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ARTICLE INFO ABSTRACT

Keywords: Staphylococcus aureus is a major human pathogen, which causes life-threatening systemic and chronic infections
Staphylococcus aureus and rapidly acquires resistance to multiple antibiotics. Thus, new antimicrobial compounds are required to
Lagacho] combat infections with drug resistant S. aureus isolates. The 2-hydroxy-3-(3-methyl-2-butenyl)-1,4-naphtho-
Quinone quinone lapachol was previously shown to exert antimicrobial effects. In this study, we investigated the anti-
gz(x)csillithiol microbial mode of action of lapachol in S. aureus using RNAseq transcriptomics, redox biosensor measurements,
Bacilliredoxin S-bacillithiolation assays and phenotype analyses of mutants. In the RNA-seq transcriptome, lapachol caused an

Ypda oxidative and quinone stress response as well as protein damage as revealed by induction of the PerR, HypR,
QsrR, MhqR, CtsR and HrcA regulons. Lapachol treatment further resulted in up-regulation of the SigB and
GraRS regulons, which is indicative for cell wall and general stress responses. The redox-cycling mode of action
of lapachol was supported by an elevated bacillithiol (BSH) redox potential (Egsy), higher endogenous ROS
levels, a faster H,O, detoxification capacity and increased thiol-oxidation of GapDH and the HypR repressor in
vivo. The ROS scavenger N-acetyl cysteine and microaerophilic growth conditions improved the survival of
lapachol-treated S. aureus cells. Phenotype analyses revealed an involvement of the catalase KatA and the Brx/
BSH/YpdA pathway in protection against lapachol-induced ROS-formation in S. aureus. However, no evidence
for irreversible protein alkylation and aggregation was found in lapachol-treated S. aureus cells. Thus, the an-
timicrobial mode of action of lapachol in S. aureus is mainly caused by ROS formation resulting in an oxidative
stress response, an oxidative shift of the Epgy and increased protein thiol-oxidation. As ROS-generating com-
pound, lapachol is an attractive alternative antimicrobial to combat multi-resistant S. aureus isolates.

1. Introduction

Staphylococcus aureus is an important human pathogen, which can
cause acute skin and soft tissue infections, but also life-threatening
systemic and chronic diseases, such as sepsis, endocarditis, pneumonia
and osteomyelitis [1-4]. Moreover, the prevalence of multiple anti-
biotic resistant strains, such as methicillin-resistant S. aureus (MRSA)
imposes a major health burden [5,6]. Thus, the discovery of new an-
timicrobial compounds from natural sources is an urgent need to
combat infections with multi-resistant S. aureus isolates.

Many natural antimicrobial compounds contain quinone-like
structures, such as the fungal 6-brom-2-vinyl-chroman-4-on [7]. Re-
cently, two novel quinone compounds with cytostatic properties were

discovered from the fungus Septofusidium berolinense, including 3,6-di-
hydroxy-2-propylbenzaldehyde (GE-1) and 2-hydroxymethyl-3-pro-
pylcyclohexa-2,5-diene-1,4-dione (GE-2), which act as topoisomerase-II
inhibitors [8,9]. In addition, the 2-hydroxy-3-(3-methyl-2-butenyl)-1,4-
naphthoquinone lapachol of the lapacho tree Tabebuia impetiginosa was
shown to exert antimicrobial, antiparasitic and cytostatic effects
[10-15]. Lapachol showed strong killing effects against various Gram-
positive bacteria, such as Bacillus subtilis, Enterococcus faecalis, Clos-
tridium perfringens and S. aureus, but was less effective against Gram-
negative Escherichia coli, Pseudomonas aeruginosa and Salmonella Ty-
phimurium [16-20]. Furthermore, lapachol was antiproliferative in
WHCO1 oesophageal and promyelocytic leukemia HL-60 cancer cell
lines with 50% growth inhibition at concentrations of 24.1 pM and
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3.18 uM, respectively [21,22]. Cytotoxic lapachol concentrations were
determined as 185 pg/ml, which kill 50% Balb/c murine peritoneal
macrophages [23]. While ROS formation has been demonstrated by
lapachol in vitro [24,25], its antimicrobial mode of action in pathogenic
bacteria has not been studied in detail.

The antimicrobial and toxic effect of quinones can be attributed to
their mode of actions as electrophiles and oxidants [26-31]. In the
electrophilic mode, quinones lead to alkylation and aggregation of
thiols via the irreversible S-alkylation chemistry, resulting in thiol de-
pletion in the proteome and thiol-metabolome [29,31]. As oxidants,
quinones can be reduced to semiquinone anion radicals that transfer
electrons to molecular oxygen, leading to ROS formation, such as su-
peroxide anion [24,25,27,28,32,33]. The mode of action of quinones is
dependent on the physicochemical features, the chemical structure and
the availability of oxygen [34-36]. In general, the toxicity and thiol-
alkylation ability of quinones increases when the positions adjacent to
the keto groups are unsubstituted in the quinone ring (e.g. benzoqui-
none) [27,34]. Fully substituted quinone rings cannot alkylate protein
thiols, but retain redox-cycling activity, including ubiquinone and tet-
ramethyl-p-benzoquinone [36]. Since the quinone ring is fully sub-
stituted, lapachol may act mainly via the oxidative mode as anti-
microbial in S. aureus, which was subject of this study [27,34].

We have previously investigated the transcriptome signature in re-
sponse to 2-methylhydroquinone (MHQ) in S. aureus [26]. MHQ was
shown to induce a strong thiol-specific oxidative and quinone stress
response in the S. aureus transcriptome [26]. The quinone-responsive
QsrR and MhqR regulons were most strongly induced by MHQ and
conferred independent resistance to quinones and quinone-like anti-
microbials, including ciprofloxacin, pyocyanin, norfloxacin and ri-
fampicin [26,37]. The MhqR repressor controls the mhqRED operon,
which encodes for the predicted phospholipase/carboxylesterase MhgD
and ring-cleavage dioxygenase MhqE involved in quinone detoxifica-
tion [26]. The redox-sensing QsrR repressor senses quinones by thiol-S-
alkylation and regulates paralogous dioxygenases and quinone re-
ductases in S. aureus [37].

The oxidative mode of action of MHQ was revealed by induction of
the peroxide-specific PerR regulon, which controls antioxidant en-
zymes, such as catalase and peroxidases (KatA, Tpx, Bcp), Fe-binding
miniferritin (Dps) and the FeS-cluster machinery (Suf) [38-40]. More-
over, the disulfide-stress-specific HypR regulon was upregulated by
MHQ, including the NADPH-dependent flavin disulfide reductase MerA
[41]. In addition to ROS detoxification enzymes, S. aureus uses the low
molecular weight thiol bacillithiol (BSH) for protection against ROS
[42]. BSH is an important thiol cofactor that functions in detoxification
of various redox-active compounds, electrophiles and antibiotics and
contributes to survival of S. aureus in macrophage infection assays
[42-45]. BSH also participates in redox modifications of proteins and
forms protein S-bacillithiolation under disulfide stress, such as HOCI
and the ROS-producing antimicrobial surface coating AGXX® [46-48].
Protein S-bacillithiolations are involved in thiol-protection and regulate
protein activities as shown for the glycolytic glyceraldehyde-3-phos-
phate dehydrogenase (GapDH) in S. aureus [31,46-50]. The removal of
protein S-bacillithiolation is controlled by bacilliredoxins (Brx), which
are regenerated by BSH and the bacillithiol disulfide (BSSB) reductase
YpdA [48,51-53]. Moreover, the Brx/BSH/YpdA pathway is important
for protection of S. aureus under oxidative stress and infection condi-
tions [51,52].

In this study, we analyzed the molecular stress responses and mode
of action of lapachol in S. aureus. Using RNA-seq transcriptomics, la-
pachol induced an oxidative and quinone stress response as well as
strong protein damage in S. aureus. This signature was revealed by the
induction of the QsrR, MhqR, PerR, HypR, CtsR and HrcA regulons and
of the enzymes of the Brx/BSH/YpdA redox pathway. The oxidative
mode of action of lapachol was demonstrated by an oxidative shift of
the BSH redox potential, elevated ROS formation and faster H,O, de-
toxification capacity, increased protein S-bacillithiolation of GapDH
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and thiol-oxidation of the HypR repressor in vivo. However, no evidence
for protein alkylation and aggregation was revealed. In support of the
oxidative mode, the ROS scavenger N-acetyl cysteine and micro-
aerophilic growth conditions improved the survival of S. aureus under
lapachol stress. Phenotype analyses revealed that KatA and the Brx/
BSH/YpdA pathway are important for the defense of S. aureus against
lapachol-induced ROS. Overall, our results indicate that the anti-
microbial effect of lapachol is mainly caused by ROS-formation, re-
sulting in an impaired redox homeostasis and increased protein thiol-
oxidation in S. aureus.

2. Experimental procedures

Bacterial strains, growth and survival assays. For cloning and
genetic manipulation, E. coli was cultivated in Luria broth (LB) medium.
The His-tagged GapDH protein of S. aureus was expressed and purified
in E. coli BL21(DE3) plysS with plasmid pET11b-gapDH as previously
described [48]. For lapachol stress experiments, we used S. aureus COL
katA, bshA, brxAB and ypdA deletion mutants and the katA, bshA, ypdA,
brxA and brxB complemented strains as described in Tables S1 and S2
[51]. S. aureus strains were cultivated in LB, RPMI or Belitsky minimal
medium (BMM) depending on the specific experiments and treated with
lapachol during the exponential growth as described [41,54]. Specifi-
cally, biosensor experiments, S-bacillithiolation and HypR oxidation
assays were performed in BMM medium due to high expression of the
biosensor and low ROS quenching effects as described [54,55]. All
growth and survival assays as well as RNA-seq experiments were per-
formed in rich RPMI medium, which resembles infection conditions and
allows fast growth. Survival assays were performed by plating 100 pl of
serial dilutions of S. aureus onto LB agar plates and determination of
colony forming units (CFUs). Statistical analysis was performed using
Student's unpaired two-tailed t-test by the graph prism software. La-
pachol, diamide, sodium hypochlorite (NaOCl), N-acetyl cysteine, di-
thiothreitol (DTT) and cumene hydroperoxide (CHP, 80% w/v) were
purchased from Sigma Aldrich.

Determination of the minimal inhibitory concentration (MIC)
of lapachol. MIC assays were performed in 96-well plates with 200 pl
of serial two-fold dilutions of the 40 mM lapachol stock in RPMI
medium. The S. aureus overnight culture was inoculated to an ODsq of
0.03 into the microplate wells. After 24 h shaking at 37 °C, the ODsqg
was measured using the CLARIOstar microplate reader (BMG Labtech).

Construction of S. aureus COL katA and bshA mutants as well as
complemented strains. The construction of the S. aureus katA and
bshA deletion mutants was performed using the pMAD E. coli/S. aureus
shuttle vector as described [41,56]. Briefly, the 500 bp up- and
downstream regions of katA and bshA were amplified using primers
pMAD-katA-for-Bglll, pMAD-katA-fl-rev, pMAD-katA-f2-for, pMAD-
katA-rev-Sall for katA and pMAD-bshA-fl-rev, pMAD-bshA-for-BglII,
PMAD-bshA-rev-Sall, pMAD-bshA-f2-for for bshA (Table S3), fused by
overlap extension PCR and ligated into the BgIII and Sall sites of
plasmid pMAD. The pMAD constructs were electroporated into S. aureus
RN4220 and further transduced into S. aureus COL using phage 81 [57].
The clean deletions of katA and bshA were selected after plasmid ex-
cision as described [41].

For construction of the katA and bshA complemented strains, the
xylose-inducible ectopic E. coli/S. aureus shuttle vector pRB473 was
applied [58]. Primer pairs pRB-katA-for-BamHI and pRB-katA-rev-Kpnl
as well as pRB-bshA-for-BamHI and pRB-bshA-rev-Kpnl (Table S3) were
used for amplification of katA and bshA, respectively. The PCR products
were cloned into pRB473 after digestion with BamHI and Kpnl to
generate plasmids pRB473-katA and pRB473-bshA. The pRB473-katA
and pRB473-bshA plasmids were transduced into the katA and bshA
deletion mutants, respectively, to construct the complemented strains
as described [54].

For construction of S. aureus COL WT expressing His-tagged HypR,
hypR-His was amplified from the S. aureus COL genome by PCR using
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primer pRB-hypR-for-BamHI and primer pRB-hypR-His-rev-Kpnl (Table
S3), which included the codons for 6 His residues at the C-terminus. The
PCR product was cloned into plasmid pRB473 after digestion with
BamHI and Kpnl to generate plasmid pRB473-hypR-His, which was in-
troduced into S. aureus COL WT via phage transduction as described
[41].

Live/Dead viability assay. The viability assay of S. aureus COL WT
was conducted after treatment with sub-lethal and lethal concentrations
of 0.3-1 mM lapachol at an ODsgo of 0.5 using the LIVE/DEAD™
BacLight™ bacterial viability kit (Thermo Fisher) as described [59]. In
brief, S. aureus COL was stained with SYTO9 or propidium iodide for
live or dead cells, respectively. Fluorescence was analyzed after ex-
citation at 488 and 555 nm using a fluorescence microscope (Nikon,
Eclipse, Ti2) (SYTO9 Ex: 488 nm, propidium iodide Ex: 555 nm). Live
and dead cells were false-colored in green and red, respectively.

RNA isolation, library preparation, next generation cDNA se-
quencing and differential gene expression analysis after lapachol
stress. RNA-seq transcriptomics was performed using RNA of S. aureus
COL, which was grown in RPMI medium and subjected to 0.3 mM la-
pachol for 30 min as described [59]. Differential gene expression ana-
lysis of 3 biological replicates was performed using DESeq2 [60] with
ReadXplorer v2.2 [61] using an adjusted p-value cut-off of P < 0.05
and a signal intensity ratio (M-value) cut-off of =1 or < -1 (fold-
change of + 2) as described previously [59]. The RNA-seq raw data
files for the whole transcriptome are available in the ArrayExpress
database (www.ebi.ac.uk/arrayexpress) under E-MTAB-8691.

Construction of the Voronoi transcriptome treemap. The la-
pachol transcriptome treemap was constructed using the Paver software
(DECODON GmbH, Greifswald, Germany) as described [59]. The red-
blue color gradient indicates log2-fold changes (M-values) of selected
genes, operons and regulons that are up- or down-regulated under la-
pachol stress. The cell sizes denote absolute log2-fold changes in the
transcriptome under lapachol versus the control.

Brx-roGFP2 and Tpx-roGFP2 biosensor measurements. S. aureus
COL expressing the biosensor plasmids pRB473-tpx-roGFP2 and
PRB473-brx-roGFP2 were grown in LB overnight and used for mea-
surements of the biosensor oxidation degree (OxD) after treatment with
100 puM lapachol as described [51,54]. The fully reduced and oxidized
controls of S. aureus cells expressing Tpx-roGFP2 were treated with
15 mM DTT and 20 mM cumene hydroperoxide, respectively. The Brx-
roGFP2 and Tpx-roGFP2 biosensor fluorescence emission was measured
at 510 nm after excitation at 405 and 488 nm using the CLARIOstar
microplate reader (BMG Labtech). The OxD of the Brx-roGFP2 and Tpx-
roGFP2 biosensors was determined for each sample and normalized to
fully reduced and oxidized controls as described [51,54].

Analyses of GapDH S-bacillithiolation and thiol-oxidation of
the HypR repressor after lapachol stress. For GapDH S-bacillithio-
lation assay in vivo, S. aureus cells were grown in LB until an ODs4q of 2,
harvested by centrifugation and transferred to Belitsky minimal
medium (BMM) as described [47]. The cells were treated with 100 uM
lapachol and harvested after 30, 60, 120 and 180 min in TE buffer (pH
8.0) with 50 mM N-ethylmaleimide (NEM). Protein extracts were pre-
pared and analyzed by BSH-specific Western blot analysis for S-ba-
cillithiolated proteins using polyclonal rabbit anti-BSH antiserum as
described [47]. To analyze S-bacillithiolation of purified GapDH with
lapachol in vitro, 60 uM of GapDH was S-bacillithiolated with 600 uM
BSH in the presence of 10-fold excess of 6 mM lapachol for 5 min. As
control, GapDH was incubated with BSH in the absence of lapachol.
Excess of BSH and lapachol were removed with Micro Biospin 6 col-
umns (Biorad). S-bacillithiolation of GapDH was analyzed using non-
reducing BSH-specific Western blots. To study thiol-oxidation of the
HypR repressor in vivo, S. aureus COL WT strain expressing His-tagged
HypR (Table S1) was cultivated as described for the in vivo S-ba-
cillithiolation assay above. Cell extracts were alkylated with 50 mM
NEM and HypR oxidation analyzed using non-reducing SDS-PAGE and
Western blot analysis with His-tag specific monoclonal antibodies
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(Thermo Fisher).

Analysis of H>0, detoxification capacity in cell extracts by the
FOX assay. The FOX assay was performed with cytoplasmic cell ex-
tracts as described previously [62]. FOX reagent was prepared by
adding 100 ml FOX I (100 mM sorbitol, 125 uM xylenol orange) to 1 ml
FOX II (25 mM ammonium ferrous(Il)sulfate in 2.5 M H,SO,4). To
prepare cytoplasmic extracts, S. aureus COL WT was cultivated in RPMI
to an ODsgqg of 0.5, exposed to 0.3 mM lapachol and harvested after 1 h
and 2 h. Cells were washed in 83 mM phosphate buffer (pH 7.05),
disrupted using the ribolyzer and 100 pl cell lysate was added to 500 pl
of 10 mM H,0, solution. After different times (1-5 min), 2 pl of the
samples were added to 200 pl FOX reagent and incubated for 30 min at
room temperature. The absorbance was measured at 560 nm using the
CLARIOstar microplate reader. H,O, standard curves were measured
with 20 pl H>O, (0-18 pM final concentrations) and 200 ul FOX reagent
as above.

Protein aggregation assays after lapachol stress in vitro and in
vivo. For in vitro aggregation analyses, purified GapDH was pre-reduced
with 10 mM DTT for 30 min at RT and DTT was removed with spin
columns. Subsequently, 5 uM GapDH was incubated with different
concentrations of lapachol for 30 min at RT and subjected to SDS-PAGE.
For isolation of insoluble protein aggregates of cell extracts in vivo, S.
aureus COL WT was cultivated in RPMI to an ODsgq of 0.5 and treated
with 0.3 and 1.0 mM lapachol for 30 min. Cell extracts were harvested
and protein aggregates isolated as insoluble protein fraction as de-
scribed previously [59,63,64].

3. Results

Lapachol has a strong antimicrobial and killing effect in S.
aureus COL. To determine the growth-inhibitory and lethal lapachol
concentrations, S. aureus COL was grown in RPMI medium and exposed
to increasing doses 0.3-1 mM lapachol during the exponential growth
(Fig. 1A,B). Cell viability was analyzed using CFU counting and the
LIVE/DEAD™ Bacterial Viability Kit (Fig. 1B,C). Sub-lethal doses of
0.3 mM lapachol resulted in a decreased growth rate, but cells were
able to recover in growth and the survival rate was not affected
(Fig. 1A,B). This result was confirmed using live/dead staining since
only few red cells were observed after treatment with sub-lethal 0.3 mM
lapachol similar as in the untreated control (Fig. 1C). Increasing con-
centrations of 0.4-1 mM lapachol were lethal for S. aureus COL as
shown by decreased growth and viability rates (Fig. 1A,B). Only few
SYTO9-labelled cells could be observed using the LIVE/DEAD™ assay
after exposure to 0.7-1 mM lapachol, indicating that lapachol exerts a
strong antimicrobial and killing effect in S. aureus (Fig. 1C). However,
the MIC of lapachol was determined as 1.25 mM in S. aureus (Table S4),
which was higher compared to the growth-inhibitory amount. The
higher MIC is probably caused by inactivation of lapachol over the long
time of incubation for 24 h in the microplate assay.

Lapachol induces a quinone and oxidative stress response in
the S. aureus COL transcriptome. In previous transcriptome studies,
we monitored physiological stress responses by treatment of S. aureus
with sub-lethal doses of antimicrobial compounds [41,59,65]. Thus, the
changes in the transcriptome were analyzed after exposure of S. aureus
COL to sub-lethal 0.3 mM lapachol stress for 30 min in 3 biological
replicates using the RNA-seq method as described earlier [41]. Sig-
nificant differential gene expression is indicated by the M-value cut-off
(log2-fold change lapachol/control) of =1 and <-1 (fold-change
of = 2, P = 0.05) which includes most known redox regulons up-
regulated under lapachol stress (Fig. 2). In total, 564 genes were sig-
nificantly > 2-fold up-regulated and 515 genes were < -2-fold down-
regulated in the lapachol transcriptome of S. aureus COL (Fig. 2, Tables
S5 and S6). Overall, the significantly and most strongly induced reg-
ulons in the lapachol transcriptome include the CtsR, HrcA, PerR,
HypR, NsrR, MhqR, QsrR, CymR, SaeRS, GraRS and SigB regulons.
These regulons indicate that lapachol causes an oxidative and quinone
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Fig. 1. Lapachol has a strong antimicrobial effect in S. aureus. (A-C) The structure of the 2-hydroxy-3-(3-methyl-2-butenyl)-1,4-naphthoquinone lapachol is
shown above the figures (A) and (B). S. aureus COL was grown in RPMI medium to an ODsgq of 0.5 and exposed to sub-lethal (300 uM) and lethal (0.4, 0.5, 0.7 and
1 mM) doses lapachol. (A) Growth curves and (B) survival assays were performed to determine sub-lethal and lethal lapachol concentrations. The cells were plated
for CFUs after 1 and 4 h of lapachol stress. (C) Cell viability was also analyzed after 1 h of lapachol stress using the Live/Dead™ BacLight™ Bacterial Viability Kit and
visualized with a fluorescence microscope (Nikon, Eclipse, Ti2). Live and dead cells show green and red fluorescence, respectively. As control for dead cells, the toxic

concentration of 6 mM NaOCl was applied.

stress transcriptome signature and protein damage. Up-regulated genes
and regulons are labelled with different color codes in the ratio/in-
tensity scatter plot (M/A-plot) and are also displayed in the Voronoi
transcriptomics treemap (Figs. 2 and 3, Tables S5 and S6).

Lapachol stress leads to strong induction of the CtsR and HrcA
regulons, which control the protein quality control machinery, in-
cluding Clp proteases and the DnaK-GrpE, GroESL chaperones [66,67].
The heat-shock specific CtsR controlled ctsR-mcsA-mcsB-clpC operon
and the HrcA-regulated hrcA-grpE-dnaKJ operon are 46-62-fold and 44-
50-fold up-regulated, respectively, under lapachol stress (Figs. 2 and 3,
Tables S5 and S6). Thus, lapachol induces strong protein damage,
which might be caused by oxidative or electrophilic protein modifica-
tions, such as thiol-oxidation or S-alkylations. Among the top scorers
was further the peroxide specific PerR regulon with fold-changes of
5-26. The PerR-regulon genes encode for peroxidases ahpCF (20-26-
fold), bep (11-fold), tpx (5-fold), the catalase katA (11-fold), the mini-
ferritin dps (11-fold) and the thioredoxin reductase trxB (5-fold) (Figs. 2
and 3, Tables S5 and S6). The induction of the PerR-regulon confirms
that lapachol acts via the oxidative mode leading to ROS formation,
such as H,0, inside S. aureus. Furthermore, both genes encoding su-
peroxide dismutases (sodA1 and sodA2) were highly expressed (11-12-
fold) under lapachol stress (Fig. 2, Tables S5 and S6). This supports the
generation of superoxide anions in the oxidative mode of lapachol as
has been measured previously in vitro [24].

In addition, lapachol resulted in 23-26-fold induction of the NsrR-
controlled hmp gene encoding a flavohemoglobin, which is
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predominantly involved in nitric oxide detoxification [68]. Interest-
ingly, Hmp of S. aureus was shown to function in quinone and ni-
trocompound detoxification using mixed one- and two electron reduc-
tion mechanisms [69]. Hmp exhibits a strong substrate preference for 2-
methyl-1,4-naphthoquinones [69], which are related to lapachol. Thus,
Hmp might be involved in lapachol detoxification in S. aureus. Fur-
thermore, the HypR regulon, including the disulfide reductase encoding
merA gene was 5-fold induced by lapachol, which is indicative for
disulfide stress caused by lapachol [41].

The RNA-seq transcriptome data further suggest an electrophilic
mode of action of lapachol, as revealed by the significant induction of
both quinone-specific MhqR and QsrR regulons. The MhqR-regulated
mhqRED operon was 10-fold induced under lapachol treatment. The
QsrR regulon genes encoding quinone reductases and dioxygenases are
3.7-9-fold up-regulated by lapachol, including catE, catE2, azoR1, frp
and yodC (Figs. 2 and 3, Tables S5 and S6). Thus, the main tran-
scriptome signature suggests that lapachol exerts its toxicity as oxidant
and electrophile in S. aureus. In addition, lapachol leads to strong up-
regulation of the SaeRS, GraRS and SigB regulons. Among the virulence
factor controlling SaeRS regulon, the myeloperoxidase inhibitor SPIN
was most strongly 123-fold induced, while the y-hemolysin operon
hlgABC was 8-10-fold up-regulated by lapachol. Several GraRS regulon
members were 3-60-fold up-regulated. The large GraRS regulon re-
sponds to cell wall-active antibiotics and is involved in the oxidative
stress defense in S. aureus [70]. Finally, the genes encoding enzymes for
biosynthesis of BSH and the Brx/YpdA pathway, such as bshA, bshB,
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Fig. 2. RNA-seq transcriptomics after lapachol stress in S. aureus COL. For RNA-seq transcriptomics, S. aureus COL was grown in RPMI medium and treated with
300 uM lapachol for 30 min. The gene expression profile is shown as ratio/intensity scatter plot (M/A-plot) which is based on differential gene expression analysis
using DeSeq2. Colored symbols indicate subsets of the significantly induced regulons QsrR, MhqR, CtsR, HrcA, PerR, HypR, SaeRS, NsrR (dark red, red, magenta, light
magenta, blue, dark blue, light blue, green). The significantly down-regulated regulons PurR, PyrR, ArgR, ArcR are labelled in light green, orange, light orange and
dark violet. All other significantly induced (yellow) or repressed (dark grey) transcripts were defined with an M-value=1 or < -1; P-value <0.05. Light grey symbols
denote transcripts with no fold-changes after lapachol stress (P > 0.05). The transcriptome analysis was performed from three biological replicates. The RNA-seq
expression data of all genes after lapachol stress and their regulon classifications are listed in Tables S5 and S6.

bshC, brxB and ypdA were 2-4-fold up-regulated by lapachol in S.
aureus. This further points to the generation of ROS in the oxidative
mode of lapachol resulting in an impaired redox homeostasis in S.
aureus.

Among the down-regulated regulons, the CodY and ArgR regulons
involved in the biosynthesis of branched chain amino acids (lysine,
isoleucine and leucine) and arginine, respectively, were strongly re-
pressed in the lapachol transcriptome. The PyrR and PurR regulons,
which control purine and pyrimidine biosynthesis operons were further
down-regulated under lapachol. The shut-down of amino acid and nu-
cleotide biosynthesis enzymes might be caused by decreased ATP levels
since the ATP synthase operon was further down-regulated under la-
pachol stress (Figs. 2 and 3, Tables S5 and S6).

Altogether, the RNA-seq transcriptome signature indicates that la-
pachol causes an oxidative, quinone and cell wall stress response as well
as protein damage, suggesting its mode of action as oxidant and elec-
trophile.

Lapachol stress leads to an increased BSH redox potential,
elevated endogenous ROS levels and enhanced H»,O, detoxifica-
tion in S. aureus. Previous studies revealed that lapachol is reduced to
its semiquinone anion radical, leading to reduction of O, and formation
of reactive oxygen species (ROS), such as superoxide anions and hy-
droxyperoxyl radicals [24,25]. Our transcriptome data further support
the oxidative mode of lapachol and an impaired redox balance (Figs. 2
and 3). Thus, we applied the recently constructed genetically encoded
Brx-roGFP2 and Tpx-roGFP2 biosensors to measure intracellular redox
changes in S. aureus after sub-lethal doses of 100 uM lapachol [51,54].
The coupled Brx-roGFP2 biosensor is specific for BSSB leading to S-
bacillithiolation of the Brx active site Cys and transfer of BSH to the
roGFP2 moiety, which finally rearranges to the roGFP2 disulfide [54].
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Oxidation of roGFP2 results in a ratiometric change of the 405 and
488 nm excitation maxima. The 405/488 nm excitation ratio of Brx-
roGFP2 after lapachol stress reflects the oxidation degree (OxD) of the
biosensor and the changes in the BSH redox potential (Egsy) in S. aureus
[54]. The Brx-roGFP2 biosensor showed an increased OxD of 0.65 after
100 uM lapachol stress compared to the untreated control (OxD ~ 0.3)
(Fig. 4A). However, cells were unable to regenerate the reduced basal
level of Epsy within 3 h of lapachol stress. These results indicate that
lapachol causes a constant oxidative shift in Epgy in S. aureus probably
due to its redox-cycling action.

Next, we monitored endogenous H,O, levels using the Tpx-roGFP2
biosensor in S. aureus after lapachol stress [51]. The Tpx-roGFP2 bio-
sensor is specific for low levels of H,O, [51]. H>0, reacts with the Tpx
active site to Cys sulfenic acid (SOH), which is transferred to roGFP2
leading to roGFP2 disulfide formation and the ratiometric changes in
the roGFP2 excitation spectrum. The Tpx-roGFP2 biosensor was shown
to respond very fast to 100 uM lapachol leading to an increased OxD of
~0.7 (Fig. 4B). These results confirm that lapachol treatment leads to
increased endogenous H,0, levels resulting in an increased Epsy sup-
porting the oxidative mode of action. In addition, the FOX assay was
performed to investigate the H,O, detoxification capacity of cellular
extracts of S. aureus after lapachol stress. H,O, detoxification occurred
much faster in lapachol-treated cell extracts, compared to that of un-
treated control cells (Fig. 4C). Thus, S. aureus has an enhanced H,0,
detoxification capacity after lapachol stress due to a higher catalase
activity, which is consistent with the increased expression of the PerR
controlled katA and ahpCF antioxidant genes.

The ROS scavenger N-acetyl cysteine and microaerophilic
growth conditions improve the survival of S. aureus under la-
pachol stress. Since ROS generation by lapachol depends on oxygen
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Fig. 3. The transcriptome treemap after
lapachol indicates an oxidative and qui-
none stress response in S. aureus COL.
The treemap shows the log2-fold changes
(M-values) using the red-blue color code
where red indicates log2-fold induction and
blue repression of selected regulons after
exposure to 300 uM lapachol in the RNA-
seq transcriptome of S. aureus COL. The
genes, operons and regulons are based on
RegPrecise (http://regprecise.lbl.gov/
RegPrecise/index.jsp) and previous classifi-
cations. Lapachol caused a strong quinone
and oxidative stress response as well as
protein damage as revealed by induction of
the PerR, HypR, QsrR, MhqR, CtsR, HrcA
regulons in S. aureus. The induction of the
SigmaB and GraRS regulons further in-
dicates cell wall and general stress re-
sponses in S. aureus. The detailed tran-
scriptome data of all genes differentially
expressed in response to lapachol are pre-
sented in Tables S5 and S6.
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availability, we compared the survival of S. aureus under aerobic and
microaerophilic growth conditions. The results showed that the survival
of S. aureus was strongly improved after 0.4 and 1 mM lapachol stress
under microaerophilic conditions (Fig. 5A). Both concentrations were
lethal under aerobic conditions (Fig. 1B; Fig. 5A). While micro-
aerophilic growth resulted in ~80% survival of cells exposed to 1 mM
lapachol, only less than 1% of cells survived with 1 mM lapachol under
aerobic conditions (Fig. 5A). This result was supported by the ROS
scavenger N-acetyl cysteine, which was added to the aerobic culture
before the exposure to 0.4 mM lapachol (Fig. 5B). The aerobic S. aureus
culture treated with N-acetyl cysteine showed significantly improved
survival after 0.4 mM lapachol stress (Fig. 5B). Together, our results
revealed that the antimicrobial effect of lapachol is based on ROS for-
mation, since decreased ROS levels lead to an enhanced survival of
lapachol-treated cells.

Lapachol causes increased S-bacillithiolation of GapDH and
thiol-oxidation of the HypR repressor in S. aureus. Previously, we
used BSH-specific Western blots to analyze the extent of protein S-ba-
cillithiolation in S. aureus under HOCI stress [48]. The glyceraldehyde-
3-phosphate dehydrogenase GapDH was the most abundant S-ba-
cillithiolated protein under HOCI stress that could be visualized as
major band in non-reducing BSH-specific Western blots [48]. Thus, we
investigated the oxidative mode of action of lapachol by analysis of the
pattern of S-bacillithiolation in S. aureus. The BSH specific Western
blots revealed an increased S-bacillithiolation of the GapDH band after
30-120 min of lapachol stress, which was absent in the bshA mutant

(Fig. 6A). These results confirm the oxidative mode of action to induce
thiol-oxidation of GapDH in S. aureus in vivo.

Next, we used BSH-specific non-reducing Western blots to in-
vestigate whether lapachol-induced ROS can also lead to S-bacillithio-
lation of purified GapDH in vitro. Pre-reduced GapDH was treated with
lapachol in the presence of BSH. While no S-bacillithiolated GapDH
band was visible in the control reaction of GapDH with BSH alone, the
presence of lapachol strongly induced S-bacillithiolation of GapDH in
vitro (Fig. 6B). However, we did not find evidence for protein alkylation
or aggregation of purified GapDH after treatment with increasing doses
0.5-7.5 mM lapachol alone as revealed by SDS-PAGE (Fig. S1A). In
addition, we isolated the insoluble protein fraction of protein ag-
gregates from lapachol-treated cells using the protocol as established
previously [63,64]. However, the results did not reveal increased pro-
tein aggregates after lapachol stress (Fig. S1B).

To further support the oxidative mode of lapachol, we investigated
the redox state of the redox-sensing HypR repressor, which senses dis-
ulfide stress by intersubunit disulfide formation in S. aureus [41]. S.
aureus cells expressing His-tagged HypR protein were subjected to dif-
ferent concentrations of 0.1-1 mM lapachol stress. The redox state of
HypR was analyzed using non-reducing Western blots with anti-His-tag
specific monoclonal antibodies. The results revealed that lapachol leads
to oxidation of HypR to the intermolecular disulfide-linked dimer after
lapachol stress (Fig. S2AB). Thiol-oxidation of HypR was reversible
with DTT, supporting the oxidative mode of lapachol. However, we
could not detect irreversible protein alkylation and aggregation of
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Fig. 4. Lapachol causes an increased BSH redox potential, elevated endogenous H,0, levels and faster H,O, detoxification in S. aureus COL. Responses of
the Brx-roGFP2 (A) and Tpx-roGFP2 (B) biosensors to 100 uM lapachol stress in S. aureus COL. The oxidation degrees (OxD) of the Brx-roGFP2 and Tpx-roGFP2
biosensors were calculated for untreated control cells (white symbols) and after lapachol stress (grey symbols). OxD values were calibrated to fully reduced and
oxidized controls. (C) Lapachol-treated S. aureus cells showed faster H>O, detoxification in the FOX assay indicating higher catalase activity. S. aureus was exposed to
0.3 mM lapachol for 1-2 h and cell extracts were analyzed for H,O, decomposition using the FOX-Assay. Mean values and SD of 3—-4 biological replicates are shown.
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Fig. 5. Microaerophilic growth and the ROS-scavenger N-acetyl cysteine improve survival of S. aureus under lapachol stress. (A) Survival assays were
performed of S. aureus COL WT grown in RPMI under aerobic or microaerophilic conditions after exposure to 0.4 and 1 mM lapachol at an ODsg of 0.5. The aerobic
survival rates are the same shown in Fig. 1B. (B) Survival rates were determined under aerobic growth conditions after 0.4 mM lapachol stress in the absence or
presence of 1.25 mM N-acetyl cysteine (NAC). CFUs were determined after 1 or 4 h of stress exposure and the survival of the untreated control was set to 100%. Mean
values and SD of three to four biological replicates are presented. The statistics was calculated using a Student's unpaired two-tailed t-test by the graph prism

software. Symbols are: **p < 0.01 and ***p < 0.001.

proteins in the Western blot or SDS-PAGE loading control. Together,
our results support the oxidative mode of lapachol to induce protein S-
bacillithiolation of GapDH in vitro and in vivo as well as reversible thiol-
oxidation of the redox-sensing HypR repressor in S. aureus.

The catalase KatA and the Brx/BSH/YpdA pathway confer tol-
erance of S. aureus towards lapachol treatment. To confirm the
oxidative mode of lapachol by ROS generation, we analyzed the phe-
notype of the katA mutant deficient for the major catalase. The katA
mutant displayed a growth delay under lapachol stress and was strongly
impaired in survival compared to the parent (Fig. 7A,B). These results
clearly confirm the production of H,0, and increased catalase activity
by lapachol as shown with the Tpx-roGFP2 biosensor and FOX assay,
since the katA mutant is very sensitive to oxidative stress. In addition,
we showed previously that the BrxA/BSH/YpdA redox pathway is
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important for de-bacillithiolation of proteins during recovery from
oxidative stress and infection conditions [51]. Here, we have shown
that lapachol causes an oxidative shift in Epsy and increased S-ba-
cillithiolation of GapDH (Figs. 4 and 6). Thus, we investigated the
phenotypes of the bshA, brxAB and ypdA deletion mutants during
growth and survival of S. aureus under lapachol stress. The growth of
mutants deficient for BSH, bacilliredoxins BrxA/B and the BSSB re-
ductase YpdA was significantly impaired after exposure to sub-lethal
0.3 mM lapachol (Fig. 7C,E,G). Furthermore, all mutants showed a
significantly decreased survival after lethal 0.4 mM lapachol stress
(Fig. 7D,F,H). These lapachol-sensitive phenotypes could be restored
back to WT level after complementation with katA, bshA, brxA and
ypdA, respectively (Fig. 7B,D,F,H; Fig. S3A,B,C,E). However, the com-
plementation of the brxAB mutant with brxB did not restore the



N. Lingner, et al.

WT

AbshA

Free Radical Biology and Medicine 158 (2020) 126-136

B

30° 60° 120° 180 co 180°Lap

S

P

35+ P-4 —i
GapDH-SSB
15+

anti-BSH Western blot

Loading control

Lap+

kDa M co Lap DTT

55 - qme

40 - - GapDH-SSB
35— e

15— == anti-BSH

55 = e

401~ = ww w= GapDH
35 | s

Loading
15 < === control
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the BSH Western blots.

phenotype back to wild type level (Fig. 7H; Fig.S3D). Taken together,
these results revealed that the catalase KatA and the BrxA/BSH/YpdA
redox pathway provide protection against lapachol-induced ROS for-
mation in S. aureus.

4. Discussion

In this study, we have analyzed the antimicrobial mode of action of
the naphthoquinone lapachol in the major pathogen S. aureus. Using
growth and survival assays, the sub-lethal lapachol concentration was
determined as 0.3 mM, while higher doses of 0.4-1.0 mM were toxic for
S. aureus and strongly decreased the survival. Previously, the MIC of
lapachol in S. aureus has been determined as 128-256 pg/ml
(~0.53-1.06 mM) [71], which is in agreement with the MIC de-
termined in this work. Since low doses of 0.4 mM lapachol are toxic for
exponentially growing S. aureus cells, lapachol could be suited as redox-
active antimicrobial to treat MRSA strains in wound infections.

In this work, we combined RNA-seq transcriptomics, redox bio-
sensor measurements, protein thiol-oxidation assays and phenotype
analyses of mutants to investigate the antimicrobial mode of action and
stress responses caused by lapachol in S. aureus. The transcriptome
results showed that lapachol caused an oxidative and quinone stress
response and protein damage in S. aureus. The oxidative stress-specific
PerR and HypR regulons, which control catalases, peroxidases and
disulfide reductases, and the superoxide dismutases sodA1 and sodA2
are most strongly up-regulated by lapachol, which are indicative for the
oxidative mode of action of lapachol. This antioxidant response induced
by lapachol supports the generation of ROS by the redox cycling action
of lapachol, such as superoxide anions, which are converted to H>O, by
SodA1/2.

Thus, our results are in agreement with previous studies of the
bioactivation of lapachol using NADPH-dependent cytochrome P450
reductase and the interaction of lapachol with oxygen in vitro [24,25].
The naphthoquinone lapachol was shown to be bioactivated via
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reduction by P450 reductase to semiquinone anion radical, which leads
to electron transfer to molecular oxygen, resulting in superoxide anion
generation [25]. In an electrochemical study, the semiquinone anion
radical was demonstrated to interact with oxygen in an electron-chain
mechanism, resulting in the deprotonated lapachol and hydroxyperoxyl
radicals [24].

To investigate the oxidative stress response caused by lapachol-in-
duced ROS, we studied the changes of the BSH redox potential and
endogenous H,O, formation by lapachol using the Brx-roGFP2 and Tpx-
roGFP2 biosensors in S. aureus. Our results showed an oxidative shift of
Egsy after lapachol stress in S. aureus. Increased H,O, production was
measured in S. aureus with the Tpx-roGFP2 biosensor after lapachol
exposure. However, both biosensors could not be regenerated after 3 h
of stress, which is probably caused by the constant redox-cyclic action
of lapachol in S. aureus. In addition, we used the FOX assay to de-
monstrate an enhanced H,0, detoxification capacity of S. aureus cells
after lapachol stress, which supports an increased catalase activity in
lapachol-treated cells. Survival assays under aerobic and micro-
aerophilic conditions could further link lapachol toxicity to increased
ROS formation under aerobic conditions in S. aureus. The survival of
lapachol-treated S. aureus cells was strongly increased under micro-
aerophilic conditions, while the aerobic culture was protected against
lapachol toxicity by the ROS scavenger N-acetyl cysteine. These com-
bined results of an oxidative shift in Eggyy, elevated H,O,, levels with the
Tpx-roGFP2 biosensor, faster H,O, detoxification and increased sur-
vival with decreased ROS levels indicate that the redox-cycling mode is
the main antimicrobial mode of action of lapachol in S. aureus cells.

In agreement with the oxidative mode, growth and survival assays
revealed an increased sensitivity of the katA mutant to lapachol, which
is compromised in H,O, detoxification [72]. Apart from katA, the
peroxidase ahpCF operon is very strongly 20-26-fold induced by la-
pachol. Both KatA and AhpCF have compensatory roles in peroxide
detoxification, since the absence of KatA resulted in elevated AhpCF
expression and vice versa [72]. Our transcriptome results indicate that
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both KatA and AhpCF are highly induced by lapachol to remove H,O,.
The increased catalase activity was confirmed using the FOX assay in
extracts of lapachol-treated cells. In the katA mutant, the ahpCF operon
might compensate for detoxification of H;O, which is produced by la-
pachol.

In addition, we analyzed the thiol-oxidation of GapDH and the
HypR repressor in the proteome of S. aureus. Lapachol induced S-ba-
cillithiolation of GapDH both in vivo and in vitro, supporting further ROS
generation. S-bacillithiolation of GapDH was previously observed in
response to strong oxidants, such as HOCI and by the antimicrobial
coating AGXX®, which causes hydroxyl radical formation [48,59].
Thus, the previously measured hydroxyperxoxyl radical under lapachol
stress might provoke S-bacillithiolation of GapDH [24]. Regeneration of
S-bacillithiolated proteins and BSSB was shown to require the BrxA/
BSH/YpdA pathway in S. aureus, which is important under oxidative
stress and infections [48,51,52]. Consistent with these results, the bshA,
brxAB and ypdA mutants showed significant growth and survival de-
fects under lapachol stress. This confirms the importance of the BrxA/
BSH/YpdA pathway for recovery of S. aureus from lapachol stress by
reduction of oxidized proteins and BSSB.

The HypR repressor was previously shown to sense strong disulfide
stress, such as HOCl, AGXX® and allicin [41,59,65]. The redox-sensing
mechanism of HypR involves intermolecular disulfide formation under
HOCI stress. Here, we confirmed that HypR is oxidized to the HypR
disulfide-linked dimer leading to its inactivation and derepression of
transcription of the disulfide reductase-encoding merA gene. Consistent
with these results, the hypR-merA operon was 5-fold induced in the
transcriptome under lapachol stress. The increased protein thiol-
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oxidation by lapachol is further in agreement with the strong induction
of the CtsR and HrcA regulons, controlling Clp proteases and the DnaK-
GrpE, GroESL chaperones to degrade and refold oxidatively damaged
proteins. Altogether, our results indicate that lapachol provokes mainly
an oxidative stress response in the transcriptome, which was confirmed
by an oxidized Epgsy, elevated H,O, levels, increased catalase activity
and protein thiol-oxidation during aerobic growth in S. aureus.
However, quinones have been described to exert their cytotoxicity
via oxidative and electrophilic mechanisms [13,27,28]. In the electro-
philic mode, quinones lead to S-alkylation of nucleophilic Cys residues,
resulting in irreversible protein aggregation and depletion of Cys pro-
teins in the proteome [29]. Thus, the question arises whether the
naphthoquinone lapachol could lead to thiol-S-alkylation and ag-
gregation of protein thiols. Previous studies on diesel exhaust phenan-
thraquinone revealed the oxidation of proximal protein thiols and
oxidative modification of Cu, Zn superoxide dismutase through the
redox cycling mode of action [33,73]. Our transcriptome signature re-
vealed the induction of the quinone-specific MhqR and QsrR regulons
under lapachol stress, which could point to the alkylation mode.
However, these quinone-specific regulons were induced at lower levels
(~10-fold) compared to the oxidant-induced PerR-regulated ahpCF and
katA genes. This might indicate that the naphthoquinone lapachol does
not lead to alkylation and aggregation of protein thiols as shown for
benzoquinones previously [29]. In contrast, the MhqR and QsrR reg-
ulons responded much stronger to the hydroquinone MHQ in previous
transcriptome studies [26]. Specifically, MHQ leads to 34-67-fold in-
duction of the MhqR regulon and up-to 280-fold induction of the QsrR
regulon in S. aureus [26]. The S-alkylation and oxidation modes of
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action were both previously demonstrated for benzoquinones in B.
subtilis [29].

To exclude the alkylation mode of lapachol, we treated the GapDH
protein with increasing concentrations of lapachol up-to 7.5 mM in
vitro, but did not observe any aggregation in the higher molecular range
(Fig. S1A) compared to previous studies with benzoquinones [29]. The
isolation of the insoluble protein fraction in cell extracts in vivo did not
reveal increased protein aggregates after treatment of cells with 0.3 and
1 mM lapachol (Fig. S1B). In addition, no irreversible protein ag-
gregation could be observed for the HypR repressor, which was oxi-
dized to the reversible HypR intermolecular disulfides indicative for the
oxidative mode (Fig. S2AB). We did not find any evidence for protein
alkylation and aggregation since cellular proteins could be well sepa-
rated using SDS-PAGE. No alkylated aggregates migrated in the upper
range of the SDS gel or remained in the stacking gel (see loading con-
trols of Fig. 6A and Fig. S2AB) as observed previously for benzoqui-
nones [29]. These results were expected since the quinone ring is fully
substituted in lapachol, which prevents thiol-S-alkylation and ag-
gregation of protein thiols [27,34]. In general, the toxicity and alky-
lation activity increases with the number of unsubstituted positions
adjacent to the keto groups of the quinone rings [27,34]. In conclusion,
our results demonstrate that lapachol leads to ROS formation and acts
mainly via its redox-cycling oxidative mode as antimicrobial me-
chanism in S. aureus.

Finally, the question arises if S. aureus is able to detoxify lapachol.
Lapachol metabolic pathways have been studied in fungi and strepto-
mycetes, which involve monooxygenases or dioxygenases [74,75]. Our
transcriptome data identified the flavohemoglobin hmp as strongly in-
duced under lapachol stress in S. aureus. Hmp was characterized as NO
dioxygenase, which converts NO and O, to NO3 ™~ via the haem-Fe®*
active center using NADPH and FAD as cofactors for electron transfer
[68]. Recently, S. aureus Hmp was revealed to function in detoxification
of quinones by mixed single and two-electron reduction mechanisms
with preference for 1,4-naphthoquinones as best electron acceptors
[69]. Quinone reduction required electrons from NADH and reduced
FAD, but not from haem-Fe?* Q,, indicating that quinones are subverse
substrates for Hmp using different mechanisms for detoxification
compared to NO [69]. These results indicate that lapachol detoxifica-
tion could involve various NADPH-dependent flavoenzymes in S.
aureus, which are upregulated in the transcriptome under lapachol
stress and remain to be subjects of future studies.
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