL21 (DE3) plysS (Novagen).

For protein expression, E. coli BL21(DE3) plysS strains
with the plasmids, pET11b-gap, pET11-brx, pET11b-brxAGC,
and pET11b-brxCGA, were grown in 1 liter LB medium and
1 mM isopropyl-f3-D-thiogalactopyranoside (IPTG) was added
at the exponential phase (OD600 of 0.8) for 3 h at 37°C. His-
tagged proteins were purified using His Trap™ HP Ni-NTA
columns and the AKTA purifier liquid chromatography system
(Amersham Bioscience). The proteins were further concen-
trated to 2—6 mg/ml using Amicon Ultra concentrators (Mil-
lipore). Before the activity assays, Gap and Brx proteins were
reduced with 10mM DTT for 30 min, followed by DTT re-
moval using Micro Biospin 6 columns (Biorad).

Gap activity assay

Gap activity was monitored spectrophotometrically at
340 nm and 25°C by the production of NADH. The oxidation
of G3P to 1,3-bisphosphoglycerate (1,3-BPG) was measured
in an assay mixture containing 1.25 mM NAD" and 0.25 uM
Gap in argon-flushed 20 mM Tris-HCl, pH 8.7, with 1.25 mM
ethylenediaminetetraacetic acid and 15 mM sodium arsenate.
After preincubation, the reaction was started by addition of
0.25mM D,L-G3P. Sodium arsenate was used as a cosub-
strate to form unstable 1-arseno-3-phosphoglycerate, as de-
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scribed previously (61). Degradation of the product allows a
favorable equilibrium for measuring the rate of Gap activity
in the glycolytic forward reaction. Initial rates were deter-
mined by calculation of the slope in the linear part of the
curve during the first 80 seconds at the beginning of the
reaction (linear regression function, GraphPad) as described
previously (61). Percentage of Gap activity was calculated as
(Rateiactivated/Rateuntreatea X 100%). The results are presented
as mean* SEM from at least three separate experiments.

S-bacillithiolation of Gap in vitro and reduction
by the bacilliredoxin Brx

About 25 uM of purified Gap was S-bacillithiolated with
250 uM BSH in the presence of 2.5mM H,0, for 5min.
Excess of BSH and H,O, was removed with Micro Biospin 6
columns (Biorad). For the Brx debacillithiolation assay, Gap-
SSB was incubated with Brx, BrxCGA, and BrxAGC at 37°C
for 30 min, followed by Gap activity assays and nonreducing
BSH-specific Western blot analysis, as described (16).

Western blot analysis

The S-bacillithiolated proteins were harvested from S.
aureus USA300 wild-type and bshA mutant cells after ex-
posure to 150 uM NaOCl, separated by nonreducing SDS-
PAGE, and subjected to BSH-specific Western blot analysis
using the polyclonal rabbit anti-BSH antiserum, as described
previously (16).

Northern blot experiments

Northern blot analyses were performed as described before
(15) using RNA isolated from S. aureus USA300 wild type
under control conditions and after treatment with 150 uM
NaOCl. Hybridization specific for ohrA (USA300HOU_0835)
was performed with the digoxigenin-labeled RNA probe syn-
thesized in vitro using T7 RNA polymerase from T7 promoter
containing internal PCR products using the primer pairs
ohrA-for, 5% TGGCAATACATTATGAAACTAAAGC 3,
and ohrA-T7-rev, 5 CTAATACGACTCACTATAGGGAGA
TTTAAATCGACATTAATATTTCCTTGA 3'.

Crystallographic procedures

Before crystallization, H,O,-treated overoxidized Gap
was concentrated to 11 mg/ml. Crystals of overoxidized Gap
were grown at 18°C using the hanging drop vapor diffusion
technique and 30% (w/v) PEG 3350, 0.1 M Tris, pH 8.5, as
the reservoir solution. Crystals were cryoprotected by trans-
fer into mother liquor mixed with 50% (v/v) PEG400ina 1:1
ratio and flash-cooled in liquid nitrogen. X-ray diffraction
data were collected from a single crystal at 100 K on beam-
line 14.1 of the BESSY II storage ring (Berlin, Germany) (56)
equipped with a PILATUS 6M detector (Company-REF),
with a 0.1 © oscillation and exposure time of 0.3 s per frame.
Diffraction images were processed using XDS (41). Crystal
parameters and data collection statistics are given in Sup-
plementary Table S3. The Gap-SO;H structure was solved
by molecular replacement with Molrep (71) using the struc-
ture of the Gap apoenzyme (PDB entry 3LC7; [57]) as a
model. The final model of the Gap-SOzH was generated by
iterative rounds of manual model building using Coot (20)
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and automated refinement using the phenix.refine package in
PHENIX (1) with the inclusion of TLS parameters generated
by the TLSMD server (59). Coordinates and structure factor
amplitudes have been deposited in the Protein Data Bank (4)
under the accession code 5T73 and will be released upon
publication.

Molecular docking of BSH into the Gap active site

To model a covalent complex between BSH and the S.
aureus Gap active site Cys151, docking experiments were
performed with the holo form containing NAD [PDB code:
3LVF chain R, (57)] as well as the apo form [PDB code: 3LC7
chain O, (57)] of the enzyme. Before molecular docking, both
protein structures were prepared using the protein preparation
wizard (68) in the Schrodinger software (Release 2016-1)
graphical user interface Maestro. Hydrogen was added ac-
cording to the protonation states at pH of 7.0 as predicted by
PROPKA, bond orders were assigned, and disulfide bonds
were allocated. Water with less than three hydrogen bonds to
nonwater residues was removed and minimization of heavy
atoms was performed using OPLS3. The BSH structure was
obtained from Pubchem (ID: CID 42614123) and processed
with the ligand preparation wizard. The ligand was protonated
at pH of 7.0 £2.0 using Epik (28). Covalent molecular docking
was performed using CovDock (79), which combines the two
programs Glide (23) for docking and Prime (39, 40) for min-
imization. Cysteine 151 was set as reactive residue, and the
reaction type was disulfide formation. All atom positions were
fixed, except for the targeted residue and the ligand. Covalent
docking was performed with default options and the poses
were ranked according to the Prime energy.
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Abbreviations Used
1,3-BPG = 1,3-bis-phosphoglycerate
BrxAGC = bacilliredoxin active site mutant
BrxCGA = bacilliredoxin resolving Cys mutant
BSH = bacillithiol
bshA = gene for BSH glycosyltransferase
BSSB = oxidized bacillithiol disulfide
Cdr = CoASH disulfide reductase
CoASH = coenzymeA
CV = coefficient of variation
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dehydrogenase
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Gap-SSB = S-bacillithiolated Gap
GlcNAc = N-acetyl glucoseamine
H,0;, =hydrogen peroxide
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Mal = malate
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MS =mass spectrometry
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NADH = nicotinamide adenine dinucleotide
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OxICAT = thiol redox proteomic methods based
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with heavy ICAT after reduction
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protein-SSB = BSH protein mixed disulfide
RNS =reactive nitrogen species
roGFP2 = redox-sensitive green fluorescent
protein
ROS =reactive oxygen species
RSA =relative surface accessibility
SDS-PAGE = sodium dodecyl sulfate—polyacrylamide
gel electrophoresis
TCEP = Tris (2-carboxyethyl) phosphine
Trx = thioredoxin
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ARTICLE INFO ABSTRACT

Keywords: Staphylococcus aureus produces bacillithiol (BSH) as major low molecular weight (LMW) thiol which functions in
Staphylococcus aureus thiol-protection and redox-regulation by protein S-bacillithiolation under hypochlorite stress. The aldehyde
AldA dehydrogenase AldA was identified as S-bacillithiolated at its active site Cys279 under NaOCl stress in S. aureus.
Bacillithiol

Here, we have studied the expression, function, redox regulation and structural changes of AldA of S. aureus.
Transcription of aldA was previously shown to be regulated by the alternative sigma factor SigmaB. Northern
blot analysis revealed SigmaB-independent induction of aldA transcription under formaldehyde, methylglyoxal,
diamide and NaOCI stress. Deletion of aldA resulted in a NaOCl-sensitive phenotype in survival assays, sug-
gesting an important role of AldA in the NaOCI stress defense. Purified AldA showed broad substrate specificity
for oxidation of several aldehydes, including formaldehyde, methylglyoxal, acetaldehyde and glycol aldehyde.
Thus, AldA could be involved in detoxification of aldehyde substrates that are elevated under NaOCI stress.
Kinetic activity assays revealed that AldA is irreversibly inhibited under H,O, treatment in vitro due to over-
oxidation of Cys279 in the absence of BSH. Pre-treatment of AldA with BSH prior to H,O, exposure resulted in
reversible AldA inactivation due to S-bacillithiolation as revealed by activity assays and BSH-specific Western
blot analysis. Using molecular docking and molecular dynamic simulation, we further show that BSH occupies
two different positions in the AldA active site depending on the AldA activation state. In conclusion, we show
here that AldA is an important target for S-bacillithiolation in S. aureus that is up-regulated under NaOCI stress
and functions in protection under hypochlorite stress.

Hypochlorite stress
MD simulations

1. Introduction infections, such as septicemia, endocarditis, necrotizing pneumonia and
osteomyelitis [1-3]. Moreover, there is an increasing prevalence of

Staphylococcus aureus is a major human pathogen that causes local hospital- and community-acquired methicillin-resistant S. aureus
wound infections, but also life-threatening systemic and chronic (MRSA) isolates that are often resistant to multiple antibiotics [4]. S.

Abbreviations: ADH, aldehyde dehydrogenase; BSH, bacillithiol; BSSB, oxidized bacillithiol disulfide; CFU, colony-forming unit; CD, catalytic domain; Co-BD, coenzyme-binding
domain; DTT, dithiothreitol; EDTA, ethylenediaminetetraacetic acid; FA, formaldehyde; H>O,, hydrogen peroxide; HOCI, hypochloric acid; IPTG, isopropyl-B-D-thiogalactopyranoside;
LB, Luria Bertani; LMW thiol, low molecular weight thiol; MD, molecular dynamics; MG, methylglyoxal; MHQ, 2-methylhydroquinone; MPO, myeloperoxidase; MRSA, methicillin-
resistant Staphylococcus aureus; NADH, nicotinamide adenine dinucleotide; NADPH, nicotinamide adenine dinucleotide phosphate; NaOCl, sodium hypochlorite; NEM, N-ethylmaleimide;
ODs, optical density at 500 nm; RCS, reactive chlorine species; RES, reactive electrophilic species; ROS, reactive oxygen species; SCV, small colony variant; SID, subunit interaction
domain; X-gal, 5-bromo-4-chloro-3-indolyl-3-D-galactopyranoside
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aureus quickly escapes to bactericidal action of new antibiotics and is
therefore classified as ESKAPE pathogen by the “European Center of
Disease Prevention and Control” [5]. The successful infection of S.
aureus is mediated by a high diversity of virulence factors, such as
toxins, proteases, lipases, superantigens, as well as efficient protection
mechanisms against the host immune defense during invasion [6,7].
During infections, S. aureus has to cope with the oxidative burst of
activated macrophages and neutrophils, including reactive oxygen and
chlorine species (ROS, RCS), such as hydrogen peroxide (H>O,) and the
strong oxidant hypochloric acid (HOCI) [8-11]. HOCI is generated in
neutrophils from H,O, and chloride by the myeloperoxidase (MPO)
which is the main cause of bacterial killing [12,13].

Apart from ROS and RCS, S. aureus is frequently exposed to reactive
electrophile species (RES), such as quinones and aldehydes that origi-
nate from cellular metabolism, as secondary oxidation products from
ROS and RCS as well as from external sources, such as antibiotics and
host-defense components [11,14-17]. RES are a,B-unsaturated di-
carbonyl compounds that have electron-deficient centers and can react
with protein thiols via oxidation or thiol-S-alkylation chemistries
[16,17]. Methylglyoxal is an example for a highly toxic and reactive
aldehyde produced as by-product from triose-phosphate intermediates
during glycolysis [14,15]. Methylglyoxal detoxification pathways and
their regulatory mechanisms have been widely studied in E. coli and B.
subtilis. E. coli utilises a glutathione (GSH)-dependent glyoxalase
pathway and a GSH-independent pathway for methylglyoxal detox-
ification. In the glyoxalase pathway, methylglyoxal reacts sponta-
neously with GSH to form hemithioacetal which is converted by
glyoxalase-I to S-lactoylglutathione. S-lactoylglutathione is the sub-
strate for glyoxalase-II leading to lactate production [14,18]. The
glyoxalase gloA and the nemRA operon are induced by quinones, alde-
hydes and HOCI and regulated by the TetR-family NemR repressor in E.
coli [19-22]. GloA functions as glyoxalase in methylglyoxal detox-
ification and NemA is an FMN-dependent oxidoreductase involved in
detoxification of quinones and aldehydes. Moreover, it was shown that
methylglyoxal is produced as consequence of hypochlorite stress and
that NemR confers protection to methylglyoxal and HOCI via control of
the gloA-nemRA operon [20].

Gram-positive Firmicutes, such as Bacillus subtilis and S. aureus
produce bacillithiol (BSH) as GSH surrogate which functions as pro-
tection mechanism against redox-active compounds and co-factor for
thiol-dependent enzymes [23,24]. Methylglyoxal detoxification in B.
subtilis involves BSH-dependent and BSH-independent pathways
[23,25]. In the BSH-dependent glyoxalase pathway, BSH reacts with
methylglyoxal to form BS-hemithioacetal which is converted to S-lac-
toyl-BSH by Glx-I and further by GIx-II to lactate [23,25]. In addition,
the thiol-dependent formaldehyde dehydrogenase AdhA confers pro-
tection under formaldehyde and methylglyoxal stress in B. subtilis
which is controlled by the MerR/NmlR-like regulator AdhR [35].
However, the enzymatic pathways involved in detoxification of reactive
aldehydes are unknown in S. aureus.

Recently, we identified the glycolytic glyceraldehyde-3-phosphate
dehydrogenase GapDH as major S-bacillithiolated protein in S. aureus
under NaOCl stress [26]. Apart from GapDH, the aldehyde dehy-
drogenase AldA was S-bacillithiolated at its active site Cys279 under
NaOCl stress, which could function in detoxification of methylglyoxal
or other aldehyde substrates. Here, we have studied the expression and
function of AldA of S. aureus under formaldehyde, methylglyoxal and
NaOCl stress. Transcriptional studies revealed an increased aldA tran-
scription under aldehyde, NaOCI and diamide stress in S. aureus. In
survival phenotype assays, the aldA mutant was more sensitive to
NaOCl stress. Using biochemical activity assays, we provide evidence
that S-bacillithiolation functions in redox-regulation of AldA activity.
All-atom molecular dynamics (MD) simulations suggest that the loca-
tion of BSH in the AldA active site depends on the Cys activation state in
the apo- and holoenzyme structures. In conclusion, our results indicate
that AldA plays an important role in the NaOCl stress defense and is
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redox-regulated by S-bacillithiolation in S. aureus.
2. Materials and methods
2.1. Bacterial strains, growth and survival assays

Bacterial strains, plasmids and primers are listed in Tables S1 and
S2. For cloning and genetic manipulation, E. coli was cultivated in Luria
Bertani (LB) medium. S. aureus COL was cultivated either in LB or RPMI
medium as described previously [26]. For survival phenotype assays, S.
aureus COL was grown in RPMI medium until an ODsq of 0.5, exposed
to 2mM formaldehyde, 4 mM methylglyoxal and 3.5 mM NaOCl stress
and 10 pl of serial dilutions were spotted onto LB agar plates for 24 h to
observe colonies. All complemented aldA deletion mutants with
plasmid pRB473 were grown in the presence of 1% xylose and 10 pg/ml
chloramphenicol. Sodium hypochlorite, diamide, dithiothreitol (DTT),
hydrogen peroxide (H,0,, 35% w/v), formaldehyde, methylglyoxal and
2-methylhydroquinone (MHQ) were purchased from Sigma Aldrich.

2.2. RNA isolation and Northern blot analysis

For RNA isolation, S. aureus COL was cultivated in RPMI medium
and treated with sub-lethal doses of 1 mM NaOCl, 0.75mM for-
maldehyde (FA), 0.5 mM methylglyoxal (MG), 10 mM H,0, and 50 uM
MHQ for different times as described previously [26]. S. aureus COL
cells were harvested before and after stress exposure and disrupted in
lysis buffer [10 mM Tris-HCl, pH 8.0; 200 mM sodium chloride (NaCl);
3mM ethylene diamine tetra acetic acid (EDTA)] with a Precellys24
ribolyzer. RNA was isolated using acid phenol extraction as described
[26] and RNA quality was assessed using the Nanodrop. Northern blot
hybridizations were performed with the digoxigenin-labelled aldA-
specific antisense RNA probe synthesized in vitro using T7 RNA poly-
merase and the primer pairs aldA-for and aldA-rev (Table S2) as de-
scribed [26,27].

2.3. Cloning, expression and purification of His-tagged AldA and AldC279S
mutant proteins in E. coli

The aldA gene was amplified from chromosomal DNA of S. aureus
COL by PCR using primers aldA-for-Nhel and aldA-rev-BamHI (Table
S2), digested with Nhel and BamHI and inserted into plasmid pET11b
(Novagen) that was digested using the same enzymes to generate
plasmid pET11b-aldA. For construction of pET11b expressing Al-
dAC279S mutant protein, Cys279 was replaced by serine using PCR
mutagenesis. Two first-round PCR reactions were performed using
primer pairs aldA-for-Nhel and aldA-C279S-Rev as well as primer pairs
aldA-C279S-for and aldA-rev-BamHI (Table S2). The two first round
PCR products were hybridized and subsequently amplified by a second
round of PCR using primers aldA-for-Nhel and aldA-rev-BamHI. The
second-round PCR products were digested with Nhel and BamHI and
inserted into plasmid pET11b digested with the same enzymes to gen-
erate plasmid pET11b-aldAC279S. The correct aldA and aldAC279S
sequences of the plasmids were confirmed by DNA sequencing. Plasmid
pET11b-aldAC279S was also used for construction of the aldAC279S
mutant in vivo and subcloned into the E. coli/S. aureus shuttle vector
pRB473 as described below.

For expression and purification of His-tagged AldA and AldAC279S
mutant protein, E. coli BL21(DE3) plysS was used expressing plasmids
pET11b-aldA and pET11b-aldAC279S, respectively. Cultivation was
performed in 11 LB medium until the exponential growth phase at
ODgqo of 0.8 followed by addition of 1 mM isopropyl-p-D-thiogalacto-
pyranoside (IPTG) for 3.5h at 37 °C. Recombinant His-AldA and His-
AldAC279S mutant proteins were purified after sonication of the E. coli
cells in binding buffer (20 mM NaH,PO,4, 500 mM NaCl, 20 mM imi-
dazole, pH 7.4). Lysates were cleared from cell debris by repeated
centrifugation and purification of the His-AldA and His-AldAC279S
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mutant proteins was performed by application of an imidazole gradient
(0-500 mM) using His Trap™ HP Ni-NTA columns (5 ml; GE Healthcare,
Chalfont St. Giles, UK) and the AKTA purifier liquid chromatography
system (GE Healthcare) according to the instructions of the manu-
facturer. Purified proteins were extensively dialyzed against 10 mM
Tris-HCI (pH 8.0), 100 mM NaCl, and stored on ice until usage.

2.4. Construction of the S. aureus COL aldA deletion mutant and the
complemented aldA and aldAC279S mutant strains

The S. aureus COL AaldA deletion mutant was constructed by allelic
replacement via the temperature-sensitive shuttle vector pMAD as de-
scribed [28]. Briefly, for construction of the plasmids pMAD-AaldA, the
500 bp up- and downstream flanking gene regions of aldA were am-
plified using the primers aldA-pMAD-up-for/rev and aldA-pMAD-do-
for/rev from S. aureus COL genomic DNA (Table S2). The aldA up- and
downstream flanking regions were fused by overlap extension PCR and
ligated into the BgIII and Sall sites of plasmid pMAD. The pMAD con-
structs were electroporated into the restriction-negative and methyla-
tion-positive intermediate S. aureus RN4220 strain and further trans-
ferred to S. aureus COL by phage transduction using phage 80 [29].
Transductants were streaked out on LB agar with 10 pg/ml ery-
thromycin and 40 pg/ml 5-bromo-4-chloro-3-indolyl-f-D-galactopyr-
anoside (X-gal) at 30 °C. Blue transductants with pMAD integrations
were selected for plasmid excision by a heat shock as described [30].
Erythromycin-sensitive white colonies were selected on X-gal plates and
screened for aldA deletions by PCR and DNA sequencing.

The complemented aldA and aldAC279S mutant strains were con-
structed using the pRB473 plasmid as described [31]. Briefly, aldA and
aldAC279S sequences were amplified from plasmids pET11b-aldA and
pET11b-aldAC279S using the primers aldA-pRB-for-BamHI and aldA-
pRB-rev-Kpnl. The PCR products were digested with BamHI and Kpnl
and inserted into the pRB473 plasmid that was digested using the same
enzymes resulting in plasmids pRB473-aldA and pRB473-aldAC279S.
The plasmids were transferred to the AaldA mutant via phage trans-
duction as described [31].

2.5. AldA activity assays

AldA activity was monitored spectrophotometrically at 340 nm and
30°C with the substrate and NAD* as cofactor by the production of
NADH using a CLARIOstar (BMG Labtech) spectrophotometer. The
oxidation of different aldehyde substrates (formaldehyde, methyl-
glyoxal, acetaldehyde and glycol aldehyde) was measured in an assay
mixture containing 1.25mM NAD* and 2.5 uM AldA in reaction buffer
(100 mM Tris-HCI, 1.25mM EDTA, pH 7.5). After pre-incubation, the
reaction was started by addition of the aldehyde substrates and NADH
production was measured at 340 nm. The kinetic curves are presented
as mean *+ SEM from at least three independent experiments.

2.6. Western blot analysis

The purified His-AldA protein was separated using 12% SDS-PAGE
and subjected to BSH-specific Western blot analysis using the poly-
clonal rabbit anti-BSH antiserum as described previously [32].

2.7. Molecular docking of the S-bacillithiolated AldA Cys279 active site

To model a covalent complex between BSH and the AldA Cys279
active site by molecular docking, the crystal structure of AldA from S.
aureus was used as a receptor (PDB code 3TY7). The missing loop (re-
sidues 438-459) was modelled and fitted using MODELLER [33]. To
identify the potential BSH binding site, FTMap solvent mapping cal-
culations were performed [34] and two highest-occupancy binding sites
were considered in the further calculations (Fig. 7EF). In the Q1 site,
the NAD" molecule has been fitted using crystal structures of the
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Pseudomonas fluorescens pfAMSDH co-crystallised with NAD* (PDB
code 4I1W). Then, the hydrogen atoms were added, and the charges for
NAD* molecule were assigned using AM1-BCC method [35]. The
Cys279 thiol group was considered deprotonated. The BSH molecule
was built, energy minimised (5000 cycles of steepest-descent mini-
misation), and the partial atomic charges were generated using AM1-
BCC [35].

Molecular docking was performed using the University of
California, San Francisco DOCK 6.8 suite [36] with grid scoring in an
implicit solvent. The grid spacing was 0.25A, and the grid included
12 A beyond the NAD* modelled, which was subsequently removed for
the pose Q2. The energy score was the sum of electrostatic and van der
Waals contributions. To check the suitability of the methodology, the
NAD* was removed from the binding site, its translational and rota-
tional degrees of freedom were altered and the molecule has been re-
docked to the protein, in order to check whether the docking procedure
was able to reproduce the native binding mode, as observed in related
crystal structures. After the positive verification, the BSH molecule was
docked to both Q1 (holo-enzyme with NAD") and Q2 (apo-enzyme
without NAD ™) sites detected by FTMap [34].

During the docking calculations, the BSH molecule was subjected to
5000 cycles of molecular-mechanical energy minimisation at the pro-
tein-binding site. The number of maximum ligand orientations was
50,000. The constraint was the distance between sulfur atoms from the
Cys279 thiol and the sulfur of BSH. The 25 best-scoring poses (BSH-
protein complexes) were further analyzed by means of secondary re-
scoring using SeeSAR https://www.biosolveit.de/SeeSAR/ package
with more accurate HYDE scoring function [37]. The best-scoring poses
in Q1 and Q2 putative binding sites were subjected to all-atom MD
simulations.

2.8. Molecular dynamics (MD) simulation of S-bacillithiolation

All simulations for the 5 studied systems: apo-enzyme, holo-enzyme
(protein-NAD ), BSH-holo-enzyme (Q1), BSH-apo-enzyme (Q1), and
BSH-apo-enzyme (Q2) were carried out using GROMACS2016.2 code
[38], with Amber99SB-ILDN [39] force field for the duplexes and the
TIP3P water model. Parameters for NAD* and BSH were assigned by
ACPYPE [40]. Obtained partial atomic charges were derived using the
RESP methodology [41] and validated with the Gaussian09 programme
[42] using HF/6-31G" basis set.

The temperature was kept constant at T = 300 K by using velocity
rescaling with a coupling time of 0.1 ps. The pressure was kept constant
at 1 bar using an isotropic coupling to Parrinello-Rahman barostat with
a coupling time of 0.1 ps [43]. A cut-off of 1 nm was used for all non-
bonded interactions. Long-range electrostatic interactions were treated
with the particle-mesh Ewald [44] method using a grid spacing of
0.1 nm with cubic interpolation. All bonds between hydrogens and
heavy atoms were constrained using the LINCS algorithm [45]. Each of
the systems were immersed in a cubic TIP3P water box containing ~
115,000 atoms. Simulation units were maintained neutral by adding
sodium and chloride counter ions (0.1 M concentration).

Prior to MD simulations, the systems undergone 50,000 steps of
molecular mechanical energy minimisation. This was followed by
100 ps MD simulations, during which position constraints were used on
all backbone atoms, heavy atoms of BSH and NAD *. After the following
unrestrained equilibration phase (10ns) the production runs were
carried out for 50 ns, with an integration time step of 2 fs. The cut-off
for non-bonded interactions was 0.1 nm. The atomic coordinates were
saved every 100 ps. For the visual inspection of the results we used
xmgrace [46] and UCSF Chimera [47] packages. Free binding energy
calculations have been performed using the MMPBSA.py program from
AmberTools package [48]. Binding energies have been calculated be-
tween BSH and the protein at the two different binding sites, as in Q1
and Q2, for the last 25 ns of the simulation.
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Fig. 1. OXICAT analysis revealed a 29% increased oxidation of the AldA Cys279-peptide (A) and S-bacillithiolation of the AldA protein in vitro is shown by BSH-specific
Western blot analysis (B). (A) The OxICAT mass spectrometry results from the previous study [26] are shown for the AldA-Cys279-peptide in S. aureus under control and 30 min after
NaOCl stress. The reduced Cys279-peptides is labelled with light *2C-ICAT, followed by reduction of the S-bacillithiolated Cys279-peptide and labelling with heavy '*C-ICAT reagent. The
Cys279-peptide was 10% oxidized in the control and 38% oxidized in the NaOClI stress sample indicating a 29% oxidation increase. (B) AldA is S-bacillithiolated in vitro by H,O, in the
presence of BSH as revealed by BSH-specific Western blots. Reduced purified AldA (40 uM) is pretreated with 10-fold molar excess of BSH (400 uM) and incubated with 10 mM H,0, for
5 min. The S-bacillithiolated AldA was detected using non-reducing BSH-specific Western blot analysis. The loading control of AldA and S-bacillithiolated AldA (AldA-SSB) is shown as

SDS-PAGE stained with Coomassie below the anti-BSH blot.

3. Results

3.1. The aldehyde dehydrogenase AldA is strongly oxidized at its active site
Cys279 due to S-bacillithiolation under NaOCl stress in S. aureus

The aldehyde dehydrogenase AldA was previously identified as S-
bacillithiolated at its catalytic active site Cys279 in S. aureus and
Staphylococcus carnosus [26,32]. In addition, both aldehyde dehy-
drogenases, GapDH and AldA displayed the highest oxidation increase
of 29% under NaOCl stress in S. aureus using the thiol-redox proteomics
approach OxICAT [26]. The OxICAT method is based on thiol-labelling
of the reduced AldA Cys279 peptide with light '>C-ICAT reagent, fol-
lowed by reduction of the Cys279-SSB peptide and its labelling with
heavy '3C-ICAT reagent [49]. The percentage oxidation of the Cys279
peptide of AldA under control and NaOCl stress is reflected by the mass
spectra of the ICAT-labelled peptide pair as quantified in the previous
study [26] (Fig. 1A). The strong 29% oxidation increase of the active
site Cys279 is shown here again which is caused by S-bacillithiolation
[26]. To confirm that AldA can be S-bacillithiolated also in vitro, we
expressed and purified His-tagged AldA from E. coli extracts. Purified
AldA was treated with H,O, after pre-exposure to 10-fold excess of BSH
and the reversible S-bacillithiolation of AldA was verified using BSH-
specific Western blot analyses in the absence and presence of DTT
(Fig. 1B). The S-bacillithiolated AldA band is denoted with AldA-SSB.
Next, we were interested to study the expression, function, redox-reg-
ulation and structural changes of AldA under NaOCl and aldehyde
stress.

3.2. Transcription of aldA is induced SigmaB-independently under thiol-
specific stress conditions by formaldehyde, NaOCI and diamide in S. aureus
COL

We used Northern blot analysis to study aldA transcription in S.
aureus COL under different thiol-specific stress conditions, including
sub-lethal doses of 1mM NaOCl, 2mM diamide, 0.75mM for-
maldehyde, 0.5 mM methylglyoxal, 50 uM methylhydroquinone (MHQ)
and 10 mM H,0, (Fig. 2A). The Northern blot results revealed that aldA
transcription is strongly induced in S. aureus COL wild type after ex-
posure to formaldehyde, diamide and NaOCI stress, but less strongly
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under methylglyoxal stress (Fig. 2A). No significant induction of aldA
was detected under MHQ and H,0, treatment. These transcriptional
results indicate that AldA could be involved in the hypochlorite stress
defense or in detoxification of aldehydes. In previous microarray ex-
periments, aldA was identified as member of the SigmaB general stress
regulon, which responds to heat and salt stress (NaCl), MnCl, and al-
kaline stress conditions in S. aureus [50,51]. The sigB-dependent pro-
moter sequence was mapped in the aldA regulatory upstream region
(GTTTAT-N14-GGATAA) as promoter U1137.SigB.M2 previously
(Fig. 2B) [52]. In the condition-dependent transcriptome of S. aureus
NCTC8325-4 [53], the strongest aldA transcription was monitored
during the stationary phase in rich LB and TSB medium as well as
during plasma stress as visualized by the Aureowiki Expression data
browser (http://genome.jouy.inra.fr/cgi-bin/aeb/viewdetail.py?id =
NA_2184537_2185964 _-1) [52].

To investigate whether the thiol-specific induction of aldA tran-
scription by formaldehyde, diamide and NaOCl requires SigmaB, we
performed Northern blot analysis with RNA isolated from a sigB dele-
tion mutant in comparison to the wild type (Fig. 2B). The Northern blot
results showed similar aldA transcriptional induction in the sigB mutant
under NaOCl, diamide and formaldehyde stress compared to the wild
type. Even a higher aldA transcription occurred under methylglyoxal
stress in the sigB mutant. These results indicate that aldA transcription is
subject to SigmaB-independent control mechanisms under thiol-specific
stress conditions by an unknown thiol-specific transcription factor that
remains to be elucidated. No additional SigA promoter was identified
upstream of aldA previously [52], presumably because the conditions
were different compared to our thiol-stress conditions. In previous
studies, a refined consensus for SigA- and SigB-dependent promoter
sequences was revealed based on 93% of S. aureus transcriptional units
[52]. In the aldA regulatory region, a putative SigA-dependent pro-
moter was identified upstream of the SigB promoter, which could drive
the thiol-specific expression of aldA (Fig. 2B).

3.3. AldA plays important roles in the defense against NaOClI stress in S.
aureus COL

Next, we analyzed the role of AldA in protection under NaOCl and
aldehyde stress in S. aureus. It was previously shown that methylglyoxal


http://genome.jouy.inra.fr/cgi-bin/aeb/viewdetail.py?id=NA_2184537_2185964_-1
http://genome.jouy.inra.fr/cgi-bin/aeb/viewdetail.py?id=NA_2184537_2185964_-1

M. Imber et al.

MG FA

NaOCI

Redox Biology 15 (2018) 557-568

Dia H,0,  MHQ

Co'15 30°" 15 30°

15’

30" 15

300 15 30° 15 30"

2661-
1.4 kb
Ll el L R R X R L% 1da
— D GEED D G — — D — — — — ‘QSrRNA
Gt Gui) GUl) Gub Gu G G G Gud Gud Gu® G L16S rRNA
Wild type AsigB
B . : . : _
Co MG FA NaOCl Dia Co MG FA NaOCl Dia
2661
" . o [14Kb
19171 mer . . S .. a/0A
[P ————————
o G 5 B S5 S o S BB e < TNA

Putative SigA promoter
-35

-10
cattttaatattaaaagggagc ATCATpatggaatgtaa

SigB promoter

-35 -

10
{GTTTAThtcgtatgcattadGGATAAptaatatataaatcattcttgaggag

Fig. 2. Transcriptional induction of aldA under formaldehyde, methylglyoxal, NaOCl and diamide stress in S. aureus COL wild type (A) and in the sigB mutant (B). (A) RNA
was isolated from S. aureus COL wild type under control conditions as well as after treatment with sub-lethal doses of 0.75 mM formaldehyde, 0.5 mM methylglyoxal, 1 mM NaOCl, 2 mM
diamide, 10 mM H,0, and 50 pM methylhydroquinone (MHQ) for 15 and 30 min and subjected to Northern blot analysis for aldA (SACOL2114) transcription. (B) For comparison of
Northern blot analysis of aldA transcription between the wild type and the sigB mutant, RNA was isolated from S. aureus COL wild type and the sigB mutant after exposure to 0.75 mM
formaldehyde, 0.5 mM methylglyoxal, 1 mM NaOCl and 2 mM diamide for 15 min. Transcription of aldA is similarly up-regulated under formaldehyde, NaOCl and diamide stress in the
wild type (A) and in the sigB mutant (B) indicating a SigmaB-independent thiol-stress regulatory mechanism of aldA transcription. The known SigmaB-dependent promoter sequence and
a putative SigA-dependent promoter in the aldA upstream regulatory region are shown below the Northern blot in (B). The methylene blue stain is the RNA loading control showing the
abundant 16S and 23S rRNAs. The experiments were performed in 3 biological replicates.

10t

10°

Control

4 mM methylglyoxal

is produced in E. coli cells treated with HOCI [20]. Thus, AldA could
function in methylglyoxal detoxification under HOCI stress also in S.
aureus. AldA harbors a conserved active site Cys279 which is essential
for its catalytic activity [54-56]. The function of AldA and the con-
served Cys279 under methylglyoxal, formaldehyde and HOCI stress was
analyzed in growth and survival assays of an aldA deletion mutant and
its aldA and aldAC279S complemented strains (Figs. 3, 4, S1 and S2).
The growth of the aldA mutant was not affected under sub-lethal for-
maldehyde and methylglyoxal stress in comparison to the wild type
(Fig. S1). In addition, no significant phenotypes of the aldA mutant and
the aldA complemented strains were detected in survival assays after
exposure to 4 mM methylglyoxal (Fig. 3AB) and 2 mM formaldehyde

102

561

103

Fig. 3. AldA is not essential for the survival of S.
aureus under methylglyoxal stress. For the sur-
vival phenotype assays, S. aureus COL wild-type

AaldA (WT), the AaldA deletion mutant (A) and the aldA
pRB473 and aldAC279S complemented AaldA mutants (AaldA
aldA PRB473-aldA and AaldA pRB473-aldAC279S) (B)
AaldA were grown in RPMI until an ODsgo of 0.5 and
pRB473 treated with 4 mM methylglyoxal. Survival assays
aldAC279S were performed by spotting 10 ul of serial dilutions
AaldA after 1-3h of NaOCl exposure onto LB agar plates.
pRB473 The experiments were performed in 3 biological re-
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stress (Fig. S2). However, the aldA mutant was significantly impaired in
growth after exposure to sub-lethal concentrations of 1.5 mM NaOCl
stress (Fig. 4A). In survival assays, the aldA mutant showed also a
strongly decreased survival after treatment with 3.5mM NaOCl
(Fig. 4C). This survival defect of the AaldA mutant could be restored
back to wild type level in the aldA complemented strain, but not in the
aldAC279S mutant (Fig. 4D). This indicates that AldA is involved in
protection of S. aureus against NaOClI stress and that Cys279 is essential
for AldA activity in vivo.
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Fig. 4. AldA is required for growth and survival
under NaOCl stress in S. aureus. (A, B) Growth

10 10
1.5 mM NaOCI 2 mM NaOClI curves of S. aureus COL wild type and the aldA de-
letion mutant in RPMI medium after exposure to
sublethal concentrations of 1.5 mM and 2 mM NaOCl
=3 1 § 1 stress at an ODs4q of 0.5. The growth differences of

D

(a] 8 the aldA mutant are significantly different compared
OO : Wcoiia o1 WT control to t}}e \lNll}cll tylie at 1.5 mMsNaOCI. (((:J(,n]‘)) izrt the
' , WT +2.0 mM NaOCl survival phenotype assays, S. aureus wild-type
WTd;1'5 mN[| NaOC! AsldA control (WT), the AaldA deletion mutant (C) and the aldA
ial dA CO::O M NaoCl aleA contro and aldAC279S complemented AaldA mutants
. Ze=Aaldh 1.5 mM Na 6 gr=aalda+2.0 mM.NaOCl (AdldApRB473-aldA and AdldA pRB473-aldAG279S)
440 40 60 160 260 360 ' 140 40 50 160 260 360 (D) were ‘grown in RPMI until an 9D500 of 0.5 and
- B Time (min treated with 3.5mM NaOCl. Survival assays were
Time (mm) ( ) performed by spotting 10 pul of serial dilutions after
10° 107 102 103 10+ 10° 10" 102 103 10+ 1-3h of NaOCl exposure onto LB agar plates.
C D AaldA aldA Colonies were observed after overnight incubation of

WT

AaldA

Control

WT
[l AaldA
2 WT
AaldA
WT

AaldA

3.5 mM NaOcl

the LB plates at 37 °C. The active site Cys279 of AldA
is required for NaOCI stress survival. The results for
the growth curves and survival assays are from 5
biological replicate experiments. For the growth
curves in Fig. 4AB, error bars represent the SEM and
the statistics was calculated using a Student's un-
paired two-tailed t-test by the graph prism software.
Symbols are defined as follows: ™p > 0.05;
*p < 0.05; **p < 0.01 and ***p < 0.001.
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3.4. AldA shows broad substrate specificity for oxidation of various
aldehyde substrates, including formaldehyde and methylglyoxal in vitro

To study the function and substrate specificity of AldA in vitro, the
catalytic activity was measured using different aldehyde substrates,
including formaldehyde, methylglyoxal, glycol aldehyde and acet-
aldehyde in concentrations ranging from 0.5 to 100 mM. AldA activity
was measured in a spectrophotometric assay in the presence of NAD™*
as a cofactor with the different aldehyde substrates by monitoring the
NADH production as absorbance increase at 340 nm. The AldA activity
assays revealed increasing NADH production with increasing con-
centrations of all aldehyde substrates indicating that AldA has broad
substrate specificities (Fig. 5). AldA showed the highest activities with
55 mM formaldehyde and 20 mM methylglyoxal, which could be pos-
sible substrates of AldA. Formaldehyde and methylglyoxal are oxidized
to formate and lactate by AldA, resulting in NADH generation.

To further confirm that Cys279 is the active site residue and es-
sential for AldA activity, we used the purified AIdAC279S mutant
protein which was analyzed for formaldehyde and methylglyoxal oxi-
dation in the AldA activity assays. However, the AIdAC279S mutant
protein did not show significant activity for formaldehyde and me-
thylglyoxal oxidation in our activity assays (Fig. S4). This indicates that
the conserved Cys279 is the active site residue and required for AldA
activity as shown also for other homologs previously [54,55,57].

3.5. AldA is redox-regulated and protected by protein S-bacillithiolation
under H,0, stress in vitro

We were interested whether S-bacillithiolation inhibits AldA ac-
tivity and protects the active site Cys279 against overoxidation in vitro.
Using the spectrophotometric assay, AldA activity was measured after
oxidative stress with 15 mM methylglyoxal as substrate and NAD* as
coenzyme by monitoring NADH generation at 340 nm. Treatment of
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AldA with 0.5-1 mM H,O, resulted in a strong inactivation of its en-
zymatic activity (Fig. 6A). Inactivation of AldA with H,O, alone was
irreversible since AldA activity could not be restored after treatment
with 10 mM DTT (Fig. 6B). These results indicate that the active site
Cys279 of AldA is very sensitive to overoxidation by H,O5 in the ab-
sence of BSH. To assess the effect of S-bacillithiolation on AldA activity,
the enzyme was pre-exposed to 0.3-0.5 mM BSH prior to oxidation with
0.3-1 mM H,0, and the remaining AldA activity was measured in the
spectrophotometric assay with 15 mM methylgyoxal as substrate. AldA
activity was inhibited with 0.3-1 mM H,0, after pre-treatment with
0.3-0.5mM BSH (Fig. 6C). In this case, however, the activity of the
oxidized AldA protein could be restored to 66% by DTT reduction in-
dicating that AldA is subject to reversible S-bacillithiolation in the
presence of BSH and H,0, (Fig. 6D). S-bacillithiolation of AldA and its
reversibility with DTT was further confirmed in BSH-specific Western
blots (Fig. 1B). These results suggest that S-bacillithiolation protects the
AldA active site Cys279 against overoxidation and functions in redox-
regulation of AldA activity in vitro.

3.6. Structural comparison of AldA with other aldehyde dehydrogenases

We were further interested in the structure and the structural
changes of AldA upon S-bacillithiolation. A crystal structure of S. aureus
AldA (denoted as saAldA) has been determined by the Midwest Center
for Structural Genomics (PDB 3TY7). For understanding the enzyme's
catalytic mechanism, we performed structural homology searches for
saAldA with the DALI server [58] (http://ekhidna.biocenter.helsinki.fi/
dali_server/) and the PDBeFold (SSM) server (http://www.ebi.ac.uk/
msd-srv/ssm/). SaAldA shows high homology to many other aldehyde
dehydrogenases (ADHs) from bacteria, plants and humans. The root-
mean-square deviations (r.m.s.d.’s) and sequence similarities of AldA's
closest homologs are listed in Table S3.

In contrast to the tetrameric bacterial ADHs (pfAMSDH, saBADH,
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Fig. 5. Purified AldA shows broad substrate spe-
cificity towards various aldehydes in vitro. The
catalytic activity of the aldehyde dehydrogenase
AldA was analyzed with increasing concentrations of
different aldehyde substrates, including (A) for-
maldehyde (FA), (B) methylglyoxal (MG), (C) acet-
aldehyde (AA) and (D) glycol aldehyde (GA).
Reduced AldA (2.5 pM) was incubated with different
concentrations of aldehyde substrates ranging from
10 to 100 uM in reaction buffer (100 mM Tris HCI,
1.25mM EDTA, pH 7.5). The oxidation of the alde-
hydes was measured in the presence of NAD* as
coenzyme and NADH generation was monitored at
340 nm using a spectrophotometer. The results are
from 3 replicate experiments. Error bars represent
the SEM.

Fig. 6. Inactivation of AldA of S. aureus in re-
sponse to H>O, in the absence and presence of
BSH in vitro. Reduced AldA (30 uM) was oxidized
with 0.3-1 mM H,0, for 5 min in the absence (A, B)
or presence of BSH (C, D) in reaction buffer (100 mM
Tris HCl, 1.25mM EDTA, pH 7.5). The AldA activ-
ities were measured with 15 mM methylglyoxal as
substrate and NAD* as coenzyme by monitoring
NADH production at 340nm using a spectro-
photometer. To analyze the irreversible inactivation
of AldA by H,0, alone, AldA was treated with 1 mM
H,0, without BSH followed by reduction with
10mM DTT (C). The reversibility of AldA S-ba-
cillithiolation with 0.3 mM H,0, and 0.3 mM BSH is
shown after DTT-reduction resulting in 66% of re-
generation of AldA activity (D). The S-bacilllithio-
lation of AldA and its reduction using DTT was fur-
ther confirmed in BSH-specific Western blot analysis
as shown in Fig. 1B. P-values were calculated as
follows: p = 0,0012, p = 0,0001 for AldA control/
0.5mM H,O, at 6.63 and 8min, respectively
(Fig. 6A); p = 0,0012, p = 0,0002 for AldA control/
1mM H,0, at 6.63 and 8min and p = 0,074,
p = 0,069 for 1 mM H,0,/1mM H,0, + DTT at
6.63 and 8 min, respectively (Fig. 6B); p = 0,0021,
p = 0,0008 for AldA control/0.5 mM H,0, + BSH at
6.63 and 8min, respectively (Fig. 6C); p = 0.003,
p = 0.011 for 0.3 mM H,0, + BSH/0.3 mM H,0, +
BSH + DTT at 6.63 and 8 min; p = 0.150, p = 0.128
for AldA control/0.3mM H,0, + BSH + DTT at
6.63 and 8 min, respectively (Fig. 6D). Symbols are
defined as follows: ™p > 0.05; *p < 0.05;

*p < 0.0001. The results are from 3 replicate experiments. In all graphs, mean values are shown, error bars represent the SEM and p-values are

calculated using a Student's unpaired two-tailed t-test by the graph prism software.

ecADH, paBADH), saAldA is a dimeric enzyme and thus more similar to
plant ADHs that are also active as dimer (Fig. 7A). Regardless of the
oligomerization state, the overall fold of a subunit is highly conserved
among all ADH enzymes. Similarly as in other ADHs, a saAldA subunit
is composed of a coenzyme (NAD*)-binding domain (Co-BD; residues

563

1-122, 137-244 and 439-464), a catalytic domain (CD; residues 245-
438) and a subunit interaction domain (SID; residues 123-136 and 465-
475; Fig. 7A).

In all ADHs, the active site harbors conserved Cys (C279 in saAldA)
and glutamate (E245 in saAldA) residues (Fig. S5). The Cys residue can
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Fig. 7. Structural insights into the S-bacillithiolated saAldA active site. (A) Structural overviews of dimeric saAldA (PDB ID: 3TY7), dimeric zmAMADH (PDB ID: 4I18P) and
tetrameric pfAMSDH (PDB ID: 4126). Dimers formed by chains A (colored by domain; coenzyme-binding domain [Co-BD] — blue; subunit interaction domain [SID] — green; catalytic
domain [CD] - magenta) and B (grey) are oriented in the same way. The other dimer of the pfAMSDH tetramer (chains C and D) is shown in different shades of grey. (B) Model for NAD "
binding by saAldA obtained by superimposing a subunit of NAD *-bound pfAMSDH (PDB ID: 411W) on apo-saAldA. The modelled NAD " (colored by atom type; carbon — yellow; oxygen —
red; nitrogen — blue; phosphorus — orange) and a bound Mg?* ion (lime green) are shown as spheres, the active site cysteine (C279) is shown as sticks (carbon — magenta; sulfur — yellow).
(C) Active sites and NAD * -binding cavities of ADHs. A subunit of saAldA (colored as in A) was structurally aligned with subunits of apo-pfAMSDH (Co-BD - violet; CD - light pink) and of
NAD " -bound pfAMSDH (Co-BD - cyan; CD - orange). NAD " is shown as sticks (colored by atom type as in B). The catalytic cysteine residue is in the resting state in the apo-structures and
in the attacking state in NAD *-bound pfAMSDH. (D) Interactions at the cation-binding site of saAldA. Red sphere — water oxygen. (E, F) The S-bacillithiolated active site pocket of the
apo-saAldA (E) and holo-saAldA (F). A subunit of saAldA colored as in A, view as in C, NAD* and BSH are shown as sticks, NAD* is colored as in B, BSH colored by atom type (carbon —
aquamarine; oxygen — red; nitrogen — blue; sulfur — yellow). The loop composed of residues 438-459 that is not present in saAldA structure (PDB ID: 3TY7) was modelled and is shown in
white.

adopt two alternative conformations, a “resting” and “attacking” there are two other conserved residues, a lysine (K156 in saAldA) and a
(Fig. 7C), depending on the enzyme activation state. In the apo-enzyme glutamate (E455 in saAldA), that are involved in a proton relay that
structure, the Cys residue is in the resting conformation, whereas upon allows the deprotonation of E245, and, as a consequence, proton ab-
NAD* binding the Cys thiol moiety rotates away from the nicotinamide straction from the hydrolytic water [56].

part of NAD ™ and is closer to the substrate-binding pocket [54-56]. The Another common feature of the ADHs is the presence of a cation-
Cys residue serves as a nucleophile during catalysis, leading to a binding site located in the Co-BD (Fig. 7B, D). Co-BD is formed by the
covalent thioester-enzyme adduct with the substrate via a nucleophilic three main chain carbonyl groups of an isoleucine/valine (I25 in
addition [54,55,57]. The conserved glutamate residue then serves as a saAldA), a glutamate/aspartate (E91 in saAldA) and a glutamate re-
base to activate a water molecule for hydrolysis of the thioester-enzyme sidue (E173 in saAldA) [60-62]. The cation bound at this site is usually
intermediate [55,59]. In addition to the Cys and glutamate residues, sodium or potassium, and it was reported that the enzyme activity is

564
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slightly higher in the presence of sodium [60]. In the saAldA structure,
a magnesium ion is present at this site, most likely because magnesium
was the only cation present in the crystallization solution. The role of
the cation-binding site is to maintain the structural integrity of the
protein and to stabilize a loop involved in binding of NAD* [60-62].

The available saAldA structure represents the apo-enzyme. In con-
trast, the structures of plant ADHs and of paBADH contain the coen-
zyme NAD™. In the case of pfAMSDH, the structures of pfAMSDH/
NAD * /intermediate complexes are also available [55]. Comparison of
the apo, NAD", NAD* /intermediate states shows that binding of the
coenzyme or the formation of the intermediate does not influence the
secondary structure elements within the enzyme, while rearrangements
are observed in the side chains of residues involved in catalysis [54,55].
In the ADHs, the NAD* is bound in the hydrophobic pocket of the Co-
BD. Only the nicotinamide nucleotide moiety is turned towards a ne-
gatively charged pocket, in which the catalytic cysteine residue is lo-
cated (Fig. 7B). NAD™ is engaged in only few polar contacts with the
enzyme [54,62].

Although the overall structure, the active site and the cation-
binding site are highly conserved among the ADHs, these enzymes show
broad substrate specificities and the amino acid residues involved in
substrate binding are different among the ADHs. Nevertheless, even a
single ADH is able to use many different aldehydes as substrates. For
example, SIAMADH can oxidize many different aminoaldehydes [62].
Thus, differences in the substrate-binding residues determine differ-
ences in the still comparatively broad substrate spectra of the enzymes.

3.7. S-bacillithiolation of the AldA active site depends on the Cys activation
state as revealed by molecular dynamics simulation

Next, we analyzed the structural changes of AldA upon S-ba-
cillithiolation and used molecular docking and molecular dynamics si-
mulations to model BSH into the active site of the apo- and holoenzyme
structures (Fig. 7EF). The structure of saAldA apo-enzyme (PDB 3TY7)
was superimposed with the NAD ™" binding structure from Pseudomonas
fluorescens pfAMSDH (PDB 4I11W) to model the NAD* cofactor into the
AldA active site pocket (Fig. 7C). We further noticed that in the saAldA
dimeric structure, the loop composed of residues 438-459 is not present
which was modelled into the saAldA holo-enzyme structure based on
the structure of pfAMSDH (Fig. 7F). This loop in the saAldA holo-en-
zyme structure may interfere with the location of BSH at the active site.
To model the S-bacillithiolated active site Cys279 in the saAldA apo-
and holoenzyme structures, we applied an adapted molecular docking
algorithm based on Steric Clashes-Alleviated Receptor (SCAR) ap-
proaches [63], which takes into account the possibility of bond for-
mation between ligand and receptor. Molecular docking and atomistic
molecular dynamics simulation of the covalent BSH enzyme complex
resulted in two best-scoring poses for BSH in the apo-enzyme (Q2) or
holo-enzyme complex (Q1) (Fig. 7EF). However, no overlap between
BSH and the loop (aa438-459) in the holo-enzyme structure was found
and there was still room for an aldehyde substrate. Interestingly, these
two different BSH positions in the AldA active site depend on the
Cys279 activation state in the presence or absence of the NAD™ co-
factor (Fig. 7EF). In the apo-enzyme structure, Cys279 bound to BSH is
still in "resting" position (Q2), while Cys279 is in the "attacking" posi-
tion in the holo-enzyme (Q1). Thus, the location of BSH in the active
site pocket depends on the Cys279 activation state in the presence or
absence of NAD™. The Q2 pose of BSH at the apo-enzyme without
NAD™" seems to be energetically more favorable since Q2 had much
better energy score (-50.2 kJ/mol), while the Q1 position of the holo-
enzyme had a lower energy score (-38.1kJ/mol). This results were
quantitatively supported by our all-atom MD simulation of the com-
plexes and the follow-up MM-PBSA calculations: the interaction energy
in the apo-enzyme complex with BSH in Q2 position was -24.8 +/-
15.4kJ/mol, while the holo-enzyme complex with BSH in Q1 position
had interaction energy of -19.7 + /- 10.0 kJ/mol.
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We have further plotted the dihedral distribution of N-CA-CB-SG
dihedral (rotation around the CA-CB bond) of Cys279 and the dihedral
angle at the function of simulation time (Fig. S6). The results showed
that Cys279 in the apo-enzyme has very different dihedral propensity
than in the holo-enzyme in complex with NAD*. These data support
that the apo-enzyme prefers the resting state position of Cys279 with
BSH while the holo-enzyme favors the BSH complex with the thiol in
the attacking state position.

In agreement with our previous GapDH results [26], S-bacillithio-
lation of the AldA apo- and holoenzyme active site does not require
major structural changes. After 50 ns of MD simulations there was very
little change in the backbone flexibility of the protein between different
binding positions of BSH in the apo-enzyme (Q2) or the holo-enzyme
(Q1) compared to the apo-enzyme without BSH (Fig. S7). This further
confirms that BSH can undergo disulfide formation with the active site
Cys279 at different positions without major conformational changes.

4. Discussion

S. aureus is a major human pathogen of hospital and community-
acquired infections, ranging from local skin infections to life-threa-
tening systemic and chronic infections. During infections, S. aureus is
exposed to ROS, RCS and RES that are produced as first line of defense
by activated macrophages and neutrophils or can be also encountered
as consequence of antibiotics treatment [10,11,64]. Thus, the under-
standing of the adaptation mechanisms of S. aureus to infection con-
ditions to avoid killing by ROS, RCS and RES is important for the dis-
covery of new drug targets to combat multi-resistant S. aureus
infections.

In our previous work, we have identified the aldehyde dehy-
drogenase AldA as one of the most strongly oxidized proteins in the
thiol-redox proteome in S. aureus, which showed a 29% oxidation in-
crease under NaOCl stress using the OxICAT analysis [26]. AldA uses a
conserved active site Cys279 that was modified by S-bacillithiolation
under NaOCI stress. Apart from AldA, the glyceraldehyde-3-phosphate
dehydrogenase Gap was identified as S-bacillithiolated at its active site
Cys151 under NaOCI stress. Thus, it is interesting to note that two
functionally related aldehyde dehydrogenases are targets for oxidation
at their active site Cys residues that both function in aldehyde oxida-
tion. In this study, we demonstrated that AldA is specifically induced
under thiol-specific stress conditions, such as NaOCl, diamide and for-
maldehyde stress. Expression of aldA was previously shown to be
regulated by the alternative sigma factor SigmaB in response to heat
shock, salt stress caused by NaCl and Mn,Cl as well as alkaline shock
[50,51]. Here, we have shown that the thiol-specific expression of aldA
occurs SigmaB-independently. Thus, aldA seems to be double-con-
trolled by SigmaB and another thiol-stress sensing regulator to allow
adaptation to general stress and starvation as well as thiol-stress con-
ditions.

SigmaB has been previously shown to play an important role under
infection conditions and controls biofilm formation and several viru-
lence factors, such as adhesins [65,66]. The SigmaB regulon was in-
duced after internalization of S. aureus by bronchial epithelial cells and
required for intracellular growth as demonstrated by transcriptomics
and proteomics [53,67,68]. Moreover, SigmaB has been implicated as
central regulator in long-term persistence in human osteoblasts and
controls the small colony variant (SCV) phenotype of persistent S.
aureus infections [69,70]. Thus, it might be possible that adaptation of
S. aureus from acute to chronic and persistent infections requires
SigmaB and AldA to cope and adapt to the stationary phase and thiol-
specific stress conditions inside macrophages and neutrophils. This
adaptation to thiol-stress conditions is particularly important for S.
aureus to survive under conditions of long-term persistent and chronic
infections.

In this work, we have shown that AldA is an important member of
the SigmaB regulon that provides protection under NaOCl stress
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conditions as shown in survival assays. However, the thiol-specific in-
duction of aldA transcription seems to be SigA-dependently since the
same induction level was observed in the sigB mutant under thiol-stress.
A putative SigA-promoter was observed upstream of the SigB-promoter
indicating that aldA transcription might be controlled by SigB and SigA
containing RNA polymerase (RNAP) from adjacent promoters. The
stronger aldA induction in the sigB mutant under methylglyoxal stress
could be explained by a higher affinity of SigA for the RNAP core en-
zyme compared to SigB and the lack of sigma factor competition in the
sigB mutant [71]. Moreover, the thiol-stress-specific induction of aldA
transcription might require additional transcriptional regulators that
remain to be elucidated. In future studies, we also aim to investigate if
AldA plays a role for the intracellular growth as well as persistence or
chronic infections in S. aureus, which could require detoxification of
toxic aldehydes to allow long-term survival.

To study the function of AldA and its redox-regulation under NaOCl
stress in vitro, we purified the enzyme and determined its catalytic ac-
tivities towards oxidation of various aldehydes. We could show that
AldA has broad substrate specificities to oxidize formaldehyde, me-
thylglyoxal, glycol aldehyde and acetaldehyde to their respective acids.
The question arises about the physiological aldehyde substrate for AldA
under in vivo conditions that are produced under infection conditions,
such as under hypochlorite stress. Methylglyoxal was previously shown
to be produced at higher levels under HOCI stress in E. coli [20].
Moreover, the gloA-nemRA operon was induced under methylglyoxal
and HOCI stress, which functions as important HOCI and methylglyoxal
defense mechanism [19-22]. The FMN-dependent oxidoreductase
NemA functions in detoxification of various electrophiles, such as al-
dehydes, N-ethylmaleimide and quinones and its up-regulation under
HOCI stress indicates the link between HOCI and aldehyde stress. In our
work, we could also show that AldA responds to aldehydes, diamide
and NaOCl and hence could be involved in methylglyoxal detoxification
in S. aureus as well. However, in growth and survival assays, no phe-
notypes of the aldA mutant were detected under formaldehyde and
methylglyoxal stress. Since AldA showed broad substrate specificity
towards various aldehydes in vitro, its natural substrates could be dif-
ferent aldehydes that remain to be elucidated.

Of note, AldA shares strong 57% sequence similarity to betaine al-
dehyde dehydrogenases from S. aureus, Pseudomonas aeruginosa and
Spinacia oleracea. These enzymes function in oxidation of the toxic
betaine aldehyde to glycine betaine which is a well-known compatible
solute and accumulates in bacteria under osmotic stress conditions as
osmoprotectant [72,73]. Glycine betaine can be either taken up upon
osmostress or synthesized from exogenously provided choline in a two
oxidation steps via choline dehydrogenase (BetA) and betaine dehy-
drogenase (BetB) which are conserved in B. subtilis [72,73] and S.
aureus [54]. The human tissues are rich sources of choline and betaine
and thus, S. aureus encounters toxic aldehydes produced from choline
during colonization and internalization. For some bacteria, the im-
portance of the choline oxidation pathway for survival and virulence
has been already demonstrated [73,74]. Of note, AldA is also induced
under high osmolarity conditions provoked by NaCl stress in a SigmaB-
dependent manner [50]. This could point to a possible function in the
osmostress and thiol-stress response in S. aureus which remains to be
elucidated. However, we could not detect AldA activity for oxidation of
betaine aldehyde as substrate in vitro, indicating a different function of
AldA in S. aureus (data not shown).

The catalytic activity of AIdA depends on a highly conserved Cys279
active site which we identified as S-bacillithiolated under NaOCl stress
in S. aureus [26]. Interestingly, this nucleophilic active site Cys residue
was previously found oxidized to a mixed disulfide with beta-mercap-
toethanol during protein crystallization of related betaine aldehyde
dehydrogenases [54,74]. These results confirm the redox-sensitivity of
the active site Cys of AldA as shown in this work. Our results have
further demonstrated that S-bacillithiolation functions in redox-reg-
ulation and inactivation of AldA activity under H,O, stress. In the
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absence of BSH, the active site Cys279 was very sensitive to over-
oxidation as shown by its irreversible inactivation. In the presence of
BSH, Cys279 was protected against overoxidation by the S-bacillithio-
lation as shown for the glyceraldehyde-3-phosphate dehydrogenase
GapDH in S. aureus [26]. Both enzymes use a similar catalytic me-
chanism for the NAD *-dependent oxidation of the aldehyde substrate
to generate the acid product [54,55,57]. In the catalytic mechanism of
aldehyde dehydrogenase, the active site Cys was shown to adopt two
conformations: the “attacking” or “resting” conformation depending on
the presence or absence of the NAD™* cofactor. We used molecular
docking and molecular dynamic simulations to model the S-ba-
cillithiolated active site in the presence and absence of NAD*. In the
apo-enzyme structure, BSH was bound to Cys279 in the resting state
(Q2) position and occupied the cofactor-binding pocket. In the presence
of NAD*, Cys279 was modified in the attacking state position (Q1) and
BSH was repositioned close to the substrate-binding site.

In our previous docking approach with BSH at the Cys151 active site
of GapDH, we found similar locations of BSH in the apo-enzyme and
holo-enzyme structures related to the resting and attacking state. Thus,
the highly flexible active site and the redox-sensitivity of the nucleo-
philic Cys residues facilitate their fast oxidation to the mixed disulfides
with BSH. In both structural models, S-bacillithiolation of GapDH and
AldA did not require major structural changes, which further explains
their preferred formation of the BSH mixed disulfides. This flexible BSH
position may ensure that catalytic active and resting AldA and GapDH
enzymes can both be protected against overoxidation under NaOCl
stress to ensure fast regeneration and reactivation of the enzymes.
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ARTICLE INFO ABSTRACT

Keywords: Low molecular weight (LMW) thiols play an important role as thiol-cofactors for many enzymes and are crucial
Protein S-thiolation to maintain the reduced state of the cytoplasm. Most Gram-negative bacteria utilize glutathione (GSH) as major
Bacillithiol LMW thiol. However, in Gram-positive Actinomycetes and Firmicutes alternative LMW thiols, such as mycothiol
Mycothiol

(MSH) and bacillithiol (BSH) play related roles as GSH surrogates, respectively. Under conditions of hypochlorite
stress, MSH and BSH are known to form mixed disulfides with protein thiols, termed as S-mycothiolation or S-
bacillithiolation that function in thiol-protection and redox regulation. Protein S-thiolations are widespread
redox-modifications discovered in different Gram-positive bacteria, such as Bacillus and Staphylococcus species,
Mycobacterium smegmatis, Corynebacterium glutamicum and Corynebacterium diphtheriae. S-thiolated proteins are
mainly involved in cellular metabolism, protein translation, redox regulation and antioxidant functions with
some conserved targets across bacteria. The reduction of protein S-mycothiolations and S-bacillithiolations re-
quires glutaredoxin-related mycoredoxin and bacilliredoxin pathways to regenerate protein functions.

In this review, we present an overview of the functions of mycothiol and bacillithiol and their physiological
roles in protein S-bacillithiolations and S-mycothiolations in Gram-positive bacteria. Significant progress has
been made to characterize the role of protein S-thiolation in redox-regulation and thiol protection of main
metabolic and antioxidant enzymes. However, the physiological roles of the pathways for regeneration are only
beginning to emerge as well as their interactions with other cellular redox systems. Future studies should be also
directed to explore the roles of protein S-thiolations and their redox pathways in pathogenic bacteria under
infection conditions to discover new drug targets and treatment options against multiple antibiotic resistant
bacteria.

Gram-positive bacteria

Abbreviations: Ac, acetyl; AcCys, acetyl cysteine; AhpE, membrane-associated peroxidase; AldA, aldehyde dehydrogenase A; Bca, BSH S-conjugate amidase; Brx,
bacilliredoxin; BSH, bacillithiol; BshA, glycosyltransferase for GlcNAc-Mal biosynthesis; BshB, deacetylase producing GlcN-Mal; BshC, cysteine ligase for BSH bio-
synthesis; BSSB, oxidized bacillithiol disulfide; Bst, BSH-S-transferases; CA-MRSA, community acquired MRSA; CHP, cumene hydroperoxide; CoASH, coenzymeA;
CoASSH, CoASH persulfide; Cys, cysteine; DHAP, dihydroxyacetone phosphate; DTT, dithiothreitol; EGT, ergothioneine; FA, formaldehyde; FeS, iron-sulfur; GapDH,
glycolytic glyceraldehyde 3-phosphate dehydrogenase; GuaB, inosine-5-monophosphate dehydrogenases; GlcN, glucoseamine; GlcNAc, N-acetyl glucoseamine;
GIxA/B, glyoxalases A and B; Grx, glutaredoxin; GSH, glutathione; GSSG, oxidized glutathione disulfide; Gst, GSH-S-transferases; H>O», hydrogen peroxide; HED,
hydroxyethyl disulfide; HTA, hemithioacetal; INH, isoniazid; Ins, myoinositol; LC-MS/MS, liquid chromatography tandem mass spectrometry; LMW, low molecular
weight; Mal, malate; Mca, mycothiol-S-conjugate amidase; Met, methionine; MetE, methionine synthase; MetSO, methionine sulfoxide; MG, methylglyoxal; MgsA,
methylglyoxal synthase; MRSA, methicillin-resistant Staphylococcus aureus; Mrx1, mycoredoxinl; MSH, mycothiol; MSONH,, MSH sulfinamide; MSNO, S-ni-
trosomycothiol; MsrA/B, methionine sulfoxide reductase A/B; MST, mycothiol-S-transferase; MT, metallothionein; Mtb, Mycobacterium tuberculosis; NADH, nicoti-
namide adenine dinucleotide; NADPH, nicotinamide adenine dinucleotide phosphate; HOCI, sodium hypochlorite; NFC, nitrofuranylcalanolide; OHP, organic hy-
droperoxide; OhrR, organic hydroperoxide repressor; PDB, Protein Data Bank; PpaC, inorganic pyrophosphatase; pKa, negative base-10 logarithm of the acid
dissociation constant; PPP, pentose phosphate pathway; protein-SSB, BSH protein mixed disulfide; RES, reactive electrophilic species; RNS, reactive nitrogen species;
RSS, reactive sulfur species; roGFP2, redox-sensitive green fluorescent protein; ROS, reactive oxygen species; SarZ, redox-sensing virulence regulator; STRING, Search
Tool for the Retrieval of Interacting Genes/Proteins; Trx, thioredoxin; TrxR, thioredoxin reductase; YpdA, NADPH-dependent flavin oxidoreductase
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B

L-cysteine
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GOl OH

_ Mycothiol (AcCys-GIcN-Ins) Bacillithiol (Cys-GlcN-Mal)

Molecular weight 486 Da 398 Da

Structural N-acetyl L-cysteine, L-cysteine,

composition D-glucosamine, D-glucosamine,
1D-myo-inositol L-malic acid

Distribution Actinomycetes (Corynebacteria, Firmicutes (Bacillus spp.

Mycobacteria, Streptomycetes) Staphylococcus spp.)
pK, 8.76 7.97
Redox potential (E") -230 mV -221 mV

Fig. 1. Structures, distributions and chemical properties of mycothiol and bacillithiol. (A, C) Mycothiol (MSH, AcCys-GlcN-Ins) is composed of acetyl cysteine,
glucosamine and myoinositol and has a molecular weight (MW) of 486 Da. MSH has an standard thiol redox potential of —230 mV and the pK, of the mycothiolate
anion was determined as 8.76. MSH is the major low molecular weight (LMW) thiol in high-GC Gram-positive Actinomycetes, including Corynebacteria, Mycobacteria
and Streptomycetes. (B, C) Bacillithiol (BSH, Cys-GlcN-Ins) consists of cysteine, glucosamine and malate. BSH has an MW of 398 Da and a standard thiol redox
potential of —221 mV. The pK, of the bacillithiolate anion was determined as 7.96. BSH is utilized as the major LMW thiol in low-GC content Gram-positive

Firmicutes, such as Bacillus and Staphylococcus species.
This figure is adapted from [7].

1. Introduction

Low molecular weight (LMW) thiols play an important role in many
cellular processes in all organisms. They are crucial to maintain the
reduced state of the cytoplasm and function as thiol-cofactors of en-
zymes involved in detoxification of reactive oxygen, electrophilic,
chlorine, nitrogen and sulfur species (ROS, RES, RCS, RNS, RSS), toxins
and antibiotics, in metal storage, buffering and transport, and sulfide
homeostasis [1-3]. The well-studied LMW thiol glutathione (GSH) is
produced in most eukaryotes, Gram-negative bacteria, and some Gram-
positive bacteria, such as Streptococci, Listeria, Lactobacilli and Clostridia
[2,4]. Most Gram-positive bacteria do not produce GSH and utilize
instead alternative LMW thiols to cope with oxidative stress and redox
regulation of metabolic enzymes. Actinomycetes utilize mycothiol
(MSH) as their major LMW thiol (Fig. 1A) [5,6]. In Firmicutes, such as
Bacillus and Staphylococcus species, bacillithiol (BSH) plays a related
role like GSH to control cellular redox homeostasis under oxidative
stress and infection conditions (Fig. 1B) [3,7]. There is also evidence
that coenzyme A (CoASH) may substitute for the absence of BSH in
some Firmicutes, such as S. aureus or Bacillus megaterium [2,8]. In ad-
dition, S. aureus and Borrelia burgdorferi both encode a CoAS disulfide
reductase, further indicating that CoASH plays a role to cope with
oxidative stress [8,9].

The question arises why different bacteria utilize different LMW
thiols? Phylogenetic analyses revealed that the y-glutamylcysteine
synthase GshA, which catalyzes the first step of GSH biosynthesis, likely
evolved in cyanobacteria and was distributed then to other bacteria and
eukaryotes by lateral gene transfer [10,11]. Since the major function of
GSH is the protection against oxygen toxicity, GSH biosynthesis was
acquired with the evolution of oxygen by cyanobacteria. However,
there was significant microbial diversity before the evolution of cya-
nobacteria, resulting in the evolution of alternative LMW thiols as
protection mechanisms against increasing oxygen toxicity. Thus, it is
not surprising that various prokaryotes utilize different LMW thiols
[10].

LMW thiols are usually present in millimolar concentrations in the
cytosol and are kept reduced by NADPH-dependent thiol-disulfide re-
ductases [2,12]. Under oxidative and hypochlorite stress, redox-sensi-
tive protein thiols are susceptible to various forms of thiol-oxidations,
including reversible S-thiolations with LMW thiols as well as intra- or
intermolecular protein disulfides (Fig. 2). In the absence of adjacent
thiols, protein thiols can be also overoxidized to irreversible Cys sulfinic
or sulfonic acids. Protein S-thiolations can have protective functions
and control the activity of metabolic enzymes or transcription factors
(Fig. 2). This review summarizes the current knowledge about the role
of protein S-thiolations in cellular physiology and under oxidative stress
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Fig. 2. Thiol-chemistry in response to H,O» and HOCI stress. Thiol-oxida-
tion of Cys residues by H,O, generates an unstable Cys sulfenic acid inter-
mediate (Cys-SOH) that can rapidly react with LMW thiols, such as mycothiol
(MSH) and bacillithiol (BSH), resulting in S-mycothiolations (Cys-SSM) and S-
bacillithiolations (Cys-SSB) respectively. Alternatively, Cys oxidation can lead
to the formation of intermolecular or intramolecular disulfides in proteins. In
the absence of LMW thiols, protein thiols can be overoxidized to irreversible
Cys sulfinic acid (Cys-SO,H) and sulfonic acid (Cys-SO3H). HOCI reacts with
protein thiols via chlorination, generating an unstable sulfenylchloride inter-
mediate (Cys-SCl) that reacts further with MSH, BSH or protein-thiols to re-
versible S-mycothiolations, S-bacillithiolations or protein disulfides. In the ab-
sence of adjacent thiols, sulfenylchloride rapidly leads to overoxidation
generating Cys sulfinic and sulfonic acids.

in Gram-positive bacteria, such as Bacillus subtilis, Staphylococcus aureus,
Corynebacterium diphtheriae and Mycobacterium smegmatis. Molecular
dynamics simulations have provided further insights into the structural
protein changes upon S-thiolation, which are discussed for conserved S-
bacillithiolated proteins at the molecular and mechanistic level.

2. Biosynthesis and functions of mycothiol and bacillithiol in
Gram-positive bacteria

2.1. The biosynthetic pathway and functions of mycothiol in Actinomycetes

The cysteinyl pseudo-disaccharide mycothiol (MSH; AcCys-GlcN-
Ins) is composed of acetyl cysteine (AcCys), glucosamine (GlcN) and
myoinositol (Ins) and has a molecular weight of 486 Da. MSH is the
major LMW thiol in all Actinomycetes, including Corynebacteria,
Mycobacteria and Streptomycetes (Fig. 1AC) [6,7,13]. The biosynthesis
of MSH is catalyzed in five enzymatic steps, which involve MshA,
MshA2, MshB, MshC and MshD (Fig. 3). The first step of the MSH
biosynthesis is catalyzed by the glycosyltransferase MshA, which con-
jugates myo-inositol-1-phosphate (Ins-P) to UDP-N-acetyl glucosamine
(UDP-GIcNAc) leading to the formation of N-acetyl glucosamine myo-
inositol-1-phosphate (GlcNAc-Ins-P). In the second step, the phospha-
tase MshA2 catalyzes dephosphorylation of GlcNAc-Ins-P to N-acetyl
glucosamine myo-inositol (GlcNAc-Ins). The third step involves the
metal-dependent deacetylase MshB for deacetylation of GlcNAc-Ins
leading to GlcN-Ins [6,14]. The MshB enzyme is a homolog of the MSH-
conjugate amidase (Mca) that catalyzes the hydrolysis of MS-con-
jugates. In the fourth step of the MSH biosynthesis, the ATP-dependent
ligase MshC ligates cysteine to GlcN-Ins leading to Cys-GlcN-Ins. The
Cys ligase MshC is a homolog of the Cys-tRNA synthetase. The acetyl-
transferase MshD catalyzes the acetylation of the Cys amino group by
acetyl-CoA as final step of MSH biosynthesis [6,13,15]. Under oxidative
stress, MSH is oxidized to mycothiol disulfide (MSSM) which requires
the NADPH-dependent mycothiol disulfide reductase (Mtr) for NADPH-
dependent reduction of MSSM to maintain a high MSH: MSSM redox
ratio [13,16]. The levels of MSH vary strongly between different
members of Actinomycetes with the highest levels of ~1-20 umol/g raw
dry weight (rdw) in Mycobacteria and much lower levels of 0.3 umol/g
rdw in C. diphtheriae [17,18].

The thiol pK, for MSH was determined as 8.76, which is only
slightly more acidic (0.17 pH units) compared to the thiol pK, of GSH,
and 0.4 pH units less acidic compared to the first microscopic thiol pK,
value of free Cys (Fig. 1C) [19]. Since MSH is present at much higher
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levels compared to Cys in Actinomycetes, the mycothiolate anion is the
most abundant LMW thiolate anion that reacts with oxidants and
electrophiles in vivo. The thiol-redox potential of MSH is in the range of
GSH and was calculated as E®(MSSM/MSH) of —230mV (Fig. 1C).
However, the thiol-redox potential of MSH calculated with biophysical
methods showed discrepancies compared to previously measured Eysg
values determined as —300mV using the Mrx1-roGFP2 biosensor
[19,20]. This indicates technical challenges to measure the exact MSH/
MSSM ratio inside bacterial cells.

MSH plays an important role as thiol-cofactor for many enzymes
that are involved in the detoxification of antibiotics, xenobiotics, ROS,
RES, RNS, and other reactive species (Fig. 4) [2,6,7]. For a compre-
hensive overview of the detailed functions of MSH in different Actino-
mycetes the reader is referred to recent reviews which will be briefly
outlined here and updated based on novel results [6,7,13].

MSH conjugates xenobiotics and antibiotics either spontaneously or
enzyme-catalyzed by MSH S-transferases (MST), which belong to the
DinB superfamily (Figs. 3 and 4) [21]. These MSH-S-conjugates are
hydrolyzed by the mycothiol-S-conjugate amidase (Mca), releasing
mercapturic acid derivatives (AcCys-R) and GlcN-Ins. The GlecN-Ins is
recycled to MSH and the toxic mercapturic acid derivatives are ex-
ported from the cell. Mca was shown to be involved in detoxification of
MSH-S-conjugates with the antibiotics cerulenin and rifamycin in My-
cobacteria [13]. MSH and ergothioneine (EGT) were also shown to
function as sulfur donors through S-glycosylation reactions to mediate
amino sugar transfer, activation and modification during the bio-
synthesis of the lincosamide antibiotic lincomycin in Streptomyces lin-
colnensis [22,23]. This indicates a direct function of the LMW thiols
MSH and EGT in the biosynthesis and molecular assembly of sulfur-
containing natural products [22,23].

MSH functions as thiol-cofactor for detoxification of formaldehyde,
RNS, maleylpyruvate, methylglyoxal and arsenate and is required for
activation of anti-mycobacterial prodrugs (Fig. 4). The MSH-dependent
detoxification enzyme MscR is a dual function enzyme with S-ni-
trosomycothiol (MSNO) reductase and formaldehyde dehydrogenase
activities [6,13]. Formaldehyde is conjugated to MSH leading to S-hy-
droxymethyl-MSH, which is further oxidized to an S-formyl thioester
and formate. MSNO is converted by MscR to MSH sulfinamide
(MSONH,). The maleylpyruvate isomerase of C. glutamicum uses MSH
as a cofactor for the enzymatic isomerization of maleylpyruvate to fu-
marylpyruvate [24]. MSH was shown as cofactor of the MSH-dependent
arsenate reductases ArsC1/C2 in the detoxification of arsenate [25,26].

MSH further contributes to antibiotic resistance in Mycobacterium
tuberculosis (Mtb). MSH is required for activation of the pro-drugs iso-
niazid (INH) and nitrofuranylcalanolides (NFCs) which are potent anti-
mycobacterial drugs [27,28]. INH is activated by the catalase KatG and
MSH, leading to NAD-INH adduct formation and inhibition of the enoyl-
ACP reductase (InhA) of the mycolic acid biosynthesis pathway [29].
INH resistant Mtb isolates often carry spontaneous mutations in katG or
mshA [14]. Novel antimycobacterial drugs, such as the nitrofurantoin
derivatives NFC or the thienopyrimidine compound TP053 are acti-
vated by the MSH-dependent oxidoreductase Rv2466c, which was re-
cently revealed as MSH-dependent nitroreductase to reduce nitro
groups to amines [28,30]. Importantly, NFC-resistant mutants were
selected which had mutations in the gene encoding Rv2466c¢. This in-
dicates that the MSH-dependent nitroreductase activity of Rv2466c is
crucial for pro-drug activation [28]. Rv2466c has a DsbA-like structure
and can also function as mycoredoxin-2 in demycothiolation with
electrons from the MSH/Mtr pathway [30]. Rv2466c uses a monothiol-
disulfide mechanism for reduction of S-mycothiolated proteins or in-
tramolecular disulfides and a dithiol mechanism for prodrug activation
(TP053) in vitro.

MSH further functions as reservoir of cysteine and is much less
susceptible to auto-oxidation compared to cysteine [13]. In addition,
MSH has important functions in the virulence and survival of the pa-
thogen Mtb under infection conditions [31]. An essential function of
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Fig. 3. The biosynthesis pathway of MSH and detoxification of electrophiles in Actinomycetes. The MSH glycosyltransferase MshA conjugates nyo-inositol-1-
phosphate (Ins-P) to UDP-N-acetyl glucosamine (UDP-GlcNAc) leading to N-acetyl glucosamine myo-inositol-1-phosphate (GlcNAc-Ins-P). Dephosphorylation and
deacetylation of GlcNAc-Ins-P is catalyzed by the phosphatase MshA2 and the deacetylase MshB, respectively. MshC ligates cysteine to GlcN-Ins in an ATP-dependent
reaction. MshD acetylates the Cys moiety of Cys-GlcN-Ins to produce MSH. The mycothiol-S-transferase (MST) catalyzes the MSH-dependent detoxification of toxic
electrophiles (E), xenobiotics and antibiotics. The mycothiol-S-conjugate amidase (Mca) cleaves the amide bond to produce mercapturic acids (AcCys-R) and GIcN-
Ins. Mercapturic acids are exported and GlcN-Ins is recycled to MSH. This figure is adapted from [93].

MSH for growth and viability was found in Mtb since the mshC mutant
could be only generated in the presence of a second copy of mshC [31].

2.2. Shotgun proteomics identified widespread protein S-mycothiolations in
Actinomycetes

Under HOCI stress, MSH was shown to form mixed disulfides with
protein thiols, termed as protein S-mycothiolations. Protein S-my-
cothiolations are widespread redox-modifications and were identified
in many Actinomycetes, such as C. glutamicum, C. diphtheriae and M.
smegmatis [18,25,32]. However, the extent of protein S-mycothiolation
under HOCI stress differs with 58, 25 and 26 proteins identified in M.
smegmatis, C. glutamicum and C. diphtheriae, respectively (Table S1).
This higher level of S-mycothiolated proteins in Mycobacteria might be
correlated with the 20-fold higher MSH level compared to Cor-
ynebacteria [17]. Overall, S-mycothiolated proteins were shown to be
involved in many metabolic pathways, including glycolysis, gluconeo-
genesis, glycogen and maltodextrin degradation, as well as in the bio-
synthetic pathways for fatty acids, amino acids and nucleotides, co-
factors, and protein translation. Several conserved S-mycothiolated
proteins have antioxidant functions, such as peroxiredoxins (Tpx, Mpx,
AhpE, AhpC) and the methionine sulfoxide reductase MsrA
[18,25,32,33].

In C. glutamicum, 25 proteins with S-mycothiolations were identified
under HOCI stress and their level of oxidation was quantified using
fluorescence-based thiol-redox proteomics [25] (Table S1). These S-
mycothiolation targets function in glycolysis (Fba, Pta, XylB), glycogen
and maltodextrin degradation (MalP), in the amino acid biosynthesis
pathways for serine, cysteine, methionine (MetE, SerA, Hom), nucleo-
tides and thiamine cofactors (GuaB, PurL, ThiD1, ThiD2), antioxidant
functions (Tpx, Mpx), methionine sulfoxide reduction (MsrA), heme
degradation (HmuO), and protein translation (RpsF, RpsC, RpsM, Tuf).
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Among these, Tuf, GuaBl, GuaB2, SerA and MetE are also conserved
targets for S-thiolations across Gram-positive bacteria [25]. The most
interesting S-mycothiolated metabolic enzyme in C. glutamicum was the
maltodextrin phosporylase (MalP), which is involved in glycogen de-
gradation during the stationary phase [34]. The malP mutant was very
sensitive under HOCI stress indicating an essential function of MalP
under oxidative stress [25]. Furthermore, the glycogen content was not
decreased in C. glutamicum wild type under HOCI stress despite dras-
tically reduced glucose uptake rates. Thus, S-mycothiolation of MalP is
suggested to inhibit its function in glycogen degradation to save the
source of energy under oxidative stress [25].

Many antioxidant enzymes were S-mycothiolated at their active site
Cys residues and it was further investigated if S-mycothiolation func-
tions in redox-regulation of peroxiredoxins (Tpx, Mpx, AhpE) and me-
thionine sulfoxide reductases (MsrA, MsrB) [25,33,35-38]. The thiol
peroxidase (Tpx), an atypical 2-Cys peroxiredoxin was S-mycothiolated
at its active and resolving Cys60 and Cys94 residues [25]. S-my-
cothiolation of Tpx in vitro inhibited its peroxidase activity. The MSH
peroxidase (Mpx) was also S-mycothiolated at its peroxidatic Cys36
residue. The methionine sulfoxide reductase MsrA is involved in the
repair of methionine sulfoxides and was S-mycothiolated at its con-
served Cys91 residue. The cobalamin-independent methionine synthase
(MetE) was S-mycothiolated at its Zn-binding active site Cys713 under
HOCI stress and S-mycothiolation of MetE was shown to function in
thiol-protection under acid stress [25,39]. The inosine-5-monopho-
sphate (IMP) dehydrogenases GuaB1 and GuaB2 are conserved S-thio-
lated proteins across bacteria. GuaB1 and GuaB2 were S-mycothiolated
at their active site Cys302 and Cys317 respectively, forming the thioi-
midate intermediate [25].

In the pathogen C. diphtheriae, 26 S-mycothiolated proteins were
identified under HOCI stress using shotgun liquid chromatography
tandem mass spectrometry (LC-MS/MS) analysis [18] (Table S1). These
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MSH and ergothioneine (EGT) are involved in natural product biosynthesis of the lincosamide antibiotic lincomycin in Streptomyces lincolnensis. MSH functions as
cofactor for the nitroreductase Rv2466¢ which activates the new mycobactericidal prodrug Nitrofuranylcalanolide (NFC) for reduction of the nitro group to amines.
MSH is also a thiol-cofactor for detoxification of formaldehyde, S-nitrosomycothiol (MSNO) and arsenate. MscR is involved in MSNO detoxification generating MSH
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further reduced by Mrx1 to arsenite [Ars(III)]. MSH is also important for growth, survival and virulence in M. tuberculosis. Under HOCI stress, MSH functions in post-
translational modification of proteins, termed as S-mycothiolations. This figure is adapted from [2].

include five conserved targets for S-thiolations across Gram-positive
bacteria, such as AhpC, the ribosomal proteins RplC and RpsM, the
glycolytic  enzyme  glyceraldehyde-3-phosphate  dehydrogenase
(GapDH), and GuaB [18]. Other S-mycothiolated proteins are involved
in energy metabolism, including the ribose 5-phosphate isomerase
DIP1796 and the NADH dehydrogenases Ndh, GlpD and DIP1726.
Further targets for S-mycothiolation function in the biosynthesis of
amino acids (LeuB, DapA, GlnA), purine (PurA), iron sulfur-clusters
(DIP1631) and cell wall metabolites (GlmS). The S-mycothiolated
proteins contributed with 0.2-0.75% Cys abundance to the total Cys
proteome of C. diphtheriae as revealed by shotgun proteomics [18].
Further biochemical studies of GapDH confirmed that protein S-my-
cothiolations function in redox-regulation and thiol-protection against
overoxidation as referred in the following section.

In M. smegmatis, we identified 58 S-mycothiolated proteins under
HOCI stress [32] (Table S1). The conserved peroxiredoxins Tpx, AhpC
and OsmC are S-mycothiolated at their active and/or resolving Cys
residues, which are involved in redox-regulation and detoxification
processes in M. smegmatis. The global transcriptional regulator for iron
uptake of the DtxR-family (IdeR) was S-mycothiolated at Cys102 in its
primary iron-binding site [32]. Many abundant enzymes of the energy
metabolism were further identified as S-mycothiolated in M. smegmatis.
These are involved in the glycerol catabolism, glycolysis, the glyoxalate
shunt and gluconeogenesis. The glycerol kinase GIpK3 and the glycerol
dehydrogenase Adh2 are abundant S-mycothiolated proteins since
glycerol is used as sole source of carbon and energy in M. smegmatis.
The generation of dihydroxyacetone phosphate (DHAP) involves GlpK3
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and Adh2. Thus, S-mycothiolation could prevent glycerol degradation
under HOCI stress to save the carbon and energy source. The isocitrate
lyase AceA and the myo-inositol-1-phosphate synthase Inol were fur-
ther identified as abundant S-mycothiolated proteins in M. smegmatis.
AceA is the key enzyme of the glyoxylate bypass of the TCA cycle in M.
tuberculosis, which enables the use of carbon for biomass production via
gluconeogenesis during growth on fatty acids as sole source of carbon
and energy [40]. Thus, S-mycothiolation could inhibit AceA under
oxidative stress to stop gluconeogenesis [32]. Furthermore, abundant
enzymes involved in the biosynthesis of fatty acids as precursors for
mycolic acids were S-mycothiolated in M. smegmatis, including acetyl-
CoA carboxylases (AccD5 and AccD6), the enoyl-CoA hydratase
(EchA6), the methoxy mycolic acid synthase (UmaA), the acyl-CoA
dehydrogenase (MSMEG_0531), and the acyl-CoA-thioesterase
(MSMEG_6208). Other S-mycothiolated proteins of M. smegmatis are
involved in the nucleotide biosynthesis, including GuaB and GuaB2,
and biosynthesis enzymes for thiamine (ThiG, MSMEG_4827), cobala-
mine (CobN), iron sulfur-cluster assembly (YfhF2) as well as ribosomal
proteins (RplC, RpsM, RpsR2) and amino acyl tRNA synthetases (GatC,
PheT) for protein translation [32]. Overall, many detailed future studies
are required to elucidate the physiological role of the widespread pro-
tein S-mycothiolations in redox regulation and/or thiol-protection in
Mycobacteria. In particularly, it would be interesting if mycothiolation
functions in redox regulation of transcriptional regulators under in-
fection conditions in M. tuberculosis. Recent biochemical studies re-
vealed the formation of S-mycothiolated NsrR, a FeS-cluster-based Rrf2-
family regulator and NO-sensor in many Gram-positive bacteria [41].
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Fig. 5. Reversal of protein S-mycothiolation by the mycoredoxin-1 pathway. (A) In MSH-producing Actinomycetes, S-mycothiolated proteins are reduced by
mycoredoxin-1 (Mrx1), resulting in an Mrx1-SSM intermediate that is reduced by MSH leading to MSSM. The NADPH-dependent mycothiol disulfide reductase Mtr
recycles MSSM back to MSH. (B) The crystal structure of the reduced Mrx1 (PDB ID: 2LQO) and (C) its active site. (D) The oxidized Mrx1 active site in its
intramolecular disulfide form (PDB ID: 2LQQ). The active and resolving Cys residues of Mrx1 are shown as spheres in (B) and as sticks in (C, D).

Using mass spectrometry, the formation of several iron nitrosyl species
and S-thiolated forms of the Cys residues coordinating the FeS cluster
have been reported for NsrR [41]. Thus, related S-nitrosylation and S-
thiolation mechanisms could be relevant for redox-sensing of NsrR
under in vivo conditions. In support of this notion, the NsrR-controlled
hmp gene is also induced under HOCI stress in the RNAseq tran-
scriptome of C. glutamicum and S. aureus [32,42]. This might indicate
that NsrR could sense HOCI stress via protein S-thiolation which re-
mains to be investigated.

2.3. Protein S-mycothiolation is redox-controlled by the mycoredoxin-1
(Mrx1) and thioredoxin pathways

The redox regulation of protein S-mycothiolations requires specific
thiol-disulfide reducing pathways to restore the protein activity. The
Mrx1/MSH/Mtr system is specific for the de-mycothiolation of MSH-
mixed protein disulfides (Fig. 5). Mycoredoxin-1 (Mrx1) was char-
acterized as a glutaredoxin-homolog in Actinomycetes [43]. Mrx1 has a
typical Trx-like fold with a CGYC catalytic active site, composed of a
four-stranded antiparallel B-sheet and surrounded by three a-helices.
The CGYC motif is located at the N-terminus of the first a-helix. The
conserved proline residue (Pro57) is located in cis-conformation op-
posite to the active site. The active site Cys14 is solvent exposed in both
oxidized and reduced forms of Mrx1, while the C-terminal resolving
Cysl7 is buried inside the protein [43]. Mrx1 has a negative redox
potential of —218 mV that is in the same range as for glutaredoxins.
Thus, Mrx1 can function as effective thiol disulfide reducing enzyme in
Actinomycetes [44]. Mrx1 catalyzes the de-mycothiolation of MSH-
mixed protein disulfides in a bimolecular nucleophilic substitution re-
action analogous to the monothiol reaction mechanisms of glutar-
edoxins. During de-mycothiolation of the substrates, Mrx1l is S-my-
cothiolated at its active site Cysl4. Oxidized Mrx1 is regenerated by

MSH leading to formation of MSSM, which is reduced by Mtr to MSH
with NADPH as electron donor. The electron transfer from the Mrx1/
MSH/Mtr electron pathway to the MSH mixed disulfide substrate was
shown in a hydroxyethyl disulfide (HED) assay [43].

The peroxiredoxin Tpx of C. glutamicum was identified as first sub-
strate for Mrx1 in vitro. S-mycothiolation of the peroxidatic Cys60 in-
hibited the peroxidase activity of Tpx, which could be restored by the
Mrx1/MSH/Mtr electron pathway. Mass spectrometry confirmed the
complete reduction of Tpx-SSM and MSH transfer to Mrx1, resulting in
the formation of a transient Mrx1-SSM intermediate [25]. Another
mycothiol peroxidase, Mpx of C. glutamicum controls intracellular ROS
levels and was shown to be recycled by both, the Mrx1 and the thior-
edoxin/ thioredoxin reductase (Trx/TrxR) pathways [35,38]. Reduction
of the S-mycothiolated peroxidatic Cys36 of Mpx by Mrx1 proceeds via
a monothiol mechanism as demonstrated by kinetic assays and MSH-
specific Western blots [35]. Arsenate [Ars(V)] detoxification by the
arsenate reductases ArsCl and ArsC2 in C. glutamicum requires MSH
and the Mrx1/MSH/Mtr pathway. ArsCl/C2 catalyze conjugation of
MSH to As(V) resulting in an arseno-MSH conjugate (As(V)-SM). Mrx1
reduces the As(V)-SM conjugate to arsenite [As(II[)] via a monothiol
mechanism (Fig. 4) [26].

In C. diphtheriae, the glycolytic GapDH was the most abundant S-
mycothiolated protein contributing with 0.75% to the total Cys pro-
teome [18]. GapDH uses the active site Cys for the nucleophilic attack
at the aldehyde group of glyceraldehyde-3-phosphate (G3P) to catalyze
its phosphorylation to 1,3-bisphosphoglycerate and thereby generating
NADH [45]. GapDH is S-mycothiolated at the conserved catalytic active
site Cys153 resulting in reversible inhibition of GapDH activity under
HOCI stress [18]. It was previously shown that H,O,-stress leads to an
inactivation of GapDH upon S-thiolation, resulting in a metabolic re-
configuration of central carbon metabolism [46,47]. The lack of gly-
colysis is compensated by an increased glycolytic flux through the
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pentose-phosphate pathway (PPP) to provide increased levels of
NAPDH as cofactor for thiol-disulfide oxidoreductases. The active site
Cys of GapDH is highly reactive and susceptible for various post-
translational thiol-modifications in response to ROS and RNS, including
S-glutathionylation, S-nitrosylation and sulfenic acid formation in many
eukaryotes [48,49]. It was shown that the relatively high reactivity of
the active site thiolate towards H,O, depends on the stabilization of the
transition state and a dedicated proton relay mechanism that promotes
leaving group departure [50].

We demonstrated that S-mycothiolation protects the active site Cys
of GapDH in C. diphtheriae against irreversible overoxidation under
both H,0, and HOCI treatments [18]. In our GapDH assays without
MSH, increasing doses of H>O, and HOCI resulted in an irreversible
overoxidation of Cys153 to the sulfonic acid and partially Cys153-SS-
Cys157 intramolecular disulfide bond formation [18]. In the presence
of MSH, S-mycothiolation of the catalytic active site Cys153 could be
verified by mass spectrometry and non-reducing MSH-specific Western
blot analysis. Time course experiments indicated that inactivation of
GapDH by S-mycothiolation was faster compared to its inactivation in
the overoxidation pathway under HOCI and H,0, stress [18]. In addi-
tion, intramolecular disulfides were detected under both, H,O, and
HOCI treatment in the presence and absence of MSH as an additional
redox-regulatory mechanism of GapDH [18]. We also studied the redox-
regulation of protein S-mycothiolation by the Mrx1 and Trx pathway.
Reduction of S-mycothiolated GapDH occurred much faster by the Mrx1
pathway compared to Trx in vitro. Thus, Mrx1 plays probably the major
role in demycothiolation of GapDH in vivo while Trx has only a minor
role. These data are in agreement with the kinetics obtained for de-
mycothiolation of Mpx by Mrx1, which was also faster compared to
reduction by the Trx pathway [35].

MsrA and MsrB are further important redox enzymes which catalyze
the reduction of two stereotypes of methionine sulfoxides (MetSO) to -
methionine [51]. While MsrA is specific for reduction of methionine-S-
sulfoxide, MsrB shows activity for reduction of methionine-R-sulfoxides
[52]. The Mrx1 and Trx pathway were shown to be involved in the
recycling of the methionine sulfoxide reductase Cd-MsrA and Cg-MsrA
during reduction of methionine sulfoxides in C. diphtheriae and C. glu-
tamicum [36,37,53]. Two different redox relays operate in recycling of
Cd-MsrA by the Trx and Mrx1 pathway upon MetSO reduction. Cd-
MsrA has three Cys residues in positions 52, 206 and 215 with Cys52 as
the active site. The disulfide relay which couples MetSO reduction by
Cd-MrsA to the Trx pathway starts with formation of the Cys52-SOH
upon attack of the MetSO substrate releasing reduced 1-Met. Next,
Cys52 is attacked by Cys206 or Cys216 resulting in intramolecular
disulfides between Cys52 and either Cys206 or Cys215. This disulfide is
reshuffled to a Cys206-Cys215 disulfide which is a substrate of Trx. In
the MSH redox relay, Cys52-SOH forms an MSH mixed disulfide, fol-
lowed by the subsequent transfer of MSH to Cys215 and Cys206.
Cys206-SSM is finally the substrate that is recycled by the Mrx1
pathway. Thus, two different redox relays were discovered for Cd-MsrA
upon MetSO reduction that require the Trx or Mrx1 pathway for re-
generation [36]. Another study of Cg-MsrA’s catalytic mechanism in C.
glutamicum revealed that Mrx1 reduces Cys56-SSM while Trx reduces
the intramolecular disulfide between both C-terminal resolving Cys
residues [53]. In addition, the Trx and Mrx1 pathways were required
for reduction of Cg-MsrA under stress and the Trx pathway was found to
be involved in Cg-MsrA regeneration under non-stress conditions. Apart
from MsrA, the redox cycle of the methionine sulfoxide reductase MrsB
of C. glutamicum was recently studied [37]. MsrB is specific for reduc-
tion of methionine-R-sulfoxides which requires the Trx pathway for
recycling and was not important under oxidative stress in vivo [37].

The membrane-associated one-Cys peroxidase AhpE of M. tubercu-
losis was identified as S-mycothiolated at its active site Cys45 and was
shown to be reduced by Mrx1 in vitro [33]. AhpE is S-mycothiolated
during H,0, detoxification. The reduction of AhpE-SSM was demon-
strated in the presence of wild type Mrxl, indicating a dithiol
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mechanism. The peroxiredoxin AhpE comprises a molecular link be-
tween the peroxidase system and the Mrx1 redox pathway in Myco-
bacteria. Using NMR spectroscopy, the AhpE structures were resolved in
the reduced, sulfenic acid, and sulfinic acid forms giving insights into
the MSH-dependent reduction mechanism of AhpE [54].

In conclusion, recent studies on several identified S-mycothiolated
antioxidant and metabolic enzymes (Tpx, Mpx, MsrA, and GapDH) re-
vealed that both, the Mrx1 and Trx pathway are coupled to regenera-
tion of their enzymatic activities under oxidative stress. However, Mrx1
was faster in demycothiolation of GapDH and Mpx compared to Trx
indicating that Mx1 is the primary de-mycothiolating enzyme under
oxidative stress. In concert with MSH and Mtr, Mrxl can undergo
mono- and dithiol mechanisms to reduce protein MSH-mixed disulfides.
It remains to be further investigated whether mycoredoxin-2 (Rv2466c)
plays a related or alternative role in reduction of S-mycothiolated
proteins.

2.4. The biosynthetic pathway and functions of bacillithiol in Firmicutes

Bacillithiol (BSH, Cys-GlcN-malate) is the a-anomeric glycoside of
L-cysteinyl-D-glucosamine with L-malic acid and has an MW of 398 Da
(Fig. 1BC). BSH functions as the major LMW thiol in many Firmicutes
bacteria, including Bacillus and Staphylococcus species [5]. The bio-
synthesis of BSH occurs in three steps by the enzymes BshA, BshB and
BshC. The glycosyltransferase BshA catalyzes the conjugation of UDP-N-
acetylglucosamine (UDP-GIcNAc) to L-malate leading to GlcNAc-Mal
(Fig. 6). GlcNAc-Mal is further deacetylated by the deacetylase BshB to
GlcN-Mal. The cysteine ligase BshC adds cysteine to GlcN-Mal as final
step in the BSH biosynthesis [3,55]. BSH is oxidized to BSSB under
oxidative stress and high BSH/BSSB ratios were calculated as
100:1-400:1 in B. subtilis cells [56]. The putative BSSB reductase was
suggested to function as NADPH-dependent flavin oxidoreductase YpdA
which co-occurs with the BSH biosynthesis enzymes in BSH-producing
bacteria [55]. However, experimental evidence is lacking to demon-
strate a role of YpdA as BSSB reductase [3]. The standard thiol redox
potential of BSH was calculated as E”(BSSB/BSH) of —221 mV which is
more positive compared to GSH (E®(GSSG/GSH) is —240 mV) (Fig. 1C)
[56]. However, microscopic pK, values of pK,sy= 7.97 and
PKasu= 9.55 were determined for the bacillithiolate anion (with pro-
tonated and deprotonated Cys amino group, respectively), suggesting a
more acidic BSH thiolate anion with enhanced reactivity (Fig. 1C) [56].

BSH functions in the detoxification of many thiol-reactive com-
pounds, electrophiles, alkylating agents, toxic metals and antibiotics
(Fig. 7) [3,55]. BSH-deficient mutants in B. subtilis showed increased
sensitivities toward hypochlorite, diamide, methylglyoxal, ROS, os-
motic and acidic stress, alkylating agents, and fosfomycin. For a com-
prehensive overview of the many functions of BSH, the reader is re-
ferred to a recent review, which will be summarized and updated here
only briefly [3].

The BSH-dependent thiol-S-transferase FosB is involved in the de-
toxification of the antibiotic fosfomycin and cleaves the ring structure
of the BS-fosfomycin-conjugate [57]. The fosB and bsh mutants showed
equal sensitivities towards fosfomycin treatment in B. subtilis and S.
aureus indicating that FosB is a BSH-dependent S-transferase for fosfo-
mycin detoxification. Co-crystallization of S. aureus FosB with BSH re-
sulted in the formation of a BSH-mixed disulfide at the active site Cys9
of FosB of S. aureus in vitro [55,58]. However, the electron density for
the whole molecule of BSH was not complete in the FosB structure. The
BSH S-transferase BstA catalyzes the conjugation of BSH to reactive
electrophiles, such as chlorinated hydrocarbons and mono-
bromobimane in vitro [21]. The resulting BS-electrophiles (BSR) are
cleaved by the BSH S-conjugate amidases Bca or BshB2 into GlcNAc-
Mal and mercapturic acids (CysSR). CysSR are exported from the cell by
the potential efflux pumps encoded by the yfiS and yfiU genes [21].

BSH functions in detoxification of methylglyoxal as cofactor for the
BSH-dependent glyoxalases GIXAB in B. subtilis [59]. Methylglyoxal
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Fig. 6. The biosynthesis pathway of bacillithiol in Firmicutes. The glycosyltransferase BshA catalyzes the conjugation of UDP-N-acetylglucosamine (UDP-GIcNAc)
to L-malate leading to N-acetylglucosamine malate (GlcNAc-Mal). GlcNAc-Mal is deacetylated by the deacetylase BshB to GlcN-Mal. The cysteine ligase BshC ligates
cysteine to GlcN-Mal. The detoxification of toxic electrophiles (E) requires conjugation by the bacillithiol-S-transferase (BST) leading to BSH-S-conjugates which are
cleaved by the BSH-S-conjugate amidase (Bca). Mercapturic acids are exported and GlcN-Mal is recycled to BSH. This figure is adapted from [93].

reacts spontaneously with BSH to form BSH-hemithioacetal that is methylotrophic bacterium Bacillus methanolicus which uses methanol as
converted to S-lactoyl-BSH by GIxA. GIxB catalyzes the hydrolysis of S- sole source of energy and carbon [60]. An unknown formaldehyde
lactoyl-BSH to lactate which is secreted. BSH is involved in detox- dehydrogenase is involved in oxidation of S-formyl-BSH in Bacillus
ification of the toxic electrophile formaldehyde in the facultative methanolicus cells during growth on methanol, which is required for
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Fig. 7. The many functions of bacillithiol in Firmicutes. BSH is involved in detoxification of ROS, RES, HOCI, RSS and antibiotics (fosfomycin, rifampicin) in B.
subtilis and S. aureus. ROS lead to oxidation of BSH producing bacillithiol disulfide (BSSB). Under sulfide stress, BSH persulfides (BSSH) were determined, which can
be reduced by thioredoxins (TrxP and TrxQ). Electrophiles (RX) are conjugated to BSH by the BSH S-transferase BstA to form BS-electrophiles (BSR). The BSH S-
conjugate amidases Bca or BshB2 cleave BSR into GlcNAc-Mal and mercapturic acids (CysSR) that are exported. BSH is used as cofactor for the epoxide hydrolase
FosB in fosfomycin detoxification and functions as a cofactor for the glyoxalases GIxA and GIxB in B. subtilis in methylglyoxal detoxification. GIXA converts BSH-
hemithioacetal to S-lactoyl-BSH that is a substrate for GIxB producing D-lactate. BSH-dependent detoxification of formaldehyde might be catalyzed by the for-
maldehyde dehydrogenase (AdhA) in B. subtilis. BSH functions in metal homeostasis as Zn%* buffer and in FeS cluster assembly. In S. aureus, BSH is important for the
virulence of S. aureus in macrophage infection assays. Under HOCI stress, proteins are S-bacillithiolated, which can be reversed by bacilliredoxins (Brx). This figure is
adapted from [2].
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MetE in B. subtilis. (A) The repressor activity of the OhrR repressor is inhibited by S-bacillithiolation under HOCI and organic hydroperoxide (OHP) stress resulting in
up-regulation of the OhrA peroxiredoxin that confers resistance. (B) S-bacillithiolation of the methionine synthase MetE and of other enzymes of the Cys and Met
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energy production [60].

BSH is further involved in detoxification of toxic heavy metals, such
as tellurite and selenite and functions in metal homeostasis [61]. BSH
can bind and store Zn?>" and functions as intracellular Zn*>* buffer in
metal ion homeostasis [62]. The thiolate, amine, and carboxylate
groups of BSH serve as ligands for metal coordination and can bind
Zn?" as (BSH),:Zn®* complex under Zn>* stress. Treatment of the
BSH-deficient mutant with Zn?* resulted in a decreased accumulation
of Zn®>* due to an increased expression of the CadA and CzcD efflux
systems. BSH also protects against Zn®* toxicity in cells lacking Zn**
efflux pumps [62].

BSH is further implicated in Fe?™ homeostasis and is suggested to
play a role in FeS cluster assembly and transport in S. aureus and B.
subtilis [63,64]. Mutants with defects in BSH biosynthesis showed a
delayed growth upon depletion of Fe>* or branched chain amino acids
in the growth medium. The activities of several FeS-cluster enzymes
(e.g. LeuCD, IlvD) were also decreased in the BSH-deficient mutant.
These phenotypes suggest a potential role of BSH in FeS cluster bio-
genesis [64,65]. Further growth analyses with nfu and sufA mutants
indicate that BSH may participate in the biogenesis of FeS cluster
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proteins independently of the SufA and Nfu carriers [64,65]. Finally,
BSH has been shown to play a role in transport of copper to the Cu™
chaperone CopZ and Cu™ buffering to avoid Cu™ toxicity [66]. During
Cu* transport by BSH, CopZ was identified as S-bacillithiolated in vitro.

BSH was recently shown to control sulfide homeostasis under H,S
and nitroxyl (HNO) stress in S. aureus [67,68]. Strongly increased en-
dogenous levels of BSH persulfide (BSSH), CoASH persulfide (CoASSH)
and cysteine persulfide (CysSSH) were measured under Na,S and HNO
treatment. Using a proteomics approach, several S-sulfhydrated pro-
teins were identified by RSS stress including the glycolytic GapDH and
the OhrR-type regulator MgrA. Biochemical experiments provided
evidence that S-sulfhydration leads to inhibition of GapDH activity and
functions in redox-regulation of the MgrA repressor to induce virulence
factor expression. The thioredoxins (TrxP and TrxQ) enabled the spe-
cific reduction of protein S-sulfhydrations. The predicted CoASH dis-
ulfide reductases (Cdr) was suggested to function as COASSH reductase
[67].

BSH is also involved in virulence and survival of S. aureus under
macrophage infection conditions as revealed by phenotype analysis of
bshA mutants in clinical methicillin-resistant S. aureus (MRSA) isolates
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conformational change and activation of the catalytic Cys thiol. Nucleophilic
attack on the carbonyl carbon of the aldehyde substrate leads to the formation
of a covalently bound tetrahedral thiohemiacetal intermediate (1). Hydride
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thioester intermediate (2). Deacylation of the thioester intermediate by nu-
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mediate (3). The acid product and NADH are released from the enzymes active
site and a new NAD* molecule binds (4). This figure is adapted from [94].

COL, USA300 and SH1000 [69-71]. S. aureus COL represents a hospital-
acquired (HA) MRSA strain while USA300 was isolated as community-
acquired (CA)-MRSA strain with strongly increased virulence due to
many toxins encoded on prophages and other mobile genetic elements
[72]. SH1000 is a natural bshC mutant belonging to the NCTC8325-4
lineage [73]. NCTC8325-4 is a laboratory model strain that was ob-
tained from a sepsis isolate after removal of three resident prophages by
UV. The survival of S. aureus COL and USA300 bshA mutants as well as
of the natural bshC mutant of strain SH1000 were decreased in pha-
gocytosis infections assays using murine macrophages and human
whole-blood assays as compared to the wild type [69,71]. These results
suggest a role of BSH in the defense against the host-immune system
and in the survival of S. aureus under infection conditions [69-71].
However, it remains to be shown if BSH is required for protection of S.
aureus inside neutrophils against the antimicrobial activity of the
myeloperoxidase (MPO) which is involved in HOCI production.

2.5. Physiological role of protein S-bacillithiolations in Firmicutes

BSH plays an important role in post-translational modifications of
proteins under oxidative stress in Gram-positive bacteria. In response to
HOCI stress, protein thiols are oxidized to mixed disulfides with BSH,
termed as protein S-bacillithiolation [74-76]. In total, we identified
eight common and 29 unique S-bacillithiolated proteins using shotgun
proteomics in B. subtilis, B. amyloliquefaciens, Bacillus pumilus, Bacillus
megaterium and Staphylococcus carnosus (Table S2) [75,76]. Many of the
identified S-bacillithiolated proteins are involved in important cellular
processes, such as the biosynthesis of amino acids, cofactors and nu-
cleotides, protein translation, and redox-signalling of ROS. In B. subtilis,
the MarR-type repressor OhrR was S-bacillithiolated under HOCI and
organic hydroperoxide (OHP) stress at its redox-sensing Cys15. S-ba-
cillithiolation of OhrR at its lone Cys residue leads to inactivation of its
repressor function and derepression of transcription of the ohrA gene
encoding the OhrA peroxiredoxin which confers resistance under HOCI
and OHP stress (Fig. 8A) [74,75]. MetE was identified as the most
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abundant S-bacillithiolated protein in B. subtilis, which was S-ba-
cillithiolated at the active site Cys730 and at the non-conserved Cys719
[75]. S-bacillithiolation of MetE under HOCI stress resulted in a me-
thionine auxotrophy phenotype perhaps to stop translation during re-
covery from oxidative stress (Fig. 8B). In addition, other enzymes in-
volved in the Cys and Met biosynthesis pathways were identified as
targets for S-bacillithiolation, including SerA, PpaC, MetI and YxjG. The
translation elongation factor EF-Tu (TufA) and GuaB were also identi-
fied as abundant and essential S-bacillithiolated proteins under HOCI
stress [25,75,76]. The bacilliredoxins BrxA, BrxB and BrxC were iden-
tified as S-bacillithiolated in B. subtilis and S. carnosus, which could be
intermediates of the bacilliredoxin redox pathway [76].

In S. aureus we determined the redox state of 228 Cys residues using
OxICAT. We identified 58 HOCl-sensitive Cys residues that showed >
10% increased oxidation levels under HOCI stress. Among these HOCI-
sensitive thiol-switches, 19 showed 20-30% increased oxidation that
included the S-bacillithiolated proteins GapDH, AldA, GuaB and RpmJ.
GapDH is S-bacillithiolated at the active site Cys151 and represents the
most abundant S-bacillithiolated protein contributing with 4% to the
total Cys proteome of S. aureus (Fig. 8C) [42]. In kinetic assays, GapDH
of S. aureus was faster inactivated by H;O, and HOCI stress in the
presence of BSH due to S-bacillithiolation compared to overoxidation
with the oxidants alone in vitro [42]. These experiments provide evi-
dence that S-bacillithiolation is involved in redox regulation and thiol-
protection of Cys151 of GapDH against overoxidation in S. aureus [42].
The oxidative inactivation of GapDH in S. aureus may induce metabolic
re-configuration of carbon metabolism and redirection into the PPP as
shown in eukaryotic organisms [47,49].

The aldehyde dehydrogenase AldA was identified as another target
for S-bacillithiolation under HOCI stress in S. aureus (Fig. 8C) [77].
Aldehyde dehydrogenases (ALDHs) catalyze the NAD *-dependent oxi-
dation of aldehydes to their carboxylic acids in four steps (Fig. 9) [78].
In the first step, a tetrahedral hemithioacetal-enzyme complex is
formed. NAD™" binding repositions the catalytic cysteine, allowing the
nucleophilic attack on the carbonyl carbon of an aldehyde substrate.
The nucleophilicity of the catalytic cysteine is achieved by deprotona-
tion through an adjacent conserved glutamate residue. In the second
step, hybrid transfer from the hemithioacetal intermediate to NAD™*
generates a covalent thioester intermediate. In the third step, NADH is
released from the enzyme allowing hydrolysis of the thioester inter-
mediate. Therefore, nucleophilic water attacks the thioester inter-
mediate to generate a second tetrahedral intermediate. In the final step,
hydrolysis of the thioacylenzyme complex releases a carboxylic acid
product [78].

GapDH and AldA displayed both 29% increased oxidation under
HOCI stress as revealed by the OxICAT approach in vivo [18,77].
Treatment of AldA with H,O, in the presence of BSH resulted in re-
versible S-bacillithiolation and loss of activity, which could be restored
upon DTT reduction [77]. The purified AldA enzyme showed a broad
substrate spectrum, catalyzing the oxidation of various aldehydes, in-
cluding formaldehyde, methylglyoxal, acetaldehyde and glycolalde-
hyde. Thus, the question of the natural substrate for AldA remains
unresolved. Transcriptional analysis further revealed an increased aldA
transcription under formaldehyde, methylglyoxal and HOCI stress in a
SigB-independent manner. Thus, our results point to an unknown
redox-sensing regulator controlling expression of aldA under thiol-stress
conditions. However, in survival phenotype assays, the aldA mutant
was more sensitive to HOCI stress, but not to aldehydes. This suggests
that unknown aldehyde substrates might be generated under HOCI
stress as potential substrate for AldA [77].

2.6. Structural insights into the actives sites of targets for S-bacillithiolations
We were further interested in the structural changes of redox-sen-

sitive proteins after S-bacillithiolation of their actives sites. Molecular
docking and molecular dynamic simulations were used to model the
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Fig. 10. Structural insights into conserved targets for S-bacillithiolation. (A, B) The S-bacillithiolated active site pocket of S. aureus GapDH in the apo- (A) and
holo-enzyme (B). (C) The superposition of the GapDH active site of the apo- (blue) and holo-enzyme (green). The molecular docking of BSH was performed on the
GapDH apo- (PDB ID: 3LC7) and holo-enzyme structures (PDB ID: 3LVF) (D, E) The S-bacillithiolated active site pocket of S. aureus AldA in the apo- (blue) (D) and
holo-enzyme (green) (E). Molecular docking of BSH was performed on the AldA structure (PDB ID: 3TY7). (F) The active site of the B. anthracis GuaB in the apo-
enzyme (blue) (PDB ID: 3TSB) and substrate-bound structure (green) (PDB ID: 3USB), the substrate is not shown. (G, H) The active site of the S. mutans MetE in the
oxidized (PDB ID: 3L7R) (G) and in the zinc-replete structure (PDB ID: 3TOC) (H). In the oxidized structure, C632 and C715 form an intramolecular disulfide bond.
The asterisk indicates a glutamate residue that was modelled as alanine due to the lack of the electron density at this position. (I) The superposition of the active site
of the MetE oxidized (blue) and zinc-replete (green) structures. The zinc cation is shown as gray sphere. (J) The active site of the S. aureus PpaC (PDB ID: 4RPA). The
active site residues and the neighboring cysteine residues are shown as sticks and coloured by atom type. The colour of the carbon atoms allows to distinguish
between active site residues (purple) and neighboring cysteine residues that were found S-bacillithiolated (dark red) or were not S-bacillithiolated (light orange). The
manganese cations are shown as pink spheres. (K, L) The redox-active cysteine residue of S. aureus SarZ. (K) Superposition of the reduced (blue) (PDB ID: 3HSE) and
oxidized form (green) (PDB ID: 3HRM) of SarZ. (L) Superposition of the reduced (blue) and benzene thiol-bound SarZ in chain C (magenta) and in chain D (light pink)
(PDB ID: 3HSR). One monomer of the SarZ dimer is shown in blue (reduced SarZ), green (oxidized SarZ), magenta (benzene thiol-bound SarZ chain C) or light pink
(benzene thiol-bound SarZ chain D), whereas the other monomer is shown in shades of gray. All the important residues in all panels are shown as sticks and coloured
by atom types (oxygen-red, nitrogen-blue, sulfur-yellow, phosphor-orange, carbon-variable) (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article).
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S-bacillithiolated active sites C151 of GapDH (PDB ID: 3LC7, 3LVF)
[79] and C279 of AldA (PDB ID: 3TY7) of S. aureus in the apo- and holo-
enzyme structures, respectively (Fig. 10A-E) [42,77]. Both Cys residues
act as a nucleophile in catalysis, leading to the formation of a covalent
intermediate [79,80]. Interestingly, in aldehyde dehydrogenases, the
Cys residue adopts a “resting” conformation in the apo-enzyme and an
“attacking” conformation in the holo-enzyme [80]. The molecular
docking of BSH into the AldA active site resulted in two different po-
sitions of the BSH depending on C279 activation state (Fig. 10D, E).
While C279 is in “resting” position in the absence of the NAD " cofactor,
BSH partially occupies the cofactor-binding cavity. However, in the
presence of NAD*, BSH is located closer to the substrate-binding pocket
[77]. Although the conformation of C151 of GapDH is very similar in
both apo- and holo-enzyme structures, molecular docking also resulted
in two different positions of the BSH (Fig. 10A-C). The position of BSH
in the apo- and holo-GapDH does not differ so significantly as in AldA.
However, in the holo-GapDH BSH is still shifted towards the substrate-
binding pocket, whereas in the apo-enzyme the BSH position partially
overlaps with the NAD *-binding site [42]. However, in both models of
S-bacillithiolated GapDH and AldA active sites, docking of the BSH did
neither require major conformational changes in the overall structure of
both proteins, nor in the conformation of the neighboring secondary
structure elements.

We further compared these models of GapDH-SSB and AldA-SSB
with other structures of conserved S-bacillithiolated proteins that were
identified under HOCI stress previously. Among the targets for S-ba-
cillithiolations, GuaB, MetE, the inorganic pyrophosphatase (PpaC),
and the redox-sensing virulence regulator SarZ are conserved in
Staphylococcus and Bacillus species [75-77]. Thus, we focused on the
crystal structure analysis of S. aureus PpaC [81] and SarZ [82], GuaB of
Bacillus anthracis [83], and MetE of Streptococcus mutans [84], which
were available in the PDB database (Table 1).

GuaB is another enzyme that uses NAD™ as a cofactor and contains
C308 at the active site. The Cys acts as a nucleophile and forms a
covalent adduct with the substrate [83,85], similarly as discussed for
GapDH and AldA. The conformation of the C308 in the substrate IMP-
bound enzyme (PDB ID: 3USB) is different from the conformation
adopted in the presence of the product (PDB ID: 3TSD) or in the apo-
enzyme (PDB ID: 3TSB) (Fig. 10F). Although the two conformations
were not termed “resting/attacking” as in AldA, it seems that the active
site C308 of GuaB acts similarly to the C279 of AldA. Therefore, we
would expect that GuaB might also bind BSH in two alternative posi-
tions depending on the C308 activation state. Interestingly, GuaB

Table 1

The conserved targets for S-bacillithiolation and their available crystal structures.
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contains a flexible loop involving the residues 380-430, commonly
termed the active site flap, that changes the conformation upon binding
to a cofactor or substrate. The residues R404 and Y405 play an im-
portant role in the catalytic dyad that activates the water molecule
through proton abstraction and allows the release of the product
[83,85]. The active site flap is well-resolved in the apo-enzyme struc-
ture, but in the IMP-GuaB the large part of the flap is missing due to the
disorder of this part in the structure (Fig. 10F) [83]. We speculate that
this structural element might also influence BSH binding and depending
on its conformation, BSH could occupy different cavities in GuaB.

In contrast to GapDH, AldA and GuaB, the two active site Cys re-
sidues C632 and C715 of MetE play a different role in catalysis. The
main function of these two Cys together with H630 and E654 is co-
ordination of the zinc atom. Zinc acts as a Lewis acid and activates the
thiol of a homocysteine which is one of the substrates of the MetE
[84,86]. In MetE of B. subtilis, only one active site C730 was S-ba-
cillithiolated under HOCI stress (corresponding to C715 of S. aureus and
S. mutans) [75]. The analysis of the crystal structures of S. mutans MetE
(PDB ID: 3L7R, 3TOC) [84] suggests an explanation. The binding of the
BSH to both Cys residues at the active site would not be possible due to
the close location of C632 and C715 (Fig. 10G-I) and space limitation
that do not allow for accommodation of two molecules of BSH.

Another conserved target for S-bacillithiolation is the manganese-
dependent inorganic pyrophosphatase PpaC which degrades pyropho-
sphate to inorganic phosphate. The active site of PpaC is composed of
H9, D13, D15, D75, H97, D149 and two manganese atoms, but does not
contain Cys (Fig. 10J) [81]. However, three conserved Cys residues
C110, C118 and C158 are present in PpaC. C110 and C158 were
identified as S-bacillithiolated in B. subtilis and S. aureus under HOCI
stress [42,75]. This observation is in a good agreement with the crystal
structure of S. aureus PpaC (PDB ID: 4RPA)[81], where both, C110 and
C158 are oxidized to sulfonic acids, indicating their susceptibilities to
redox changes. C110 is buried in a cavity at the interface of the two
monomers forming the PpaC dimer, whereas C158 is located at the
protein surface (Fig. 11A). Thus, C110 and C158 are easily accessible
for S-bacillithiolation or overoxidation. In contrast, C118 is buried in
the N-terminal domain (Fig. 11A). Although C118 is close to the PpaC
active site, it is difficult to access and was also not oxidized in the PpaC
structure. Nevertheless, it remains intriguing whether S-bacillithiola-
tion of the non-catalytic Cys residues in PpaC protects the enzyme
against overoxidation or functions in redox-regulation which remains to
be elucidated.

Similar to PpaC, GapDH and GuaB also contain non-catalytic and

Protein  Organism Related structures (PDB ID)  Cysteine residues  Function of the cysteine residue  Confirmed post-translational modification *
AldA Staphylococcus aureus ~ 3TY7 C279 active site residue S-bacillithiolation
GapDH Staphylococcus aureus ~ 3LC7 C96 -
3LVF C151 active site residue S-bacillithiolation, overoxidation
5T73
GuaB Staphylococcus aureus - C307 active site S-bacillithiolation
C326 - S-bacillithiolation
GuaB Bacillus anthracis 3TSB C308 active site S-bacillithiolation
3USB C327 S-bacillithiolation
3TSD
MetE Staphylococcus aureus - C632 zinc-binding site -
C715 zinc-binding site S-bacillithiolation
MetE Streptococcus mutans 3L7R C632 zinc-binding site -
3T0C C715 zinc-binding site S-bacillithiolation
PpaC Staphylococcus aureus ~ 4RPA C110 overoxidation
C118 -
C158 - S-bacillithiolation, overoxidation
SarZ Staphylococcus aureus ~ 3HRM C13 redox-active S-bacillithiolation
3HSE
3HSR

2 Also if confirmed in other species.
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Fig. 11. The distribution of the cysteine residues in S-bacillithiolation targets. All active site and cysteine residues of S. aureus PpaC (PDB ID: 4RPA) (A), S.
aureus GapDH (PDB ID: 5T73) (B) and B. anthracis GuaB (PDB ID: 3TSB) (C) are shown as spheres. The cysteine residues for which the S-bacillithiolation was
confirmed are highlighted in red, whereas the other cysteine residues are coloured orange. The active sites residues that are not cysteine are shown in purple. The
overoxidized Cys residues are marked as oC. The chain B is shown in gray (For interpretation of the references to color in this figure legend, the reader is referred to

the web version of this article).

non-conserved Cys residues, such as C96 of S. aureus GapDH that was
neither S-bacillithiolated nor overoxidized and is buried in the structure
like C118 in PpaC (Fig. 11B) [42]. In contrast, in GuaB of B. anthracis,
the non-conserved C326 close to the active site was identified as S-
bacillithiolated because it is accessible for BSH (Fig. 11C) [77].

The most interesting targets for S-bacillithiolation are redox-sensing
regulators, such as the thiol-based OhrR repressor which was S-ba-
cillithiolated at the conserved C15 under HOCI and CHP stress [74,75].
In S. aureus, the OhrR-homolog SarZ was identified as redox-sensitive
repressor and the structural changes were investigated during thiol-
oxidation of the single C13, including S-thiolation with the synthetic
benzene thiol [75,82,87,88]. The crystal structures of SarZ in reduced
(PDB ID: 3HSE), sulfenic acid (PDB ID: 3HRM), and mixed disulfide
form (PDB ID: 3HSR)[82] provide the explanation for inhibition of SarZ
repressor activity. Upon C13 oxidation, several a-helices of the DNA-
binding helix-turn-helix motif change their conformations leading to
dissociation of SarZ from the promoter DNA. Inhibition of SarZ re-
pressor activity results in derepression of transcription of a large SarZ
regulon, including the ohr peroxiredoxin gene and genes involved in
cellular metabolism, virulence, and antibiotic resistance [87]. Inter-
estingly, oxidation of SarZ to the C13 sulfenic acid does not lead to
inactivation and structural changes of SarZ (Fig. 10K). Only further
overoxidations of C13 to sulfonic acid or S-thiolation causes SarZ in-
activation [82]. The structure of the S-thiolated C13-benzene thiol
complex provides insights into possible binding sites for LMW thiols.
Benzene thiol occupies different positions in different SarZ monomers
present in the asymmetric unit of the S-thiolated SarZ structure. In
monomer B and C, benzene thiol is oriented toward the surface of the
protein, whereas in monomer D, it is buried in a hydrophobic cavity in
the dimer interface (Fig. 10L). Benzene thiol might enter the cavity with
C13 and the formation of the disulfide bond occurs at a position seen in
monomer B, C. Afterwards, C13 changes the conformation yielding
another orientation of benzene thiol, as in monomer D [82]. In the case
of the BSH binding, the location of BSH in the hydrophobic pocket is
less probable because BSH contains several charged groups.

In general, all discussed potential BSH-binding site are composed of
positively or negatively charged residues that can interact with the
amine, hydroxyl and carboxyl groups of the BSH. Our structural

142

analysis shows that the S-bacillithiolated Cys residues in different
proteins are easily accessible for BSH due to their location either in the
active sites of proteins or at the protein surface. The Cys residues buried
in protein structure, e.g. C96 of GapDH and C118 of GuaB, do not un-
dergo S-bacillithiolation. In the majority of targets, S-bacillithiolation
occurs at the catalytic active sites (C151 of GapDH, C279 of AldA, C308
of GuaB, C715 of MetE) or redox-sensing Cys residues of thiol-based
redox sensors, such as C13 of SarZ or C15 of OhrR. S-thiolation of SarZ
leads to conformational changes, which is the mechanism of derepres-
sion of SarZ controlled target genes [82]. The models of S-bacillithio-
lated GapDH and AldA do not support structural changes. This is in
agreement with the catalytic reactions of substrate conversion in
GapDH and AldA that are not accompanied by significant structural
alterations. In contrast, the inactivation of SarZ requires structural
changes in the DNA binding domains as redox-regulatory mechanism.
Therefore, it is tempting to speculate that S-thiolation of enzymes in
most cases does not lead to structural changes, although exceptions are
possible.

2.7. Protein S-bacillithiolation is redox controlled by bacilliredoxins (Brx)

The reduction of S-bacillithiolated proteins in Firmicutes is catalyzed
by the bacilliredoxin redox pathway (Fig. 12). The bacilliredoxins BrxA
and BrxB were identified as paralogs of the DUF1094 family in B.
subtilis, which shared 53% sequence identity [89,90]. Phylogenomic
profiling identified BrxA and BrxB as Trx-like proteins with unusual
CGC active sites. The crystal structure of BrxA revealed overall struc-
tural similarities to thioredoxins. However, the redox potential was
determined as —130mV, which is much more positive compared to
that of thioredoxin proteins [91]. Furthermore, BrxC was identified as
candidate for a monothiol Brx which has a TCPIS active motif and is
similar to monothiol Grx. However, the function of BrxC in de-ba-
cillithiolation remains to be elucidated [92]. The flavin disulfide re-
ductase YpdA was suggested as putative BSSB reductase in the STRING
search due to its phylogenetic co-occurance together with the BSH
biosynthesis enzymes [55]. However, the catalytic activity of YpdA in
BSSB reduction could not be demonstrated yet.

Bacilliredoxins function analogous to glutaredoxins by the attack of
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Fig. 12. Reversal of protein S-bacillithiolation by the
bacilliredoxin pathway. (A) In BSH-producing
Firmicutes, such as B. subtilis and S. aureus, a bacilliredoxin
(Brx) redox pathway is proposed for reduction of S-ba-
cillithiolated proteins. During the reduction of S-ba-
cillithiolated proteins, a Brx-SSB intermediate is generated
that could be reduced by BSH leading to oxidized BSSB.
The reduction of BSSB may require the NADPH-dependent
bacillithiol disulfide reductase YpdA which remains to be
elucidated. (B) The crystal structure of BrxA (YphP) (PDB
ID: 3FHK) and (C) its active site. The active and resolving
Cys residues of Brx are displayed as spheres (B) and sticks
©.

This figure is adapted from [2].
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the active site Cys on BSH-mixed protein disulfides, resulting in the
transfer of BSH to the active site Cys of Brx (Fig. 12) [89]. In B. subtilis,
the S-bacillithiolated OhrR repressor and MetE were identified as nat-
ural substrates for BrxA and BrxB in vitro. The DNA-binding activity of
the OhrR repressor could be recovered after de-bacillithiolation by the
BrxBC54A mutant protein. The de-bacillithiolation of MetE-SSB was
demonstrated by BSH-specific Western blot analysis and mass spectro-
metry, but MetE reactivation could not be shown in vitro. While de-
bacillithiolation of OhrR-SSB is catalyzed mainly by BrxB, reduction of
MetE-SSB can be catalyzed by both BrxA and BrxB [89].

In S. aureus, the glycolytic GapDH was demonstrated as specific
substrate for de-bacillithiolation by BrxA (SAUSA300.1321) during
recovery from oxidative stress [42]. Using in vitro activity assays, the
glycolytic GapDH activity could be restored after de-bacillithiolation by
BrxA and the BrxCGA-resolving Cys mutant, but not by the BrxAGC-
active site Cys mutant. BSH-specific Western blot analysis supported the
reduction of GapDH-SSB in vitro [42]. However, in vivo evidence for the
functions of Brx and YpdA in the oxidative stress response is still
missing in Firmicutes.

3. Outlook for future research

In this review, we report an update in the research of the functions
and properties of the LMW thiols mycothiol and bacillithiol, which are
dominant scavengers of ROS and other reactive species in Actinomycetes
and Firmicutes. MSH and BSH were also shown to contribute to the
pathogenicity and antibiotic resistance mechanisms of major human
pathogens, such as M. tuberculosis and S. aureus indicating the im-
portance of LMW thiols in the defense against the host innate immune
system during infections. Significant progress has been made in the
structural and mechanistic characterization of many MSH and BSH-
dependent detoxification enzymes, as well as MSH and BSH biosynth-
esis enzymes. However, the catalytic mechanism of the putative BshC
ligase and the NADPH-dependent flavin disulfide reductase YpdA are
still unknown. Similarly, other unknown MSH- or BSH-dependent for-
maldehyde dehydrogenases, quinone reductases, and peroxidases might
play important roles in detoxification of reactive compounds. There is
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also significant progress for the role of BSH in FeS cluster assembly,
Zn?* and Cu' homeostasis, but related roles of MSH have not been
investigated and may be important to maintain metal homeostasis
under infection conditions. Recent work also showed an involvement of
BSH in sulfide homeostasis and sulfhydrations that are implicated in
redox regulation of metabolic enzymes and virulence regulators.
Finally, over the last years many targets for protein S-mycothiolation
and S-bacillithiolation have been discovered through shotgun pro-
teomics and quantitative thiol-redox proteomics. For some antioxidant
enzymes (AhpE, Mpx, MsrA) and metabolic enzymes (GapDH), the roles
of MSH and BSH in thiol-protection and redox-regulation under oxi-
dative stress have been clearly shown. Molecular docking of BSH into
the active sites of GapDH and AldA of S. aureus provided first insights
that S-bacillithiolation does not require structural changes. Moreover,
BSH can occupy two different positions in the active sites with the
active site Cys in the attacking or resting state, depending on the pre-
sence of the NAD" cofactor. Our structural comparison here revealed
that these mechanisms could be relevant also for many other conserved
targets for S-thiolations, such as GuaB. However, the physiological roles
of these protein S-thiolations in cellular physiology in Actinomycetes and
Firmicutes requires much more detailed future work. In addition, the
functions of bacilliredoxins under oxidative stress remain to be eluci-
dated. Thus, future research should be directed to elucidate the phy-
siological roles of the LMW thiols BSH and MSH and the many targets
for protein S-bacillithiolation and S-mycothiolation in bacterial phy-
siology under stress and infection conditions.
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