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ARTICLE INFO ABSTRACT

Keywords: The prevalence of methicillin-resitant Staphylococcus aureus (MRSA) in hospitals and the community poses an
Staphylococcus aureus increasing health burden, which requires the discovery of alternative antimicrobials. Allicin (diallyl thiosulfi-
Alli_df_‘ . nate) from garlic exhibits broad-spectrum antimicrobial activity against many multidrug resistant bacteria. The
Bacillithiol thiol-reactive mode of action of allicin involves its S-thioallylations of low molecular weight (LMW) thiols and
S-thioallylation : . i . i P

MerA protein thiols. To investigate the mode of action and stress response caused by allicin in S. aureus, we analyzed
BrxAB the transcriptome signature, the targets for S-thioallylation in the proteome and the changes in the bacillithiol

YpdA (BSH) redox potential (Egsy) under allicin stress. Allicin caused a strong thiol-specific oxidative and sulfur stress
response and protein damage as revealed by the induction of the PerR, HypR, QsrR, MhqR, CstR, CtsR, HrcA and
CymR regulons in the RNA-seq transcriptome. Allicin also interfered with metal and cell wall homeostasis and
caused induction of the Zur, CsoR and GraRS regulons. Brx-roGFP2 biosensor measurements revealed a strongly
increased Eggsy under allicin stress. In the proteome, 57 proteins were identified with S-thioallylations under
allicin treatment, including translation factors (EF-Tu, EF-Ts), metabolic and redox enzymes (AldA, GuaB, Tpx,
KatA, BrxA, MsrB) as well as redox-sensitive MarR/SarA-family regulators (MgrA, SarA, SarH1, SarS). Phenotype
and biochemical analyses revealed that BSH and the HypR-controlled disulfide reductase MerA are involved in
allicin detoxification in S. aureus. The reversal of protein S-thioallylation was catalyzed by the Brx/BSH/YpdA
pathway. Finally, the BSSB reductase YpdA was shown to use S-allylmercaptobacillithiol (BSSA) as substrate to
regenerate BSH in S. aureus. In conclusion, allicin results in an oxidative shift of Ezsy and protein S-thioally-
lation, which can be reversed by YpdA and the Brx/BSH/YpdA electron pathways in S. aureus to regenerate thiol
homeostasis.

1. Introduction

Staphylococcus aureus is an opportunistic human pathogen that
causes many diseases, ranging from local skin abscesses to life-threa-
tening systemic and chronic infections, including septicemia, en-
docarditis, pneumonia and osteomyelitis [1-3]. S. aureus isolates are
the leading cause of nosocomial infections, and are often resistant to
multiple antibiotics, including methicillin-resistant S. aureus (MRSA)
[4]. Due to the prevalence of MRSA infections, S. aureus belongs to the

most dangerous ESKAPE pathogens [5]. The increasing problem of
antimicrobial resistance demands the design of alternative anti-
microbials and discovery of natural compounds with antibiotic prop-
erties, which do not cause resistance development.

Thiol-reactive natural compounds, such as the garlic-derived diallyl
thiosulfinate allicin have long been used as broad-spectrum anti-
microbials to threat bacterial infections [6,7]. Allicin is produced in
garlic plants (Allium sativum) upon wounding from the odor-less pre-
cursor alliin. The cysteine-S-lyase alliinase is released from the vacuole
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into the cytosol upon garlic tissue damage, generating allyl sulfenic acid
and dehydroalanine from alliin [8,9]. Two allyl sulfenic acid molecules
condense to form the thiol-reactive diallyl thiosulfonate (allicin), which
gives garlic its characteristic odor [10]. Allicin can further decompose
upon heating into diallyl disulfides and diallyl polysulfanes with up to
seven sequential sulfur atoms, which are also thiol-reactive [11,12].
Allicin and diallyl polysulfanes showed broad-spectrum antimicrobial
activity against various Gram-positive and Gram-negative bacteria, in-
cluding multi-resistant S. aureus, Streptococcus pneumoniae, Pseudo-
monas aeruginosa, Helicobacter pylori, Escherichia coli, Bacillus subtilis and
Klebsiella pneumoniae as well as fungi, such as Candia albicans and
parasites [10-16]. Due to its volatile nature, allicin can be applied via
the pulmonary route as a vapor by inhalation, which makes it attractive
for antimicrobial treatment of respiratory pathogens to combat pneu-
monia infections [13]. Indeed a historical precedent for this is known
from the pre-streptomycin era for the treatment of tuberculosis infec-
tions caused by Mycobacterium tuberculosis [17].

The antimicrobial mode of action of allicin has been studied in
detail in E. coli previously [14]. Allicin has been shown to cause de-
pletion of the low molecular weight (LMW) thiol glutathione (GSH), by
a thiol-disulfide exchange reaction, leading to S-allylmercaptoglu-
tathione (GSSA). In E.coli and human cells, significant protein S-
thioallylation has been demonstrated after allicin exposure
[14,15,18,19]. In the Gram-positive bacterium B. subtilis, depletion of
several LMW thiols, including bacillithiol (BSH), cysteine and coen-
zyme A by garlic derived diallyl polysulfanes has been recently reported
using thiol metabolomics [16]. As a volatile compound, allicin can
easily penetrate the cellular phospholipid membrane, which contributes
to its antimicrobial mode of action. Moreover, allicin can cause pore
formation in biological membranes and artificial lipid bilayers, facil-
itating the uptake and action of other antibiotics [20,21]. This ability of
allicin to pass membranes has inspired pharmacists to design N-thio-
lated fluoroquinolone and dipyridyl antibiotics [22,23]. These thiolated
antibiotics exhibited enhanced activity against MRSA and other ES-
KAPE pathogens due to disulfide formation with LMW thiols, genera-
tion of reactive oxygen species (ROS) and increased penetration of
bacterial membranes. Thus, allicin's major antimicrobial mode of action
is mainly attributed to the S-thioallylation of LMW thiols and protein
thiols, leading to enzyme inhibition and cell death [14,15,19]. Several
enzymes were inhibited by S-thioallylation under allicin stress in vitro,
such as the cysteine protease papain, alcohol dehydrogenases, enolase
and isocitrate lyase [14,15,18]. We have recently identified 332 pro-
teins with S-thioallylations after allicin treatment in human Jurkat cells
[18]. The major allicin targets were abundant cytoskeletal proteins,
such as actin, tubulin, cofilin, filamin and plastin-2. In addition, heat
shock chaperones, glycolytic enzymes and translation factors were
modified by allicin in human Jurkat cells. In E. coli, allicin was further
shown to cause a heat shock and oxidative stress response [14]. Allicin
caused protein aggregation resulting in stabilization of the RpoH heat
shock sigma factor, which controls the heat shock response [14]. Ad-
ditionally, a recent study revealed that allicin leads to fragmentation of
the peptidoglycan in S. aureus, which is proposed to be caused by S-
thioallylation of cell wall synthesis and hydrolytic enzymes [24].
However, the detailed mode of action of allicin and the targets for S-
thioallylation have not been studied in multi-resistant S. aureus isolates.

S. aureus utilizes BSH as major LMW thiol, which functions as de-
fense mechanism against ROS, thiol-reactive compounds, antibiotics
and enhances intracellular survival inside macrophages during infec-
tions [25-28]. Under HOCI stress, BSH forms mixed disulfides with
proteins, termed as protein S-bacillithiolation, which can function in
thiol-protection and redox regulation of proteins [29-31]. In addition,
S. aureus encodes many redox-sensitive transcriptional regulators, such
as the MarR-type regulators SarA, MgrA and SarZ, the Rrf2-family
regulater HypR and the PerR repressor, which control antioxidant en-
zymes and thiol-disulfide reductases, [28,32-37]. HypR was char-
acterized as disulfide stress-specific repressor controlling the NADPH-
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dependent flavin disulfide reductase MerA as defense mechanisms
against HOCI, diamide and AGXX’ stress [38,39]. MerA was also shown
to provide protection under macrophage infections [38]. HypR senses
and responds to HOCI stress by intersubunit disulfide formation, re-
sulting in inactivation of its repressor activity and derepression of the
hypR-merA operon [38].

Here, we used RNA-seq transcriptomics, proteomics and redox
biosensor measurements to study the thiol-reactive mode of action of
allicin and the targets for S-thioallylation in S. aureus USA300. We
further used growth and survival assays as well as biochemical assays to
reveal functions of BSH and the disulfide reductase MerA in allicin
detoxification and reduction of S-thioallylations by the BrxAB/BSH/
YpdA-pathway and the bacillithiol disulfide (BSSB) reductase YpdA in
S. aureus. Together our data revealed an oxidative shift in Epgy and
extensive protein S-thioallylation that can be reversed by YpdA and the
Brx/BSH/YpdA electron pathway to regenerate Epgy and protein thiols
in S. aureus.

2. Materials and methods
2.1. Bacterial strains, growth and survival assays

Bacterial strains are listed in Table S1. S. aureus strains were culti-
vated either in LB, RPMI or Belitsky minimal medium as described
[38,40]. For genetic manipulation and cloning, E. coli strains were
grown in LB medium. Growth and survival phenotypes analyses under
allicin stress were performed with S. aureus COL and USA300 wild
types, the S. aureus USA300 AbshA mutant [27], the S. aureus COL
AbshA, AmerA, AypdA, AbrxAB mutants and the merA, ypdA, brxA and
brxB complemented strains as described [38]. Construction of the ypdA,
brxAB mutants and ypdA, brxA and brxB complemented strains is de-
scribed previously [41]. The S. aureus strains were grown in RPMI
medium and treated with 100-300 uM allicin as described [31]. Sur-
vival assays were conducted by spotting 10 ul of serial dilutions after
exposure to 200-300 uM allicin for 2 and 3 h onto LB agar plates, which
were incubated overnight at 37 °C for visualization of colony forming
units (CFU). Allicin was synthetized by oxidation of 3-[prop-2-en-1-yl)
disulfanyl] prop-l-ene (diallyl disulfide) with peracetic acid as de-
scribed previously [42].

2.2. Identification of S-thioallylated proteins using LTQ-Orbitrap mass
spectrometry

S. aureus USA300 was grown in LB until an optical density at
540 nm (ODs4p) of 2, transferred to Belitsky minimal medium and ex-
posed to 300 uM allicin for 30 min for identification of S-thioallylated
proteins as described [18,29]. NEM-alkylated protein extracts were
prepared and used for tryptic in-gel-digestion and LTQ Orbitrap Velos
mass spectrometry as described [29]. S-thioallylated proteins were
identified by searching all tandem mass spectrometry (MS/MS) spectra
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 M-SEQUEST" (Se-
quest v. 2.7 rev.11, Thermo Electron, including Scaffold 4.0; Proteome
Software, Inc., Portland, OR). The SEQUEST search was carried out
with the previously used parameters [29], including a parent ion mass
tolerance of 10 ppm and a fragment ion mass tolerance of 1.00 Da. Up
to two tryptic mis-cleavages were allowed. Methionine oxidation (Met
+15.994915 Da), cysteine alkylation by N-ethylmaleimide (Cys
+125.04767 Da) and cysteine S-thioallylation by allicin (Cys
+72.00337 Da for C3HsS,) were set as variable modifications. The
mass spectrometry data have been deposited to the ProteomeXchange
Consortium via the PRIDE partner repository [43,44] with the dataset
identifier PXD010338.
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2.3. Cloning, expression and purification of His-tagged MerA, MerAC43S,
YpdA, YpdAC14A, GapDH, BrxA and BrxB proteins in E. coli

The merA gene (SACOL0640) was amplified from chromosomal
DNA of S. aureus COL by PCR using primers pET-merA-for-Nhel and
pET-merA-rev-BamHI (Table S3), digested with Nhel and BamHI and
inserted into plasmid pET11b (Novagen), that was digested using the
same restriction enzymes to generate plasmid pET11b-merA. The
pET11b plasmids for overexpression of the His-tagged proteins GapDH,
BrxA (SACOL1464), YpdA and YpdAC14A in E. coli were constructed
previously [31,41]. The pET11b-merAC43S mutant plasmid was gen-
erated using PCR mutagenesis to replace the active site Cys43 by serine.
In brief, two first-round PCR reactions were performed with primers
PET-merA-for-Nhel and pET-merAC43S-fl-rev as well as primers pET-
merAC43S-f2-for and pET-merA-rev-BamHI using S. aureus COL DNA as
template (Table S3). The PCR products were fused by overlap extension
PCR, digested with Nhel and BamHI and cloned into the same sites into
pET11b to generate plasmid pET11b-merAC43S.

For expression of His-tagged proteins (GapDH, BrxA, YpdA,
YpdAC14A, MerA, MerAC43S), E. coli BL21(DE3) plysS strains carrying
pET11b plasmids with the cloned genes (Table S2) were cultivated in 1 1
LB medium until an ODggo of 0.6 followed by addition of 0.7-1 mM
IPTG (isopropyl-p-p-thiogalactopyranoside) for 16hat 25°C. His-
tagged proteins were purified using His Trap™ HP Ni-NTA columns
(5ml; GE Healthcare, Chalfont St Giles, UK) and the AKTA purifier li-
quid chromatography system (GE Healthcare) as described [38].

2.4. RNA-seq transcriptome analysis and bioinformatics

S. aureus USA300 was cultivated in Belitsky minimal medium and
harvested before (control) and 30 min after exposure to 300 uM allicin
stress as described [38]. RNA isolation, library preparation, next gen-
eration cDNA sequencing and read assembly were carried out as de-
scribed previously [38]. Differential gene expression analysis of 3 bio-
logical replicates was performed using DESeq2 [45] with ReadXplorer
v2.2 [46] as described [38] using an adjusted p-value cut-off of
P < 0.05 and a signal intensity ratio (M-value) cut-off of = +0.6 or < -
0.6 (fold-change of + 1.5). The transcriptome sequencing raw files
were deposited into the ArrayExpress database (www.ebi.ac.uk/
arrayexpress) under accession number E-MTAB-5667.

2.5. Construction of the Voronoi allicin transcriptome treemap

For construction of the allicin transcriptome treemap, the Paver
software (DECODON GmbH, Greifswald, Germany) was applied [47].
The treemap visualizes the log2-fold changes (M-values) of the most
interesting allicin-induced redox regulons using a red-blue colour gra-
dient. Regulons are indicated with larger white labels, genes and op-
erons are shown with smaller labels. The cell sizes are defined as ab-
solute log2-fold changes of expression levels under allicin treatment
relative to the control.

2.6. Northern blot experiments

For Northern blot analysis, RNA was isolated from S. aureus USA300
and B. subtilis strains after treatment with 100-300 uM allicin for 15 or
30 min according to previous methods description [48]. Hybridizations
were performed using the digoxigenin-labelled antisense RNA probes
specific for the S. aureus USA300 genes azoR1 (USA300HOU_0360), ohr
(USA300HOU_0835), katA (USA300HOU_1277) and cysKk
(USA300HOU_0507) as well as paralogous B. subtilis genes azoR1, ohrA,
katA and cysK. The RNA probes for the S. aureus genes were synthesized
in vitro using T7 RNA polymerase and the gene-specific primers as listed
in Table S3 as described [48]. The RNA probes specific for the B. subtilis
genes azoR1, ohrA, katA and cysK were generated previously [49-51].
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2.7. Measurement of the BSH redox potential (Egsy) in S. aureus COL using
the Brx-roGFP2 biosensor

S. aureus COL with the Brx-roGFP2 biosensor was treated with
5-100 uM allicin to monitor the changes in Epgy as measured by its
oxidation degree (OxD) [40]. For allicin injection into microplate wells,
biosensor cells were grown overnight in LB with 1% xylose, harvested
and transferred to Belitsky minimal medium (BMM). Cells were ad-
justed to an ODsg of 2 and distributed into the microplate wells to start
injection of 5-100 uM allicin and fluorescence measurements. For OxD
measurements after different times of allicin stress and DTT reduction,
S. aureus COL Brx-roGFP2 cells were grown in shake flasks in LB to an
ODs49 of 2, transferred to BMM and exposed to 150 uM allicin. Cells
were harvested before and after different times of 150 uM allicin stress,
blocked with 10 mM NEM and transferred to microplate wells. Brx-
roGFP2 biosensor fluorescence emission was measured at 510 nm after
excitation at 405 and 488 nm using the CLARIOstar microplate reader
(BMG Labtech). Samples for fully reduced and oxidized controls were
treated for 10 min with 10 mM DTT and 5 mM diamide, respectively.

The OxD of the Brx-roGFP2 biosensor was determined for each
sample and normalized to fully reduced (DTT-treated) and oxidized
(diamide-treated) controls as described [40] based to the following
equation (1):

T405gmple X 1488100~ 405,04 X 1488gamplc
T405gmple X 148810q — T405gmpie X 14884, +
14050 X I488gmple — 14054 X I488gmpie

OxD =

1)

The values of I4055,mpie and I488;,mpie are the observed fluores-
cence excitation intensities at 405 and 488 nm, respectively. The values
of I405,cq, 14884, [405,, and I488,, represent the fluorescence in-
tensities of fully reduced and oxidized controls, respectively.

Based on the OxD and Elmp, = - 280mV [52], the BSH redox
potential can be calculated according to the Nernst equation (2):

. RT 1-0xD
Egst = Erogrp2 = Erogrpz — [E) * In( OxD ]

(2)

2.8. Biochemical assays for NADPH-dependent allicin detoxification by
MerA, reduction of BSSA by YpdA and recovery of S-thioallylated GapDH
using the BrxA/BSH/YpdA electron pathway in vitro

The purified BrxA, GapDH, YpdA and YpdAC14A proteins were pre-
reduced with 10 mM DTT, followed by DTT removal with Micro Biospin
6 columns (Biorad) before the activity assays. MerA and MerAC43S
proteins were incubated for 30 min with NADPH for their reduction.
The NADPH-dependent reductions of allicin and BSSA by MerA,
MerAC43S, YpdA or YpdAC14A proteins were analyzed by the absor-
bance change at 340 nm to monitor NADPH consumption using the
Clariostar microplate reader. For the allicin reduction assay, 12.5 uM of
purified MerA, MerAC43S, YpdA and YpdAC14A proteins were in-
cubated with 125-250 uM allicin and 500 uM NADPH in 20 mM Tris,
1.25mM EDTA, pH 8.0 to monitor NADPH consumption. BSSA was
generated by reaction of 40 or 125uM BSH and 40 or 125 uM allicin,
respectively for 30 min. BSSA was used as substrate for reduction by
YpdA or MerA as follows. About 12.5 uM of purified MerA or MerAC43S
proteins were incubated with 500 uyM NADPH in 20 mM Tris, 1.25 mM
EDTA, pH 8.0 for 30 min, followed by addition of 125 uM BSSA, while
pre-reduced YpdA or YpdAC14A proteins were added to 40 uM BSSA
and 500 uM NADPH to start the reaction. NADPH consumption was
monitored as absorbance decrease at 340 nm. To measure reduction of
S-thioallylated GapDH by the BrxA/BSH/YpdA electron pathway,
GapDH (40 uM) was S-thioallylated with 0.75 mM allicin at 37 °C for
10 min, followed by removal of excess allicin with Micro Biospin 6
columns. Before the reaction of S-thioallylated GapDH with the BrxA/
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BSH/YpdA electron pathway, 2.5 uM GapDH-SSA was equilibrated with
12.5 uM BrxA, 40 uM BSH and 500 uM NADPH in 20 mM Tris, 1.25 mM
EDTA, pH 8.0 at room temperature for 30 min. Next, 12.5uM YpdA
protein was added to the reaction mix at 30 °C for 6 min and NADPH
consumption was measured at 340 nm. The biochemical activity assays
were each performed in 3-4 replicate experiments.

2.9. GapDH activity assays

GapDH activity assays were performed after allicin exposure using a
spectrophotometric assay with glyceraldehyde-3-phosphate (G3P) as
substrate and NAD™" as cofactor to monitor NADH generation as ab-
sorbance increase at 340 nm as described [31]. The GapDH reaction
mix contained 2.5 uM GapDH, 0.25 mM G3P, 1.25mM NAD ™", 150 mM
sodium arsenate in 20 mM Tris-HCl, 1.25 mM EDTA, pH 8.0. To study
GapDH inactivation by allicin in vitro, purified GapDH was reduced
with 10 mM DTT for 20 min and excess of DTT was removed with Micro
Biospin 6 columns. Reduced GapDH was S-thioallylated with
0.1-0.75 mM allicin for 10 min at 37 °C, and GapDH activity was mea-
sured. For reduction of S-thioallylated GapDH, 10 mM DTT or 12.5 uM
BrxA were added to GapDH-SSA for 30 min and the regeneration of
GapDH activity was monitored in NADH progress curves.

2.10. Western blot analysis

S. aureus strains were grown in LB until an ODsy4, of 2, transferred to
Belitsky minimal medium and treated with 150 and 300 uM allicin for
60 min. Cytoplasmic proteins were prepared and subjected to non-re-
ducing BSH-specific Western blot analysis using the polyclonal rabbit
anti-BSH antiserum as described previously [30].

3. Results

3.1. Allicin provokes a strong thiol-specific oxidative and sulfur stress
response in the S. aureus USA300 transcriptome

Growth curves and survival assays were performed to determine the
sub-lethal and growth-inhibitory allicin concentration in S. aureus COL
and USA300. Exposure of S. aureus to 100-300 uM allicin during the
exponential growth resulted in a lack of growth for 1h followed by
resumption of growth with the same growth rate as in untreated cells
(Fig. S1AB). Survival assays in Belitsky minimal medium further re-
vealed no negative effect of 150-300 uM allicin on cell viability of S.
aureus COL and USA300 (Fig. S1CD). Thus, 300 uM allicin was applied
as sub-lethal dose to investigate the changes in the RNA-seq tran-
scriptome in S. aureus USA300 in 3 biological replicate experiments
before (control) and 30 min after allicin exposure as described pre-
viously [38,53]. For significant expression changes, the M-value cut-off
(log2-fold change allicin/control) of =0.6 and =-0.6 (fold-change
of + 1.5, P < 0.05) was used. Among the differentially transcribed
genes, 457 were significantly > 1.5-fold up-regulated and 674 were < -
1.5-fold down-regulated under allicin stress (Figs. 1 and 2, Tables S4
and S5). About 58 genes displayed the highest fold-changes (10-268-
fold), which belong to the PerR, HypR, QsrR, MhqR, CtsR, HrcA, CidR,
CymR, CstR, CsoR, Zur and GraRS regulons. Thus, the transcriptome
under allicin stress resembles a thiol-specific oxidative stress signature
as previously defined under NaOCl stress [38].

Moreover, the allicin expression profile overlaps strongly with the
transcriptome of S. aureus under NaOCl [38] and AGXX" stress [39].
The thiol-specific hypR-merA operon (HypR regulon) and the
USA300HOU_2567-68 operon are most strongly induced with fold-
changes of 195-228 and 220-267, respectively (Figs. 1 and 2, Tables S4
and S5). In addition, the QsrR, CstR, CsoR and Zur regulons showed
20-88-fold transcriptional up-regulations by allicin. The CstR repressor
controls the cstAB-sqr and cstR-tauE operons and senses reactive sulfur
species (RSS), such as hydrogen sulfide [54-56]. Thus, the induction of
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the CstR regulon by allicin supports its main mode of action as RSS
[57]. The up-regulation of the CsoR and Zur regulons by allicin might
be explained by S-thioallylation of metal binding Cys in these me-
talloregulatory proteins, leading to their inactivation and induction of
Cu™ and Zn**-uptake systems. In addition, the heat-shock specific
chaperones and proteases of the CtsR and HrcA regulons [58,59] were
10-20-fold up-regulated by allicin, including the ctsR-mcsA-mcsB-clpC
and hrcA-grpE-dnaKJ operons. This supports the increased aggregation
by S-thioallylation of protein thiols, resulting in a protein damage and a
heat shock response as demonstrated in E. coli [14].

Moreover, allicin has been shown to deplete GSH and protein thiols
in E. coli and eukaryotic cells [14,18,19]. Thus, it is anticipated that
allicin causes depletion of cysteine and BSH in S. aureus. In agreement
with this notion, the CymR regulon for cysteine biosynthesis and the
pathways for BSH biosynthesis and reduction of S-bacillithiolated pro-
teins were 2-5-fold induced by allicin, including the bshA, bshB, bshC,
brxA, brxB and ypdA genes and operons (Tables S4 and S5). In addition,
allicin resulted in increased transcription of members of the GraRS cell
wall stress regulon in S. aureus. This might be related to allicin's effect
on the membrane potential as shown in yeast and the alga Chara cor-
allina [21,42]. Finally, allicin led to 11-14-fold induction of genes en-
coding flavin oxidoreductases, such as acpD, namA and nfrA in S. aureus.
These could be involved in allicin detoxification or reduction of S-
thioallylations to regenerate BSH or protein thiols. Taken together, our
RNA-seq data support that allicin leads to a strong thiol-specific oxi-
dative and sulfur stress response and protein damage in S. aureus
USA300, which is probably attributed to S-thioallylation of LMW thiols
and proteins thiols.

3.2. Northern blot analysis indicates that allicin causes similar thiol-specific
stress responses in S. aureus and B. subtilis

Next, we used Northern blot analyses to confirm the induction of
thiol-specific regulons by allicin in S. aureus USA300. In addition, we
were interested whether a similar thiol-specific transcriptional response
is caused in the related Gram-positive bacterium B. subtilis. Thus, we
analyzed the transcription of representative homologous genes of the
PerR (katA), QsrR/YodB (azoR1), CymR (cysK) and SarZ/OhrR (ohr/
ohrA) regulons of S. aureus and B. subtilis under allicin stress (Fig. 3).
The Northern blot results showed strong induction of the genes of the
PerR, QsrR/YodB, CymR and SarZ/OhrR regulons in both bacteria, in-
dicating similar thiol-reactive modes of actions of allicin in S. aureus
and B. subtilis (Fig. 3AB). Quantification of the Northern blot signals
revealed inductions of 32-63-fold for the YodB/QsrR dependent azoR1
gene and for the SarZ/OhrR-regulated ohr/ohrA genes in both S. aureus
and B. subtilis under allicin treatment (Fig. 3CDE). These results indicate
that allicin elicits similar thiol-specific oxidative stress responses in
both bacteria.

3.3. Allicin leads to an oxidative shift in Egsy; and widespread S-
thioallylation of 57 proteins in S. aureus

Next, we investigated the changes in Eggyy in S. aureus USA300 under
allicin stress using our genetically encoded Brx-roGFP2 biosensor [40].
The oxidation degree (OxD) of the Brx-roGFP2 biosensor in S. aureus
cells was followed after injection of increasing levels of 5-100 uM al-
licin into the microplate wells (Fig. 4A). Remarkably, low levels of
5-10 uM allicin caused already a strong and fast biosensor oxidation,
with an OxD increase from 0.4 to ~0.7 within 20 min. The Brx-roGFP2
biosensor was fully oxidized by 20-100 uM allicin and reached an OxD
of 0.8-0.9 after 10 min. However, no recovery of the reduced state of
Epsyy was measured in allicin-treated cells. To prove the reversibility of
Brx-roGFP2 oxidation due to S-thioallylation, DTT was added to the
oxidized allicin-treated biosensor cells resulting in immediate reduction
(Fig. 4BC). In conclusion, these Brx-roGFP2 measurements revealed a
strongly increased Epgy upon allicin stress supporting its major impact



V.V. Loi, et al. Free Radical Biology and Medicine 139 (2019) 55-69

10 Fig. 1. RNA-seq transcriptomics of S. aureus

® TetR USA300 under allicin stress. For RNA-seq tran-

3 ® HypR g merA ‘:2568 scriptomics, S. aureus USA300 was treated with

catE-359-az0R1 1567 300 uM allicin for 30 min. The allicin-induced ex-

® MhgR e e @catE2 pression profile is shown as ratio/intensity scatter

?n 8 o ; cstB copA plot (M/A-plot), which is based on the differential
£ ® QsrR cidBy g chpn2 . oo

8 ) o7 ERE taue *9C_o4c gene expression analysis using DeSeq2. Colored

3 4 | eCidrR mhaky »sog - f’P?p:‘Bo = cg,‘%‘;‘;jﬁ;‘“" symbols indicate significantly induced (red, orange,

:9 © CisR mhqp  CaiA d;)cn o557 C”’Bg’ﬁqﬁkgy yellow, blue, cyan, violet, green, yellow) or repressed

~ 2 anucB-zur._feoB_$ ¥inolaiss  ufs zinT %,%’E"SE P (dark grey) transcripts (M-value=0.6 or < -0.6; P-

E’ ® HrcA Irghg \y;"m"":ﬁﬂ, ShemE cysK © 464 p::“ value <0.05). Light grey symbols denote transcripts

§ 0 oymi |e852 80t 2k 1rge® “ 2 s Pu with no fold-changes after allicin stress (P > 0.05).

= > The HypR, TetR, QsrR, PerR, CymR, CtsR, HrcA, Fur,

e ® PerR CsoR and CstR regulons are indicative of the thiol-

2 2 ¢ specific oxidative stress response. The RNA-seq data

Gk of differential transcription of all genes and regulons

-4 CstR under allicin treatment are listed in Tables S4 and S5.

Zur

10 12
A-value (log2 base mean)

Allicin Transcriptome
: C"’Pc{csssR grpE mmhq’H‘“E.;i "HYRR. INSTR.\FapR

°IPC con | HlKGA JCFEC

VS‘

)

ycel

cidB cidC

cidA

ArcR,

< Y ¥ =

log fold change -+ [ NSNS

Fig. 2. The transcriptome treemap of S. aureus USA300 under allicin stress
indicates a strong thiol-specific oxidative stress response. The tran-
scriptome treemap visualizes the differential gene expression of S. aureus after
exposure to 300 pM allicin as log2 fold changes (M-values). The genes are
classified into operons and regulons based on the RegPrecise and Aureowiki
databases. Differential gene expression is shown by the red-blue color code
where red indicates log2 fold induction and blue repression of transcription
under allicin stress. The thiol-specific oxidative stress response is indicated by
the induction of the HypR, TetR, PerR, QsrR and CymR regulons. The induction
of the CsoR, CstR, Fur, HrcA, CtsR regulons reveals a metal, sulfide and protein
damage response in S. aureus. The RNA-seq expression data of the genes in-
duced or repressed under allicin exposure and their regulons are listed in Tables
S4 and S5.

on the cellular pool of the LMW thiol BSH in S. aureus.

Due to the increased Epsy under allicin stress, we next analyzed
whether allicin causes S-bacillithiolation of the abundant GapDH pro-
tein, as shown previously under HOCI stress [31]. However, BSH-spe-
cific Western blot analysis did not reveal increased S-bacillithiolation of
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GapDH or other proteins (Fig. S2). Instead, previous proteomics studies
identified widespread protein S-thioallylations under allicin stress in E.
coli and human Jurkat cells [14,18]. Thus, we performed Orbitrap LC-
MS/MS analysis of S. aureus USA300 cells that were exposed to 300 uM
allicin for 30 min to uncover the targets for S-thioallylation in S. aureus.
Proteins with S-thioallylations were identified by a mass shift of
72 Da at Cys peptides (Tables S6-S8). In total, we mapped 57 S-thioal-
lylated proteins in allicin-treated S. aureus cells. These proteins are
involved in many cellular pathways, including adaptation to stress,
antioxidant functions, energy metabolism, biosynthesis of amino acids,
nucleotides and cofactors, transcription, translation and cell wall bio-
synthesis. The identified S-thioallylated Cys peptides were visualized in
the Voronoi proteome treemap according to the total spectral counts of
protein abundance as quantified with the proteome software Scaffold
(Fig. 5). The abundances of 873 proteins could be quantified by spectral
counting in the proteome of allicin-treated cells. As expected, the most
abundant proteins in the proteome were also S-thioallylated, including
translation elongation factors (EF-Tu, EF-Ts), ribosomal proteins (RpsB,
RpmG_2) and the glutamine synthetase GInA. However, also lower
abundant transcriptional regulators were S-thioallylated, such as the
MarR/SarA family regulators MgrA, SarA, SarS, SarH1. Among these,
MgrA and SarA were modified at their conserved N-terminal Cys12 and
Cys9 residues, respectively, that are involved in redox-sensing under
oxidative stress [33]. Moreover, the inosine monophosphate (IMP)
dehydrogenase GuaB, the manganese-dependent inorganic pyropho-
sphatase PpaC and the aldehyde dehydrogenase AldA were S-thioally-
lated at their conserved redox-sensing Cys307, Cys158 and Cys279
residues, respectively. GuaB, PpaC and AldA have been previously
found S-bacillithiolated at their active site Cys residues under NaOCl
stress in B. subtilis or S. aureus [31,60,61]. Among the targets for S-
thioallylation are also antioxidant enzymes, such as the thiol peroxidase
Tpx, the catalase KatA, the bacilliredoxin BrxA and the methionine
sulfoxide reductase MsrB. These redox enzymes were S-thioallylated at
their active site or conserved Cys residues (Tables S6 and S8) and dis-
played increased oxidations under NaOCl stress in previous OxICAT
analyses [31].

To investigate whether allicin modifies conserved Cys residues, we
searched all 57 allicin-modified proteins against the database of con-
served domains (CDD) (http://www.ncbi.nlm.nih.gov/Structure/cdd/
wrpsb.cgi). Interestingly, 37 out of 57 proteins were modified at con-
served Cys residues as revealed by CCD, including 14 that harbored S-
thioallylations at their catalytic active or cofactor binding sites (Tables
S6 and S8). Among these are many metabolic enzymes modified at their
active site Cys residues, such as the formate dehydrogenase FdhA, the 3-
oxoacyl-[acyl-carrier-protein] synthases 2 and 3 (FabH2 and FabH), the
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subtilis (B) 30 min after exposure to 150 and 300 uM allicin in S. aureus (A) or 100 uM allicin in B. subtilis (B). The thiol-specific genes cysK, ohr/ohrA, katA and azoR1
are regulated by the CymR, SarZ/OhrR, PerR, QsrR/YodB repressors in S. aureus and B. subtilis, respectively. The methylene blue stained bands for the 16S and 23S
rRNA are indicated at the bottom as RNA loading control. (C, D, E) Quantification of the transcriptional induction of cysK, ohr/ohrA, katA and azoR1 after allicin
stress in S. aureus (C, D) and B. subtilis (E) was performed from the Northern blot images using ImageJ. Allicin-induced fold-changes were calculated from 2-3
biological replicates and error bars represent the standard deviation (SD).
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Fig. 4. Brx-roGFP2 biosensor measurements indicate that allicin causes a strong oxidative shift in Eggy of S. aureus COL. (A) Epsy of S. aureus COL was
measured with the Brx-roGFP2 biosensor in S. aureus COL after exposure to 5-100 uM allicin using injection assays (see methods). (B, C) The Brx-roGFP2 biosensor
oxidation and its DTT-reversibility were measured in shake flasks experiments (see methods). Biosensor cells were exposed to 150 uM allicin and harvested at
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PTS trehalose and fructose/mannitol transporter IIBC components
(TreP and FruA), the hydroxymethylglutaryl-CoA synthase (MvaS) and
the sortase (SrtA). Taken together, our shotgun proteomics data re-
vealed that allicin causes widespread S-thioallylation in S. aureus,
which includes many redox-sensitive antioxidant enzymes, transcrip-
tional regulators and metabolic enzymes that could be involved in de-
toxification and regulate cellular adaptation to recover from allicin
stress.

3.4. Bacillithiol, the HypR-controlled disulfide reductase MerA and the
BrxA/BSH/YpdA redox pathway provide protection against allicin stress in
S. aureus

Proteomics and redox biosensor measurements revealed that allicin
causes depletion of BSH and protein thiols by S-thioallylation in S.
aureus. To investigate the role of BSH in allicin protection, we analyzed
the growth and survival of the bshA mutant in comparison to the wild
type under allicin stress. The bshA mutant showed a strong growth and
survival defect after exposure to 100-300 uM allicin stress (Fig. 6).
While the wild type quickly recovered in growth after 30-60 min of
allicin stress, the bshA mutant showed a delayed resumption of growth
with 100-200 uM allicin (Fig. 6AB) and a decreased optical density
with 300 uM allicin (Fig. 6C). The survival of the bshA mutant was also
significantly impaired after exposure to 200-300 uM allicin compared
to the wild type (Fig. 6DE). These results suggest that BSH plays an
important role in the detoxification of allicin in S. aureus.

The hypR-merA operon was most strongly 195-228-fold induced
under allicin stress (Table S4), which encodes for the disulfide stress-
specific redox regulator HypR and the NADPH-dependent flavin dis-
ulfide reductase MerA in S. aureus [38]. To investigate the role of MerA
in allicin detoxification, we performed growth and survival assays of
the S. aureus COL wild type, the merA mutant and the merA
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complemented strain (Fig. 7, Fig. S3). The merA mutant showed a sig-
nificant growth delay after treatment with 100-200uM allicin
(Fig. 7AB) and was unable to recover in growth after 300 uM allicin
stress (Fig. 7C). While the merA mutant was also more sensitive in
survival assays with 200 uM allicin (Fig. 7D), only a slightly reduced
survival was noted with 300 uM allicin in the merA mutant (Fig. 7E).
The growth and survival defect of the merA mutant under allicin stress
could be restored back to wild type levels with plasmid-encoded merA
(Fig. S3). These results indicate that MerA could function as NADPH-
dependent disulfide reductase in allicin detoxification.

Furthermore, the genes of the BrxAB/BSH/YpdA pathway showed
elevated transcription in the allicin transcriptome (Table S4). We have
recently shown that YpdA functions as BSSB reductase in S. aureus in
vitro and acts together with the BrxAB pathway in de-bacillithiolation of
proteins under HOCI stress [41]. Thus, it is possible that S-thioallylated
proteins are also recycled by the BrxAB/BSH/YpdA pathway. To in-
vestigate the role of the BrxAB/BSH/YpdA pathway in the allicin stress
response, we analyzed the growth of the brxAB and ypdA mutants and
their respective ypdA, brxA and brxB complemented strains under al-
licin exposure (Fig. 8). The growth of both, ypdA and brxAB mutants
was significantly impaired after treatment with 200uM allicin
(Fig. 8AB). This growth deficiency of the mutants could be rescued in
the ypdA, brxA and brxB complemented strains (Fig. 8C-E). These re-
sults indicate that the BrxAB/BSH/YpdA pathway could function in
regeneration of S-thioallylated proteins under allicin stress. In this Brx
redox pathway, YpdA should be involved in BSSA reduction, formed
upon BrxAB regeneration with BSH.
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Fig. 6. BSH is involved in detoxification of allicin in S. aureus COL. Growth phenotype analyses (A—C) and survival assays (D, E) of the S. aureus COL wild type
(WT) and the bshA mutant before and after treatment with 100-300 pM allicin stress at an ODsg of 0.5. (D, E) Survival assays were performed by spotting 10 pl of
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and **p < 0.01.

3.5. Biochemical assays indicate that MerA functions in allicin
detoxification, YpdA is involved in BSSA reduction and the BrxA/BSH/
YpdA pathway catalyzes reversal of protein S-thioallylations

Next, we investigated the functions of MerA and YpdA in allicin and
BSSA reduction using NADPH-coupled progress curves in vitro. Purified
MerA and YpdA both consumed little NADPH in vitro without substrates
(Fig. 9AB). Increasing levels of 125-250 uM allicin significantly sti-
mulated consumption of NADPH by MerA (Fig. 9A). However, NADPH-
consumption by MerA was only slightly increased with BSSA as sub-
strate, which is formed by BSH and allicin, indicating that MerA is
specific for allicin reduction (Fig. 9C). The allicin reductase activity of
MerA was dependent on the Cys43xxxxCys48 active site, since re-
placements of Cys43 by serine abolished NADPH consumption with
allicin (Fig. 9A). Thus, MerA functions as allicin defense mechanism
catalyzing its reduction to restore normal growth. Interestingly, the
previously characterized BSSB reductase YpdA [41,62] showed strongly
increased NADPH consumption with BSSA as substrate, indicating that
YpdA can recycle the BSH moiety from BSSA (Fig. 9B). For control
purposes, we repeated the reaction of YpdA with its natural substrate
BSSB as revealed in the previous study [41] (Fig. 9B). YpdA showed a
similar level of NADPH consumption with both substrates BSSB and
BSSA, further verifying that YpdA can function as BSSA reductase. The
BSSA reductase activity of YpdA was further dependent on the con-
served Cysl4 residue, located in the GGGxCG Rossman-fold motif in-
volved in NADPH binding (Fig. 9B). However, NADPH consumption by
YpdA was not increased with allicin as substrate, supporting that YpdA
cannot detoxify allicin (Fig. 9D). Taken together, biochemical NADPH
coupled assays revealed that MerA is involved in allicin reduction,
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while YpdA specifically reduces BSSA in allicin-treated cells.

We were further interested if proteins are inactivated by S-thioal-
lylation and if the BrxA/BSH/YpdA pathway can catalyze its reversal.
Since GapDH activity was previously inhibited by S-bacillithiolation
[31], we used GapDH as model to study the effect of allicin on its in-
activation and its reversibility. Incubation of GapDH with 0.5-0.75 mM
allicin resulted in a 75-99% activity decrease, which could be re-
generated to 56% with 10 mM DTT (Fig. 10A-D). Reduction of S-
thioallylated GapDH with BrxA restored only 27% of GapDH activity.
This low recovery of GapDH activity by BrxA is probably due to BrxA
inactivation by allicin. Thus, we used NADPH coupled assays with the
BrxA/BSH/YpdA electron pathway for reduction of S-thioallylated
GapDH and measured NADPH consumption. Progress curves revealed a
significantly decreased absorbance due to NADPH oxidation in the
presence of S-thioallylated GapDH with the complete BrxA/BSH/YpdA
electron pathway (Fig. 10E). These results lead to the conclusion that
BrxA facilitates recycling of S-thioallylated proteins, resulting in BrxA-
SSA formation. BrxA-SSA is regenerated by BSH, leading to BSSA for-
mation. BSSA is the substrate for YpdA, which rescues BSH on expense
of NADPH (Fig. 11). Together our phenotype results and biochemical
data revealed that BSH and MerA are involved in allicin detoxification,
while BSSA is the substrate for YpdA. The Brx/BSH/YpdA pathway
functions in regeneration of S-thioallylated proteins in S. aureus.

4. Discussion

Allicin is the major organosulfur compound produced in garlic
tissue upon wounding [10]. Allicin and garlic-derived diallyl poly-
sulfanes have been shown to exert their antimicrobial and toxic effects
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through S-thioallylation of protein and LMW thiols in different organ-
isms, including E. coli, B. subtilis, yeast and human Jurkat cells
[10,14,16,18,19]. In this work, we applied RNA-seq transcriptomics,
proteomics, Epsy measurements, mutant phenotype analyses and bio-
chemical assays to unravel allicin's mode of action in S. aureus and to
elucidate defense mechanisms for allicin detoxification and reversal of
S-thioallylations from BSH and proteins.

In support of its thiol-reactive mode of action, allicin provoked a
strong oxidative and disulfide stress response in the RNA-seq tran-
scriptome, as shown by the induction of the HypR, PerR, QsrR, MhqR,
CsoR and CstR regulons. The redox-sensing Rrf2-family repressor HypR
was shown to control the flavin disulfide reductase MerA, which re-
sponds to disulfide stress, provoked by HOCI, AGXX", diamide and al-
licin [38,39]. Thus far, the function and substrate of MerA was un-
known. NADPH coupled assays revealed that MerA functions in direct
allicin detoxification, since NADPH consumption was stimulated. In
addition, the merA mutant displayed strong sensitivity under allicin
stress in growth and survival assays. Thus, merA was among the top hits
in the allicin transcriptome (228-fold induced), and plays a major role
in detoxification of allicin in vitro and in vivo.

Of further importance is the induction of the CstR regulon in the
RNA-seq transcriptome, which specifically responds to RSS, such as
hydrogen sulfide (H,S) in S. aureus [54-56]. The CstR repressor controls
the cstAB operon that encodes for thiosulfate sulfurtransferase and
persulfide dioxygenase-sulfurtransferase involved in detoxification of
RSS [63,64]. Allicin decomposition results in persulfides and poly-
sulfanes explaining the strong induction of the sulfur specific CstR
regulon. Overall, the thiol-specific transcriptome signature of the HypR,
PerR and QsrR regulons by allicin overlaps strongly with the expression
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profile by other strong oxidants, which cause disulfide stress, such as
the microbicidal oxidant HOCI [38] and the AGXX  antimicrobial sur-
face coating, which produces hydroxyl radicals [39]. Transcription of
the cell wall stress responsive GraRS regulon was further enhanced
under allicin, HOCl and AGXX" treatment in S. aureus [38,39]. Thus,
allicin causes strong disulfide stress, similar as the thiol-reactive com-
pounds HOCI and diamide.

The common modes of actions of allicin, diamide and HOCI have
been recognized in E. coli [14]. Allicin acts mainly via S-thioallylation
of LMW thiols and protein thiols, which impairs the intracellular thiol-
redox balance and protein homeostasis. Thus, the CtsR and HrcA-reg-
ulons are highly induced by allicin, which regulate protein homeostasis
through the GroESL and DnaK chaperones and ClpB/C/P proteases.
Chaperones and Clp proteases are involved in protein folding and de-
gradation of oxidatively unfolded and aggregated proteins
[58,59,65,66]. Protein aggregation and widespread S-thioallylation of
proteins was demonstrated in E. coli cells under allicin stress, leading to
induction of the heat shock RpoH regulon, which is controlled by sta-
bilization of the RpoH sigma factor [14]. Thus, allicin leads to strong
induction of the heat and oxidative shock response due to protein S-
thioallylation in both E. coli and S. aureus.

Previous studies demonstrated the strong depletion of the LMW
thiol GSH in E. coli, yeast and human cells by S-thioallylation resulting
in GSSA formation [14,18,42]. Accordingly, an oxidative shift in the
GSH redox potential (Egsy) from —251 to —181 mV was measured
using the genetically encoded roGFP2 biosensor in yeast cells [42]. In S.
aureus, a strong oxidative shift in Eggy was monitored with the Brx-
roGFP2 biosensor after treatment with 5-20 uM allicin, while higher
doses of 50-100 uM allicin led to complete biosensor oxidation. These
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Fig. 8. The S. aureus ypdA and brxAB mutants display increased susceptibilities to allicin stress, which can be rescued in the ypdA, brxA and brxB
complemented strains. Growth curves were monitored in RPMI medium for the S. aureus COL WT, the ypdA and brxAB mutants (A, B) as well as in the ypdA, brxA
and brxB complemented strains (C, D, E) after treatment with 200 uM allicin at an ODsqg of 0.5. The results are from 2 biological experiments with each 3 technical
replicates. Error bars indicate the SD and the statistics was calculated using a Student's unpaired two-tailed t-test by the graph prism software. Symbols are:

p > 0.05, *p < 0.05 and **p < 0.01.

results confirm the depletion of reduced BSH and the oxidation of BSH
to S-thioallyl-BSH conjugates, which changes the BSH redox state.
Surprisingly, S. aureus cells were unable to regenerate reduced Egsy in
the biosensor injection assays indicating the strong thiol-reactivity of
micromolar allicin. However, reduced Eggy could be regenerated with
DTT pointing to the formation of BSSA, which is responsible for the
oxidative shift in Eggy upon allicin exposure.

The very fast uptake of the volatile compound allicin and its strong
GSH depletion has been shown in E. coli, yeast and human cells
[14,18,42]. Allicin can easily penetrate the phospholipid membrane,
causing pore formation in biological membranes and artificial lipid
bilayers [20,21]. However, despite the strong BSH depletion, S. aureus
wild type cells were able to recover quickly from allicin-induced growth
arrest. After 1h of exposure of S. aureus to 100-200 uM allicin, growth
was resumed with the same growth rate as untreated control cells. The
same growth behavior was found in E. coli cells upon treatment with
128 ug/ml allicin, indicating that bacteria are able to detoxify allicin
fast and efficiently [14]. In addition, bacteria must encode efficient
reducing systems to remove S-thioallylated adducts from LMW thiols
and protein thiols.

Reduction of GSSA by the glutathione disulfide (GSSG) reductase
was recently shown in yeast cells, although GSSA is in vitro a poorer
substrate (K, = 0.5mM) than GSSG (K, = 0.07) [67]. In E. coli, GSSA
might be also a substrate for the GSSG reductase Gor. Under oxidative
stress, GSH is usually oxidized to GSSG resulting in a decreased GSH/
GSSG redox ratio and an increased Eggy. Gor restores the GSH/GSSG
redox balance by reduction of GSSG to GSH on expense of NADPH
[68,69]. However, GSH depletion by allicin was caused by S-thioally-
lation, and the amount of GSSG was strongly decreased in E. coli,
leading to a higher GSH/GSSG redox ratio [14]. This indicates that GSH
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plays an important role in allicin detoxification leading to GSSA. In
support of this notion, GSH-deficient mutants in yeast lacking the GSH1
gene for the y-glutamyl cysteine synthase were impaired in growth
under allicin stress [67,70]. Similarly, BSH was shown to function in
allicin detoxification in our phenotype analyses since the BSH-deficient
mutant was impaired in growth and survival under allicin stress. Thus,
we conclude that bacterial LMW thiols confer resistance to allicin by
direct conjugation forming S-allylmercapto modified LMW thiols.

Bacteria may use similar pathways for recycling of S-thioallylated
LMW thiols, involving NADPH-dependent flavin disulfide reductases
(FDR), such as Gor and TrxB. The NADPH-dependent FDR YpdA was
recently shown to function as BSSB reductase and plays an important
role in the defense of S. aureus against HOCI and H,0, stress as well as
in infection assays with neutrophils and macrophages [41,62]. In this
study, the ypdA mutant was also strongly impaired in growth and sur-
vival under allicin stress, pointing to the role of YpdA in BSSA reduc-
tion. Biochemical NADPH coupled assays revealed that YpdA consumed
more NADPH when exposed to BSSA compared to NADPH alone, pro-
viding further support for its role in reduction of BSSA in vitro. Thus, we
identified another important function of YpdA in regeneration of re-
duced BSH upon allicin stress.

Apart from BSSA formation, allicin caused widespread S-thioally-
lation of 57 proteins in S. aureus as revealed by shotgun LC-MS/MS
analysis. These S-thioallylated proteins include several highly abundant
proteins, such as translation elongation factors (EF-Tu, EF-Ts), ribo-
somal proteins (RpsB, RpmG2) and metabolic enzymes (GlnA).
Similarly, widespread S-thioallylations of 332 proteins was detected in
human Jurkat cells, including highly abundant cytoskeletal proteins
(actin, tubulin, filamin, cofilin, plastin-2), chaperones (HSP90AB1),
translation elongation factors (EEF2) and glycolytic enzymes (GAPDH,
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Fig. 9. NADPH coupled assays for allicin detoxification by MerA and reduction of S-allylmercaptobacillithiol (BSSA) by YpdA. (A) Purified MerA is able to
reduce allicin using NADPH as electron source as measured in progress curves by the absorbance decrease at 340 nm. Control reactions showed little NADPH
consumption with MerA alone without allicin or in the MerAC43S active site mutant. (B) Purified YpdA functions in BSSA reduction as shown by increased NAPDH
consumption in the progress curves, but the YpdAC14A active site mutant is unable to reduce BSSA. For control purposes, the previously determined NADPH-
dependent reaction of YpdA with its substrate BSSB [41] was measured again in this study showing the same absorbance decrease as with BSSA. (C) NADPH
consumption was only slightly stimulated by MerA with BSSA as substrate indicating that MerA is primarily involved in allicin detoxification. (D) Allicin is no
substrate for YpdA, since NADPH consumption was not increased. Thus, MerA functions in detoxification of allicin and YpdA catalyzes reduction of BSSA using their

conserved active site Cys residues.

ALDOA, PKM) as most strongly S-thioallylated proteins [18]. In E. coli,
S-thioallylated proteins were identified as abundant metabolic enzymes
[14]. In many cases, allicin did not modify catalytic or redox-sensitive
Cys residues, but instead non-specifically accessible cysteines in the E.
coli proteome [14]. However, in the allicin proteome of S. aureus, we
detected many low abundant redox-sensitive transcription factors of the
MarR/SarA family, such as SarA, MgrA, SarR and SarH1 that were
modified at their redox-sensing Cys residues [33]. In total, 37 out of 57
proteins were S-thioallylated at conserved Cys residues, including 14 at
their catalytic, redox-sensitive active site Cys. Moreover, we found an
overlap of 16 S-thioallylated Cys peptides with those detected with the
OxICAT method in HOCI stressed cells [31]. For example, GuaB and
AldA displayed the highest oxidation increase of ~29% in the OXICAT
analysis and were S-bacillithiolated at their redox-sensitive active site
Cys307 and Cys279 in HOCl-stressed cells, respectively [31,60,61].
GuaB and AldA were also modified by allicin at their redox-sensitive
active sites.

Although GapDH was previously identified as main target for S-
bacillithiolation under HOCI stress [31], we failed to detect sig-
nificantly S-thioallylated GapDH in allicin-treated cells by mass spec-
trometry, possibly due to the large size of the allicin modified Cys151
peptide, which was only found with low Xcorr scores (data not shown).
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However, we could show that purified GapDH was reversibly in-
activated by S-thioallylation in vitro. GapDH activity was previously
inhibited by S-bacillithiolation, which functions in redox-regulation
and thiol-protection against irreversible overoxidation to Cys sulfonic
acid [28,31]. Thus, S-thioallylation by sub-lethal allicin doses might
also function in redox regulation and thiol-protection in S. aureus to
avoid overoxidation of essential Cys residues.

The widespread S-thioallylation of 57 proteins raises the question
about the pathways for regeneration. In principle, S-thioallylations are
mixed protein disulfides, which could be reversed by thioredoxins and
glutaredoxins in eukaryotes [18]. In S. aureus, the RSS Na,S caused
widespread S-sulfhydrations (R-SSH) in the proteome. In addition, S-
sulfhydration of GapDH could be regenerated by the novel thioredoxins
(TrxP and TrxQ) [56]. Among the S-thioallylated proteins, we identified
the bacilliredoxin BrxA, which could be involved in reduction of S-
thioallylated proteins. The BrxA/BSH/YpdA pathway was recently
characterized to catalyze de-bacillithiolation of GapDH [31,41]. Thus,
we used GapDH as substrate for S-thioallylation by allicin in vitro to
study its reversal by the BrxA/BSH/YpdA electron pathway. Interest-
ingly, our results revealed that BrxA could catalyze reduction of S-
thioallylated GapDH to restore GapDH activity. Moreover, NADPH
coupled electron transfer assays with the BrxA/BSH/YpdA pathways
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Fig. 10. Inactivation of GapDH in S. aureus by S-thioallylation and its reversal by the BrxA/BSH/YpdA pathway in vitro. (A) Purified GapDH is inactivated by
increasing allicin concentrations (0.5-0.75 mM) as measured in GapDH activity assays with G3P as substrate and NAD* as cofactor to monitor NADH generation as
absorbance change at 340 nm. (B) The percentage of GapDH activity upon allicin treatment was measured from the slope of the GapDH reactions in A). (C) S-
thioallylated GapDH can be reactivated with DTT and partially with BrxA. The NADH production is measured in the GapDH activity assays as absorbance change at
340 nm. (D) Reduction of S-thioallylated GapDH with DTT and BrxA leads to 56% and 27% recovery of GapDH activity as measured from the slope of the GapDH
reactions in C). (E) Reduction of S-thioallylated GapDH was also analyzed in the coupled BrxA/BSH/YpdA electron pathway following NADPH consumption. Fast
NADPH consumption was measured with YpdA in the BrxA/BSH coupled assay for de-thioallylations of GapDH-SSA. The coupled assays were conducted with 2.5 pM
GapDH-SSA, 12.5uM BrxA, 40 uM BSH, 500 uM NADPH in 20 mM Tris, 1.25 mM EDTA, pH 8.0. After 30-min incubation at room temperature, 12.5 uM YpdA was
added to the reaction mix and NADPH consumption was monitored at 340 nm as a function of time. Mean values and SEM of 3-4 independent experiments are

shown.

revealed increased NADPH consumption upon reduction of S-thioally-
lated GapDH. These results confirm that BrxA removes S-thioallyla-
tions, leading to S-thioallylated BrxA (BrxA-SSA), which is reduced by
BSH resulting in BSSA formation. BSSA is a substrate for YpdA, which
uses electrons from NADPH for BSH regeneration (Fig. 11). The im-
portance of the Brx/BSH/YpdA pathway for the defense of S. aureus
against allicin was also confirmed in vivo. In phenotype assays, both
brxAB and ypdA mutants were strongly impaired in growth and survival
under allicin stress. The growth and survival phenotypes of the brxAB
mutant could be restored with plasmid-encoded BrxA and BrxB, in-
dicating that both bacilliredoxins are involved in de-thioallylation.
Thus, our biochemical and mutant phenotype analyses revealed the
main role of the BrxAB/BSH/YpdA pathway to regenerate S-thioally-
lated proteins in S. aureus.

Taken together, our results revealed that allicin causes a strong
thiol-specific oxidative stress and sulfur stress response and protein
damage in the transcriptome of S. aureus USA300 as revealed by the up-
regulation of the HypR, PerR, QsrR, CstR, CtsR and HrcA regulons. The
antimicrobial and toxic effect of allicin is mainly attributed to its fast
reaction with LMW and protein thiols, leading to a strong oxidative
shift in Egsyy and widespread S-thioallylations in the S. aureus proteome.
We further revealed that BSH and MerA are involved in direct allicin
detoxification, while the recently characterized BSSB reductase YpdA
functions in BSSA reduction. In addition, the BrxA/BSH/YpdA pathway
catalyzes the removal of S-thioallylations from proteins. Thus, BSH,

66

MerA and the BrxA/BSH/YpdA pathway function together in allicin
removal to restore the thiol-redox homeostasis in allicin-treated S.
aureus cells. Due to the multiple cellular targets and its volatile nature,
allicin is an attractive antimicrobial compound and potential lead
substance to develop therapies to combat life-threatening MRSA in-
fections.
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Fig. 11. Detoxification of allicin by BSH (A) and MerA (B) and reversal of S-thioallylation of proteins by the BrxA/BSH/YpdA pathway (C) in S. aureus. The
bshA, merA, ypdA and brxAB mutants showed strong growth defects under allicin treatment in S. aureus in vivo indicating their function in allicin detoxification and
reversal of protein S-thioallylation. Allicin caused an oxidative shift in Eggy, which is caused by formation of mixed disulfides between BSH and allicin, leading to S-
allylmercaptobacillithiol (BSSA) (A). Biochemical coupled assays revealed that MerA could detoxify allicin due to consumption of NADPH (B), but YpdA could not
detoxify allicin. In addition, allicin caused S-thioallylations of protein thiols, which could be reduced with electrons from the BrxA/BSH/YpdA pathway on expense of
NADPH (C). In these BrxA/BSH/YpdA coupled assays, BrxA reduces S-thioallylated proteins, leading to S-thioallylation of BrxA. S-thioallylated BrxA is regenerated
by BSH to form BSSA as substrate of YpdA. YpdA was previously shown to function as BSSB reductase [41,62], but could also reduce BSSA to regenerate BSH using
NADPH as electron donor.

List of abbreviations H,0, hydrogen peroxide
HOCI hypochloric acid
BSH bacillithiol IPTG isopropyl- B-p-thiogalactopyranoside
BSSB bacillithiol disulphide LMW thiol low molecular weight thiol
BSSA S-allylmercaptobacillithiol MRSA  methicillin-resistant Staphylococcus aureus
Brx bacilliredoxin NaOCl  sodium hypochlorite
Brx-roGFP2 Brx fused to roGFP2 NEM N-ethylmaleimide
CFU colony forming unit ODsop  optical density at 500 nm
DTT dithiothreitol OxD oxidation degree of the Brx-roGFP2 biosensor
Egsu bacillithiol redox potential roGFP2 redox-sensitive GFP2
Egsu glutathione redox potential ROS reactive oxygen species
FDR flavin disulfide reductase RSS reactive sulfur species

GapDH glyceraldehyde-3-phosphate dehydrogenase

GSH

GSSG glutathione disulfide
GSSA S-allylmercaptoglutathione

glutathione Appendix A. Supplementary data

Supplementary data to this chapter can be found online at https://
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