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Protein S-thiolation is a post-translational thiol-modifica-
tion that controls redox-sensing transcription factors and
protects active site cysteine residues against irreversible
oxidation. In Bacillus subtilis the MarR-type repressor
OhrR was shown to sense organic hydroperoxides via
formation of mixed disulfides with the redox buffer bacil-
lithiol (Cys-GlcN-Malate, BSH), termed as S-bacillithiola-
tion. Here we have studied changes in the transcriptome
and redox proteome caused by the strong oxidant hypo-
chloric acid in B. subtilis. The expression profile of NaOCl
stress is indicative of disulfide stress as shown by the
induction of the thiol- and oxidative stress-specific Spx,
CtsR, and PerR regulons. Thiol redox proteomics identi-
fied only few cytoplasmic proteins with reversible thiol-
oxidations in response to NaOCl stress that include GapA
and MetE. Shotgun-liquid chromatography-tandem MS
analyses revealed that GapA, Spx, and PerR are oxidized
to intramolecular disulfides by NaOCl stress. Further-
more, we identified six S-bacillithiolated proteins in
NaOCl-treated cells, including the OhrR repressor, two
methionine synthases MetE and YxjG, the inorganic py-
rophosphatase PpaC, the 3-D-phosphoglycerate dehy-
drogenase SerA, and the putative bacilliredoxin YphP.
S-bacillithiolation of the OhrR repressor leads to up-
regulation of the OhrA peroxiredoxin that confers to-
gether with BSH specific protection against NaOCl. S-
bacillithiolation of MetE, YxjG, PpaC and SerA causes
hypochlorite-induced methionine starvation as sup-
ported by the induction of the S-box regulon. The mech-
anism of S-glutathionylation of MetE has been de-
scribed in Escherichia coli also leading to enzyme
inactivation and methionine auxotrophy. In summary, our
studies discover an important role of the bacillithiol redox
buffer in protection against hypochloric acid by S-bacilli-
thiolation of the redox-sensing regulator OhrR and of
four enzymes of the methionine biosynthesis pathway.
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Reactive oxygen species (ROS)1 are an unavoidable con-
sequence of the aerobic lifestyle of many organisms (1, 2).
ROS can be generated by incomplete reduction of molecular
oxygen during the respiratory chain. Pathogenic bacteria en-
counter ROS, such as hydrogen peroxide (H2O2), superoxide
anion and hypochloric acid as defense of the innate immune
response during host-pathogen interactions. Upon bacterial
infection, myeloperoxidase is released from activated macro-
phages to produce the strong oxidant hypochloric acid from
H2O2 and Cl� (3, 4).

ROS can damage all cellular macromolecules, such as pro-
teins, lipids, carbohydrates, and nucleotides (2, 5). Cells ac-
tivate the expression of antioxidant mechanisms to detoxify
ROS and to repair the damage. The response of bacteria to
H2O2 and organic hydroperoxides (ROOH) involves heme-
cofactor containing catalases and thiol-dependent peroxi-
dases as detoxification mechanisms (5, 6). Peroxidases use
conserved redox-active cysteine residues that function in re-
duction of peroxides. These oxidative stress defense mech-
anisms are often controlled by redox-sensitive transcription
factors that undergo post-translational thiol-modifications
upon challenge with ROS leading either to activation or inac-
tivation of the transcription factors (7). Post-translational thiol-
modifications implicated in redox-sensing mechanisms are
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1 The abbreviations used are: ROS, reactive oxygen species; BSH,
bacillithiol; Brx, bacilliredoxin; CHP, cumene hydroperoxide; Cys,
cysteine; GlcNAc, N-acetyl glucoseamine; GSH, glutathione; GST,
glutathione S-transferase; IAM, iodoacetamide; IP, immunoprecipita-
tion; LMW, low molecular weight; Mal, malate; MSH, mycothiol; Met,
methionine; MG, methylglyoxal; MHQ, methylhydroquinone; N5-THF,
5-methyltetrahydrofolate; N5,N10-THF, 5,10-methylenetetrahydrofo-
late; PAPS, 3�-phosphoadenosine-5�-phosphosulfate; PPi, inorganic
pyrophosphate; ROOH, organic hydroperoxide; ROH, organic alco-
hol; RES, reactive electrophilic species; RuMP, ribulose-5-mono-
phosphate; THF, tetrahydrofolate; TrxAB, thioredoxin/thioredoxin re-
ductase; RNS, reactive nitrogen species; FOX, ferrous oxidation
xylenol orange.
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known as thiol-disulfide redox-switches and include in most
cases inter- or intramolecular disulfides and mixed disulfides
with low molecular weight (LMW) thiols (S-thiolations). The
best studied examples for peroxide-sensing thiol-based tran-
scription factors are Escherichia coli OxyR (8–11) and yeast
Yap1 transcription factor (7, 12, 13) that are activated by
intramolecular disulfide bond formation to induce the antiox-
idant defense mechanisms.

In Bacillus subtilis, the major detoxification enzymes for
peroxides are catalase (KatA) and alkylhydroperoxide reduc-
tase (AhpCF) that are controlled of the peroxide-sensing Fur
family metalloregulatory PerR repressor (5). PerR harbors a
structural Zn-binding site coordinated by four cysteine resi-
dues and a regulatory Fe or Mn binding site consisting of His
and Asp residues. Inactivation of PerR is caused by Fe-
catalyzed oxidation of His37 and His91 to 2-oxohistidine in
the regulatory site (5, 14–16). The response to ROOH involves
the MarR-type repressor OhrR in B. subtilis that is conserved
in many other bacteria (6, 7). OhrR-like proteins control a
thiol-dependent peroxiredoxin that converts ROOH to organic
alcohols. OhrR proteins can be devided into the one and
two-Cys families of redox sensing repressors. The OhrR pro-
tein of Xanthomonas campestris belongs to the two-Cys fam-
ily that is oxidized to a Cys22-Cys127‘ intermolecular disulfide
between both subunits of the OhrR dimer (17). One-Cys OhrR
proteins harbor one conserved N-terminal Cys with the pro-
totype of B. subtilis OhrR or Staphylococcus aureus SarZ and
MgrA (7, 18). Cumene hydroperoxide (CHP) leads to Cys15
oxidation to sulfenic acid that is rapidly oxidized to S-thiolated
OhrR containing cysteine or the redox buffer bacillithiol (BSH)
(19, 20). Thus, B. subtilis OhrR is controlled by S-cysteinyla-
tion and S-bacillithiolation as redox-switch mechanism lead-
ing to inactivation of the OhrR repressor function and dere-
pression of ohrA transcription.

In previous studies, we investigated the global response,
post-translational modifications and specific regulatory
mechanisms that are induced by reactive electrophilic spe-
cies (RES) in B. subtilis, such as diamide, quinones, or alde-
hydes. RES deplete the cellular redox buffer cysteine leading
to induction of the Spx-regulon that controls thiol-disulfide
oxidoreductases (TrxAB) to restore the redox homeostasis
(21–23). B. subtilis encodes specific redox-sensing regulators
of the MarR/DUF24-family that sense RES, but not ROS (7).
These include the paralogous repressors YodB and CatR
that are inactivated via intermolecular disulfide formation by
diamide and quinones resulting in derepression of the
azoreductase (AzoR1), nitroreductase (YodC), and thiol-de-
pendent dioxygenase (CatE) catalyzing the detoxification of
the electrophiles (24–26). Other proteins of the MarR/
DUF24-family (HxlR) and of the MerR/NmlR-family (AdhR)
sense specifically aldehydes, such as formaldehyde and
methylglyoxal (23).

In this study, we were interested in the global response,
regulatory mechanisms, and post-translational thiol-modifica-

tions that contribute to the resistance of B. subtilis to the
strong oxidant hypochloric acid. Hypochloric acid is the active
component of household bleach and widely used as antimi-
crobial disinfectant to clean surfaces. The bactericidal effect
of hypochloric acid has been proposed to involve generation
of ROS, such as superoxide anion and hydroxyl radical for-
mation in E. coli (27). Recent redox proteomics studies in
E. coli using the OxICAT approach have shown that bleach
causes strong disulfide formation and protein aggregation in a
different set of proteins than H2O2 (28). As defense mecha-
nism against NaOCl stress, E. coli uses the redox controlled
chaperone Hsp33 that is activated by NaOCl by the formation
of intramolecular disulfides in the Zn-redox switch centers
resulting in Zn release, oxidative unfolding and dimerization
(29). Hsp33 protects cells against NaOCl-induced protein ag-
gregation. The mode of action has been also studied using
transcriptome analyses in pathogenic E. coli O157:H7 out-
break strains and the food-borne pathogen B. cereus
ATCC14579 (30, 31). Both transcriptome analyses suggest a
major oxidative stress response mechanism of NaOCl. Regu-
lons involved in the biosynthesis of sulfur and sulfur-contain-
ing amino acids were up-regulated by NaOCl in both genome-
wide studies. However, the mode of action of hypochloric
acid has not yet been investigated in B. subtilis.

We have used transcriptomic and redox proteomic ap-
proaches coupled with shotgun-LC-MS/MS analyses to ana-
lyze the mode of action and reversible thiol-modifications by
NaOCl stress in B. subtilis. We discovered that the major
resistant determinant to NaOCl is the OhrA peroxiredoxin that
conferred specific protection against NaOCl toxicity. More-
over, we identified S-bacillithiolations of the OhrR repressor,
two methionine synthases MetE and YxjG, the inorganic py-
rophosphatase PpaC, and the 3-D-phosphoglycerate dehy-
drogenase SerA as major protection mechanisms against hy-
pochlorite stress in B. subtilis.

EXPERIMENTAL PROCEDURES

Bacterial Strains and Growth Conditions—The bacterial strains
used were B. subtilis wild-type strains 168 (trpC2), JH642 (trpC2
attSP�), and CU1065 (trpC2 pheA1) and mutant strains �spx
(trpC2,spx::neor) (32), �ohrR (trpC2,ohrR::cmr), �ohrA (trpC2,
ohrA::cmr), �sigB (trpC2,sigB::cmr), �perR (trpC2,perR::cmr) (33),
HB9121 (CU1065 trpC2,ohrR::kmr ohrR-FLAG (Spcr) ohrA-cat lacZ
(Neor) (19), HB2048 (CU1065 SP�c2�2::Tn917::(ohrA-cat-
lacZ)ohrR::kan,thrC::pXTohrRC15S) (34), HB11002 (CU1065 trpC2,
bshA::mlsr), and HB11053 (CU1065 trpC2, bshB1:: spcr bshB2::cmr)
(35). B. subtilis strains were cultivated under vigorous agitation at
37 °C in Belitsky minimal medium (BMM) as described previously (36).
The antibiotics were used at the following concentrations: 1 �g/ml
erythromycin, 25 �g/ml lincomycin, 5 �g/ml chloramphenicol, 10
�g/ml kanamycin, and 100 �g/ml spectinomycin. Sodium hypochlo-
rite (15% stock solution), diamide, and cumene hydroperoxide were
purchased from Sigma Aldrich.

For NaOCl stress exposure, cells were grown in BMM to an optical
density at 500 nm (OD500) of 0.4 and treated with 50, 75, or 100 �M

NaOCl diluted freshly in destilled water. The growth experiments in
the presence of methionine were performed by addition of 75 �M
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methionine either after inoculation of the culture or 30 and 60 min after
NaOCl stress exposure.

Gene deletions for construction of the ohrA mutant were generated
using long-flanking-homology polymerase chain reaction (LFH-PCR)
as described previously (25). Primers ohrA-F1 (5�-TGCAGCTGATTG-
AGGATACG-3�) and ohrA-F2 (5�-GTTATCCGCTCACAATTCGCGGT-
CTGATGAAATGACCT-3�) were used to amplify the up fragment and
primers ohrA-R1 (5�-CGTCGTGACTGGGAAAACGGTGTGACGCTG-
CAAGTAAA-5�) and ohrA-R2 (5�-CCCTTCAATCTCCGAATCAA-3�) to
amplify the down fragment, respectively. Fragments were amplified
and joined together with the chloramphenicol cassette using Pfusion
DNA polymerase (Invitrogen, Carlsbad, CA) as described (33). Inte-
gration and deletion of the ohrA gene were confirmed by PCR and by
Northern blot analysis using digoxigenin-labeled RNA probes of the
corresponding gene.

Analysis of NaOCl Concentrations in the Cell Culture Supernatant
Using the FOX Assay—The concentrations of the remaining NaOCl in
the culture supernatants were determined using the FOX assay (37).
FOX reagent was prepared by mixing 100 ml FOX I (100 mM sorbitol,
125 �M xylenol orange) and 1 ml FOX II (25 mM ammonious ferrous-
(II)sulfate in 2.5 M H2SO4). It was not possible to measure any NaOCl
concentrations in BMM with tryptophane and glutamate. Thus, cells
were grown to an OD500 of 0.4 in BMM, centrifuged and resuspended
in BMM without tryptophane and glutamate before the addition of 75
�M NaOCl. Samples of 500 �l medium were taken at different time
points after NaOCl addition, mixed with 500 �l FOX reagent and
incubated at room temperature for 60 min. The absorbance was
measured at 560 nm. Calibration curves were generated using NaOCl
concentrations in the range from 0 to 100 �M diluted in BMM without
tryptophane and glutamate.

Thiol Redox Proteome Analysis—The thiol redox proteome analysis
was performed as described previously (38) with the modifications as
explained (21). Cells were harvested before (control conditions) and
10, 20, and 30 min after exposure to 50 �M NaOCl stress, resus-
pended in urea/CHAPS alkylation buffer (8 M urea; 1% CHAPS; 1 mM

EDTA; 200 mM Tris-HCl pH 8,0; 100 mM iodoacetamide (IAM)), son-
icated, alkylated for 20 min in the dark, precipitated with 100%
acetone, washed several times with 80% acetone and dried. After
resolving in urea/CHAPS buffer without IAM, 200 �g of the protein
extract were reduced with 10 mM Tris-(2-carboxyethyl)-phosphine
(TCEP) and labeled with BODIPY FL C1-IA [N-(4,4-difluoro-5,7-di-
methyl-4-bora-3a,4a-diaza-s-indacene-3-yl)-methyl)-iodoacetamide]
(Invitrogen, Eugene, OR). The fluorescence-labeled protein extract
was separated using 2D PAGE as described (21). The two-dimen-
sional (2D) gels were scanned using a Typhoon 9400 variable mode
imager (Amersham Biosciences, Freiburg, Germany) for BODIPY-
fluorescence and then stained with Colloidal Coomassie for protein
amounts. Quantitative image analysis was performed with the
DECODON Delta 2D software (http://www.decodon.com).

The first alkylation protocol (38) that applied the TCA-precipitation
step to harvest cells to stop thiol-disulfide exchanges was changed
previously (21) for two reasons: (1) The 2D gels were of bad quality
and exhibited protein streaking during the isoelectric focusing (IEF)
and (2) GapA was oxidized artificially by this TCA precipitation step
under control conditions but not if this TCA step was omitted (38) and
GapA is an important redox-controlled cytoplasmic marker protein
and strongly oxidized in response to quinones and diamide (21, 22).
Because GapA was neither oxidized using our alkylation protocol in
the redox proteome of control cells nor in the LC-MS/MS approach,
this indicates no artificial thiol-disulfide exchange during our sample
preparations.

Identification of Reversibly Oxidized Proteins in the Thiol-Redox
Proteome Using Matrix-Assisted Laser Desorption Ionization/Time
Of Flight-TOF Tandem MS (MS/MS)—Tryptic digestion of the re-

versibly oxidized proteins in the Coomassie-stained thiol-redox
proteome was performed manually as described previously (24). In
brief, gel pieces were washed 3–5 times with 1 ml of 20 mM (w/v)
ammonium bicarbonate, pH 8.0/50% (v/v) acetonitrile (ACN) for 30
min and once with 1 ml 75% ACN for 30 min. Gel pieces were dried
and the proteins in-gel digested with 20 �g/�l trypsin dissolved in
water (Promega, Madison, WI) at 37 °C for 16 h. Tryptic peptides
were eluted with 0.5% (w/v) trifluoroacetic acid/50% (v/v) ACN and
0.5 �l of this peptide solution was spotted on the MALDI-targets.
Then, 0.5 �l of matrix solution (50% (v/v) ACN/0.5% (w/v) trifluo-
roacetic acid) saturated with �-cyano-4-hydroxy cinnamic acid was
mixed with the spotted tryptic peptides and dried on the target for
15 min.

The matrix-assisted laser desorption ionization/time of flight
(MALDI-TOF)-TOF measurement of spotted peptide solutions was
carried out on a Proteome-Analyzer 4800 (Applied Biosystems, Foster
City, CA). The spectra were recorded in reflector mode in a mass
range from 900 to 3700 Da with a focus mass of 2000 Da. For one
main spectrum 25 subspectra with 100 shots per subspectrum were
accumulated using a random search pattern. If the autolytical frag-
ment of trypsin with the monoisotopic (M�H)� m/z at 2211.104
reached a signal to noise ratio (S/N) of at least 10, an internal cali-
bration was automatically performed using this peak for one-point-
calibration. The peptide search tolerance was 50 ppm but the actual
RMS value was between 10 and 20 ppm. After calibration the peak
lists were created by using the “peak to mascot” script of the GPS
Explorer™ software version 3.6 with the following settings: mass
range from 900 to 3700 Da; peak density of 50 peaks per range of 200
Da; minimal area of 100 and maximal 200 peaks per protein spot and
minimal S/N ratio of 6. The peak lists were searched against a Bacillus
subtilis sequence database extracted from UniprotKB release 12.7
(UniProt Consortium, Nucleic acids research 2007, 35, D193–197)
using the Mascot search engine version 2.1.04 (Matrix Science Ltd,
London, UK).

MALDI-TOF-TOF MS/MS analysis was performed for the three
strongest peaks of the TOF-spectrum. For one main spectrum 20
sub-spectra with 125 shots per subspectrum were accumulated us-
ing a random search pattern. The internal calibration was automati-
cally performed as one-point-calibration if the mono-isotopic arginine
(M�H)� m/z at 175.119 or lysine (M�H)� m/z at 147.107 reached a
S/N of at least 5. The peak lists were created by using the “peak to
mascot” script of the GPS Explorer™ software version 3.6 with the
following settings: mass range from 60 Da to a mass that was 20 Da
lower than the precursor mass; peak density of 5 peaks per 200 Da;
minimal area of 100 and maximal 20 peaks per precursor and a
minimal S/N ratio of 5. Peptide mixtures that yielded a mowse score
of at least 50 in the reflector mode and a sequence coverage of at
least 30% that were confirmed by subsequent MS/MS analysis were
regarded as positive identification. The complete Mascot search re-
sults including the MS and MS/MS data of all protein identifications
are shown in supplemental Figs. S1A–P.

Immunoprecipitation (IP) and Nonreducing SDS-PAGE Analysis of
the OhrR-FLAG Protein—The OhrR-FLAG protein expressing B. sub-
tilis strain HB9121 was grown in BMM and treated with 50 �M NaOCl
at an OD500 of 0.4. Cells were harvested before (control conditions)
and 15 min after NaOCl-treatment in TE-buffer (10 mM Tris-HCl, pH8;
1 mM EDTA) with 100 mM IAM. Cells were sonicated, the protein
extracts obtained after repeated centrifugation and alkylated in the
dark for 20 min. OhrR-FLAG protein was purified by IP using anti-
FLAG M2-affinity agarose (Invitrogen) according to the instructions of
the manufacturer. The precipitated OhrR-FLAG protein was eluted by
boiling in non-reducing SDS sample buffer (4% SDS; 62.5 mM Tris-
HCl pH 8.0, glycerol) and separated using 15% nonreducing SDS-
PAGE. The OhrR-FLAG protein band of the expected size was cut
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from the SDS-gel, tryptically digested as described above and ana-
lyzed by LTQ-Orbitrap mass spectrometry.

LTQ-Orbitrap Velos Mass Spectrometry and Identification of Post-
translational Thiol-modifications—B. subtilis wild-type and �bshA
mutant cells were harvested before (control conditions) and 15 min
after exposure to 50 �M NaOCl stress. Cells were resuspended in
urea/CHAPS alkylation buffer with 100 mM IAM as described above
and sonicated to obtain the alkylated protein extracts. The alkylated
protein extracts were separated using 15% nonreducing SDS-PAGE
(200 �g each per lane) and the complete lanes were cut into 10 gel
pieces and digested with trypsin as described above. Peptides eluted
from tryptic digests of gel pieces were subjected to a reversed phase
column chromatography (self packed C18 column, 100-�m i. D. x 200
mm) operated on a Easy-nLC II (Thermo Fisher Scientific, Waltham,
MA). Elution was performed by a binary gradient of buffer A (0.1%
(v/v) acetic acid) and B (99.9% (v/v) ACN, 0.1% (v/v) acetic acid) over
a period of 100 min with a flow rate of 300 nl/min. MS and MS/MS
data were acquired with the LTQ-Orbitrap-Velos mass spectrometer
(Thermo Fisher Scientific) equipped with a nanoelectrospray ion
source. The Orbitrap Velos was operated in data-dependent MS/MS
mode using the lock-mass option for real time recalibration. After a
survey scan in the Orbitrap (r � 30,000) MS/MS data were recorded
for the 20 most intensive precursor ions in the linear ion trap. Singly
charged ions were not taken into account for MS/MS analysis.

Post-translational modifications of proteins were identified by
searching all MS/MS spectra in “dta” format against an B. subtilis
target-decoy protein sequence database (8294 entries) using Sorcer-
er™-SEQUEST® (Sequest version 2.7 rev. 11, Thermo Electron in-
cluding Scaffold_3_00_02, Proteome Software Inc., Portland, OR).
The target-decoy database includes the complete proteome set of B.
subtilis 168 (4105 database entries) that was extracted from Uni-
protKB release 12.7 (UniProt Consortium, Nucleic acids research
2007, 35, D193–197) (39) and an appended set of 4147 reversed
sequences and 42 sequences of common laboratory contaminants
created by BioworksBrowser version 3.2 (Thermo Electron Corp.)
according to Elias et al. (40). The Sequest search was carried out
considering the following parameter: a parent ion mass tolerance 10
ppm, fragment ion mass tolerance of 1.00 Da. Up to two tryptic
miscleavages were allowed. Methionine oxidation (�15.994915 Da)
and cysteine carbamidomethylation (�57.021464 Da) were set as
variable modifications. Multiple Sequest searches were performed for
either intramolecular disulfide bonds (�2.01565 Da), S-cysteinyla-
tions (�119.004099 Da for C3H7NO2S) or S-bacillithiolations
(�396.083866 Da for C13H22N2O10S) as variable post-translational
cysteine modifications, allowing a maximum of three modifications
per peptide in each Sequest search.

Proteins were identified by at least two peptides applying a strin-
gent SEQUEST filter. Sequest identifications required at least �Cn
scores of greater than 0.10 and XCorr scores of greater than 1.9, 2.2,
3.3, and 3.75 for singly, doubly, triply and quadruply charged pep-
tides. The complete CID MS/MS spectra of the modified Cys-con-
taining peptides and the corresponding b and y fragment ion series
are given in detail in supplemental Figs. S2 and S3. The Sequest
search results are submitted as “dta” and “out” files to the PRIDE
database (http://www.ebi.ac.uk/pride/) (41) and deposited under the
accession numbers 17516–17659.

Transcriptome Analysis—For microarray analysis, B. subtilis wild-
type cells were grown in minimal medium to OD500 of 0.4 and har-
vested before and 10 min after exposure to 50 �M NaOCl. Total RNA
was isolated by the acid phenol method as described (42). For tran-
scriptome analysis, 35 �g RNA were DNase-treated using the RNase-
Free DNase Set (Qiagen) and purified using the RNA Clean-Up and
Concentration Micro Kit (Norgen). The quality of the RNA preparations
was assessed by means of the Agilent 2100 Bioanalyzer according to

the manufacturer’s instructions. Synthesis and purification of fluores-
cently labeled cDNA were carried out as descibed (43) with minor
modifications. In detail, 10 �g of total RNA were mixed with random
primers (Promega) and spike-ins (Two-Color RNA Spike-In Kit, Agilent
Technologies, Santa Clara, CA). The RNA/primer mixture was incu-
bated at 70 °C for 10 min followed by 5 min incubation on ice. Then,
the following reagents were added: 10 �l of 5x First Strand Buffer
(Invitrogen), 5 �l of 0.1 M DTT (Invitrogen), 0.5 �l of a dNTP mix (10 mM

dATP, dGTP, and dTTP, 2.5 mM dCTP), 1.25 �l of Cy3-dCTP or
Cy5-dCTP (GE Healthcare) and 2 �l of SuperScript II reverse tran-
scriptase (Invitrogen). The reaction mixture was incubated at 42 °C for
60 min and then heated to 70 °C for 10 min. After 5 min on ice, the
RNA was degraded by incubation with 2 units of RNaseH (Invitrogen)
at room temperature for 30 min. Labeled cDNA was then purified
using the CyScribe GFX Purification Kit (GE Healthcare). The individ-
ual samples were labeled with Cy5, whereas the reference pool was
labeled with Cy3. 500 ng of Cy5-labeled cDNA and 500 ng of Cy3-
labeled cDNA were hybridized together to the microarray following
Agilent’s hybridization, washing and scanning protocol (Two-Color
Microarray-based Gene Expression Analysis, version 5.5). Data were
extracted and processed using the Feature Extraction software (ver-
sion 10.5, Agilent Technologies). For each gene on a microarray, the
error-weighted average of the log ratio values of the individual probes
was calculated using the Rosetta Resolver software (version 7.2.1,
Rosetta Biosoftware). Genes showing induction or repression ratios
of at least threefold in three independent experiments were consid-
ered as significantly induced. The averages ratios and standard de-
viations for all induced or repressed genes are calculated from three
independent transcriptome experiments after 10 min of exposure to
NaOCl stress and listed in supplemental Table S1 and S2. All microar-
ray datasets are available in the GEO database under accession
numbers [GSE27637].

Hierarchical Clustering Analysis—Clustering of gene expression
profiles was performed using Cluster 3.0 (44). The transcriptome data
sets were derived from previous publications and this study and
included log2-fold expression changes 10 min after exposure of B.
subtilis to diamide (1 mM) (45), methylhydroquinone (MHQ) (0.33 mM)
(46), catechol (2.4 mM) (47), formaldehyde (1 mM), methylglyoxal (MG)
(2.8 and 5.6 mM) (23), and 50 �M NaOCl. After hierarchical clustering,
the output was visualized using TreeView (48). For the clustering 630
genes were selected that are induced by RES and NaOCl stress in B.
subtilis (e.g. CtsR, CymR, Spx, PerR, ArsR, CsoR, CzrA, OhrR, YodB,
YvaP (CatR), MhqR, LexA, SigmaD, AdhR, and HxlR regulons)
(supplemental Table S4).

Northern Blot Experiments—Northern blot analyses were per-
formed as described (49) using RNA isolated from B. subtilis wild-type
cells before (control) and 10 min after treatment with 50 �M NaOCl, 1
mM diamide and 100 �M CHP, respectively. Hybridizations specific for
ohrA, nfrA, cysK, katA, ohrA, azoR1, catE, and yitJ were performed
with the digoxigenin-labeled RNA probes synthesized in vitro using T7
RNA polymerase from T7 promoter containing internal PCR products
of the respective genes using the primer sets described previously
(23, 25, 35) and the primer pairs yitJ-for, 5� CCGAACAGCAGTCTTC-
CTTC 3� and yitJ-T7-rev, 5� CTAATACGACTCACTATAGGGAGAC-
CGTTTTACCGCTTTATCCA 3� for yitJ.

RESULTS

Determination of the Growth-inhibitory Concentration of
NaOCl in B. subtilis—At first we determined the concentration
that inhibited the growth of B. subtilis wild-type cells. Exposure
of cells to 50 �M NaOCl stress caused a lag in growth for 60 min
and then growth was resumed with a similar growth rate as the
untreated control (Fig. 1). This growth profile is very similar to
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that of diamide (26) indicating that cells are able to detoxify the
oxidant and to repair the protein damage within this time frame.
Growth of B. subtilis is completely inhibited by 100 �M NaOCl.

Transcriptome Analysis of the NaOCl Stress Response in B.
subtilis—To analyze the mode of action of NaOCl in B. subtilis,
we conducted genome-wide transcriptome analyses of cells
treated for 10 min with 50 �M NaOCl stress. Genes that were
�3-fold up-regulated and down-regulated by NaOCl were
sorted according to the known stress regulons in sup-
plemental Tables S1 and S2. The transcriptome data revealed
the significant induction of 430 genes and the repression of
400 genes by NaOCl stress in three biological transcriptome
replicates. Representative genes of the most strongly up-
regulated genes and regulons are listed in supplemen-

tal Table S3 and visualized in the corresponding diagram in
Fig. 2. Transcriptional induction of selected thiol-stress spe-
cific genes by NaOCl, diamide and CHP was verified by
additional Northern blot analyses (Fig. 3). In the following
sections we have sorted the transcriptome datasets into thiol-
and oxidative stress specific and general stress-induced
regulons.

Induction of the CtsR and Spx Regulons by NaOCl Stress is
Indicative of Disulfide Stress—The microarray data showed
the up-regulation of the thiol- or electrophile-stress specific
CtsR and Spx regulons in B. subtilis. Among the CtsR and Spx
regulons, the clpE (28-fold), trxA and nfrA (40-fold) genes
displayed the highest induction ratios. The fold-changes of
Spx-controlled genes are similar to diamide stress as verified
by the Northern blots (Fig. 3). Because the Spx and CtsR
regulons are generally induced by electrophiles, the global
response to NaOCl is indicative of disulfide stress (23, 50). In
contrast, the CymR regulon that functions in Cys biosynthesis
(51) was strongly up-regulated by RES, but not by NaOCl
stress. Among the CymR regulon genes, only cysK was 3-fold
induced by NaOCl stress. This indicates that NaOCl probably
does not deplete the pool of the redox buffer cysteine in B.
subtilis.

Induction of the S-box Regulon by NaOCl Stress Indicates
Methionine Starvation—Interestingly, the S-box regulon genes
that are regulated by an S-adenosyl methionine riboswitch
mechanism were induced by NaOCl stress (supple-
mental Table S1, Fig. 3). The S-box regulon is induced by
methionine starvation when S-adenosyl methionine levels are
low. The S-box regulon gene products function in methionine
biosynthesis (52–55). The microarray data showed the induc-
tion of the methionine synthases encoding metE (5,3-fold),

FIG. 1. Growth curves in response to sub-lethal concentrations
of NaOCl stress in B. subtilis. B. subtilis wild type was grown in
minimal medium to an OD500 of 0.4 and exposed to 50, 75, and 100
�M of NaOCl indicated by time point zero.

FIG. 2. Transcriptome changes of NaOCl-induced regulons (CtsR, Spx, PerR, OhrR, ArsR, CzrA, SigmaD, and SigmaB) and of the
pstSCAB operon. Fold-changes are average induction ratios of genes induced in NaOCl-treated cells versus untreated cells calculated from
three transcriptome replicates with standard deviations given as errors bars. Shown are only representative genes of each regulon that are
more than fivefold induced by NaOCl in supplemental Tables S1 and S3.
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yxjG (2,5-fold), and yxjH genes (2-fold), the metIC operon
(3–4-fold) encoding cystathionine �-synthase and �-lyase
that are involved in cystathionine and homocysteine biosyn-
thesis, the yoaD gene (3,6-fold) that encodes a 3-D-phospho-
glycerate dehydrogenase required for serine biosynthesis and
the yitJ gene (7,4-fold) that encodes a bifunctional homocys-
teine S-methyltransferase in the N-terminal part and 5,10-
methylenetetrahydrofolate (N5,N10-THF) reductase in the
C-terminal part (see Fig. 7). The NAD(P)H-dependent N5,N10-
THF reductase activity is required to reduce N5,N10-THF to
5-methyltetrahydrofolate (N5-THF) as methyl-group donor for
the methionine synthase MetE (56). The cysH operon that
encodes gene products for sulfur assimilation and cysteine
biosynthesis and the metK gene encoding a S-adenosyl me-
thionine synthetase were repressed in the transcriptome by
NaOCl stress. The cysH operon belongs also to the CymR
regulon and is rather induced by cysteine starvation than by
methionine starvation (57). The metK gene displayed also a
drop of expression at later time points upon methionine star-
vation in previous studies (52). Thus, metK and cysH are not
induced by NaOCl stress in contrast to other S-box regulon
genes listed above.

Induction of the PerR-dependent Oxidative Stress Re-
sponse by NaOCl Stress—NaOCl caused the induction of the
oxidative stress specific PerR regulon genes katA (73-fold)
and ahpCF (7–13-fold) (Figs. 2 and 3). The PerR regulon genes
were similar strongly induced by NaOCl and diamide indicat-
ing that strong oxidants that cause disulfide stress lead
probably to oxidation of the conserved Cys residues in the

structural Zn-binding site as confirmed by the liquid chroma-
tography (LC)-MS/MS results (Table I).

Induction of the OhrR-controlled OhrA Peroxiredoxin by
NaOCl Stress—Interestingly, the ohrA gene was most strongly
up-regulated (220-fold) in the transcriptome by NaOCl. The
redox-sensing OhrR repressor controls the OhrA peroxire-
doxin that confers resistance to CHP (6, 7). The Northern blots
show that derepression of ohrA transcription occurs by CHP
and NaOCl stress at similar levels (Fig. 3). These data suggest
that OhrR is a specific determinant of the response to NaOCl
and ROOH.

Induction of Selective RES-specific MarR/DUF24 Regulons
by NaOCl Stress—We have shown that RES are sensed by
members of the redox-sensing MarR/DUF24 family. The
YodB and CatR repressors are specific sensors for quinones
and diamide (7, 24–26, 50). The transcriptome and Northern
blot results showed the induction of the YodB-regulon genes
azoR1 (10-fold), yodB (3-fold), and yodC (5-fold) by NaOCl.
The CatR-controlled catDE operon was threefold induced by
NaOCl. The inductions of the YodB and CatR regulons by
NaOCl are much lower as by diamide and quinones (Fig. 3)
confirming the specific roles of the azoreductases and dioxy-
genases in detoxification of diamide and quinones. In addi-
tion, the genes encoding further DUF24-like redox sensors,
yybR (35-fold), ykvN (19-fold), ydzF (6-fold), and ydeP (6-fold)
were induced by NaOCl stress indicating that these respond
probably to disulfide stress via thiol-based redox switches.
The formaldehyde-sensing DUF24-type regulator HxlR con-
trols the hxlAB operon encoding the enzymes of the ribulose-
5-monophosphate (RuMP) pathway (58). The hxlAB operon
was 8-fold induced by NaOCl stress.

Induction of Metal Ion Efflux Systems, Motility and Che-
motaxis by NaOCl Stress—Besides thiol- and oxidative stress
responses, the CzrA, ArsR, and CsoR regulons were strongly
up-regulated by NaOCl stress that control the operons for
metal ion efflux systems czcD-trkA (32-fold), arsR-yqcK-
arsBC (57-fold), and yvgXYZ (3-fold) (59–61). Furthermore,
the SigmaD regulon genes for flagella assembly, motility and
chemotaxis were strongly induced by NaOCl stress (23, 62).
Metal ion uptake systems and SigmaD regulon genes were
induced by NaOCl and RES.

Induction of the SigmaB-dependent General Stress Re-
sponse by NaOCl Stress—In contrast to electrophiles, NaOCl
stress caused the 3–15-fold induction of 52 genes belonging
to the SigmaB general stress response regulon. Among the
SigmaB-controlled genes, 20 genes were relatively weakly
induced (3-fold) and 32 genes in the range of 5–13-fold.
Representative genes of the SigmaB regulon include dps
(5-fold), gsiB (8-fold), gspA (13-fold), ydaST (6-fold), yfhK (7-
fold), yfkM (6-fold), yflT (13-fold) ohrB (8-fold), ysnF (7-fold),
and ytxGHJ (6–13-fold). The induction of the SigmaB re-
sponse might be caused as a result of starvation or even
oxidative stress response caused by hypochloric acid which
requires further studies. It is interesting to note that NaOCl

FIG. 3. Northern blot analysis of selected thiol-stress specific
genes of the Spx, CymR, S-box, PerR, OhrR, and MarR/DUF24
regulons in response to NaOCl, diamide, and CHP stress. Tran-
script analysis of nfrA, trxA, and katA indicates the induction of the
Spx and PerR-regulons by NaOCl and diamide stress. The CymR-
controlled cysK gene is strongly induced by diamide. The S-box
regulon gene yitJ responds most strongly to NaOCl stress. The ohrA
gene is controlled by the OhrR repressor and strongly induced by
NaOCl and CHP. The YodB and CatR-controlled azoR1 and catDE
genes are strongly up-regulated by diamide. Cells were grown to an
OD500 of 0.4 and harvested before (control conditions, co) and 10 min
after exposure to 50 �M NaOCl, 100 �M CHP, or 1 mM diamide. The
RNA isolation and Northern blot hybridization was performed as
described in the Methods section. The arrows point toward the sizes
of the specific transcripts.
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triggers the induction of thiol- and oxidative stress responses
as well as general stress responses.

Other Genes Induced Strongly by NaOCl Stress—Finally,
many genes with unknown functions are up-regulated in the
NaOCl transcriptome (supplemental Table S1). The putative
Na�/H� antiporter nhaX (30-fold) and the major facilitator
superfamily encoding ybcLM operon (42-fold) could be in-
volved in sodium efflux. The high induction of the pstSCAB
operon (30-fold) by NaOCl might be PhoPR-independent be-
cause other PhoPR-regulon genes were not induced, such as
phoA, phoB, and phoD encoding alkaline phosphatases and
phosphodiesterases. Finally, the yhdJ gene encoding the pu-
tative GCN5-N-acetyltransferase was 67-fold induced by
NaOCl.

Repression of the Stringent Controlled RelA-regulon by
NaOCl Stress—There are 400 genes in the transcriptome
datasets that displayed more than 3-fold decreased expres-
sion ratios in response to NaOCl stress (supplemen-
tal Table S2). Among the repressed genes are the stringent
controlled RelA regulon genes involved in translation, ATP
generation, cell wall biosynthesis, and turnover. The PurR and
RyrR regulons controlling purine and pyrimidine biosynthesis
were repressed by NaOCl as result of the slower growth rate.
The osmostress-responsive uptake systems for choline and
glycine betaine encoded by the opuA, opuB, and opuC oper-
ons were strongly repressed by NaOCl stress (63).

Hierarchical Clustering Analyses for RES and NaOCl Indi-
cates a Disulfide Stress Signature of NaOCl—Next, we per-
formed a hierarchical clustering analysis using selected tran-
scriptome datasets for diamide (45), MHQ (46–47), catechol
(47), formaldehyde, methylglyoxal (23), and NaOCl. In total,
630 genes were selected for the clustering analysis that
showed inductions of at least threefold in any of these tran-
scriptome datasets (supplemental Table S4). The complete
cluster can be arranged in 14 major groups of genes which
share a similar expression profile by electrophiles and NaOCl
(Fig. 4). The cluster analysis confirmed the common induction
of the CtsR, Spx (node 9), ArsR, CzrA, and SigmaD regulons
(nodes 11, 12) by RES and NaOCl as indicator for disulfide
stress. The strong induction of the CymR regulon by RES but
not by NaOCl is visualized in cluster 13. The quinone and
diamide-specific MarR/DUF24 regulons controlled by YodB,
CatR, and MhqR clustered with the PerR regulon in nodes 6,
8, and 10. The aldehyde-specific HxlR, AdhR, LexA regulons
and the formate uptake system and formate dehydrogenase
encoding yrhFG and yrhDE operons (23) clustered in nodes 11
and 14. The NaOCl-specific inductions of the OhrR and
SigmaB regulons, the ydzF and yfkN genes encoding DUF24-
family regulators and the pstSCAB operon are shown in clus-
ters 1, 3, 4. In conclusion, the transcriptome comparisons
showed that NaOCl elicits a Spx, CtsR-, and PerR-controlled
disulfide and oxidative stress response and a selective OhrR-
and SigmaB response in B. subtilis.

Thiol-redox Proteomics Identifies GapA, MetE, MtnA, LeuC
and PurQ as Reversibly Oxidized Proteins by NaOCl Stress—
Next, we were interested in the changes in the thiol-redox
proteome by NaOCl stress to identify proteins with reversible
thiol modifications. In brief, reduced thiol groups were
blocked with IAM and reversibly oxidized proteins were re-
duced and labeled using the fluorescence dye BODIPY FL
C1-IA (21, 38). The fluorescence-labeled proteins representing
the disulfide proteome were separated using two-dimensional
gels and the fluorescence image (red) overlaid with the Coo-
massie-stained protein amount image (green) (Fig. 5A, 5B).
The oxidation ratios were quantified as BODIPY-fluorescence
levels versus protein amount levels of the reversibly oxidized
proteins (Fig. 5C). In agreement with previous studies, pro-
teins that form disulfides under control conditions include
Adk, AhpC, AccB, Eno, Tpx, PdhD, GuaB, CysH, CysJ (YvgR),
LeuC, YceC, and YumC (Fig. 5A) (21, 22). The identities of
these oxidized proteins were verified using MALDI-TOF-TOF
MS/MS (supplemental Figs. S1A–P).

Surprisingly, we did not detect a strong increase of revers-
ible thiol-oxidations in the redox proteome in many cytoplas-
mic proteins after treatment of cells with 50 �M NaOCl stress.
Instead, NaOCl rather caused specific oxidation of few selec-
tive proteins, including GapA, MetE, MtnA, LeuC, and PurQ
(Fig. 5B, 5C). The glyceraldehyde-3-phosphate dehydrogen-
ase (GapA) was identified as most strongly oxidized protein
with a 10-fold increased fluorescence/protein ratio (Fig. 5B,
5C). The redox proteome analysis revealed also strongly in-
creased oxidation ratios for the cobalamin-independent me-
thionine synthase MetE. Furthermore, the methylthioribose-1-
phosphate isomerase MtnA (YkrS) is oxidized by NaOCl
stress that is involved in methionine biosynthesis via the sal-
vage pathway (see Fig. 7).

Identification of Proteins with Intramolecular Disulfides Un-
der Control and NaOCl Stress Conditions Using Shotgun-LC-
MS/MS Analyses—We were interested to identify proteins
with reversible thiol-oxidations, including intramolecular
disulfides, S-cysteinylations, and S-bacillithiolations under
NaOCl stress conditions. We are aware that we exclude the
identifications of intramolecular disulfides of proteins with
Cys residues that are separated by tryptic digestion result-
ing in cross-linked intermolecular disulfides after enzymatic
digestion. Alkylated protein extracts of control and NaOCl-
treated cells were separated using nonreducing SDS-PAGE,
tryptically in-gel digested and analyzed using LTQ-Orbitrap-
Velos mass spectrometry as described in the Methods
section.

Eight proteins with intramolecular disulfides were identified
in wild-type proteome samples at control and NaOCl stress
conditions, including Adk, CysJ (YvgR), GltA, PdhD, TopA,
YutI, YdjI, and Zwf (Table I and supplemental Figs. S2A–2K).
Adk, PdhD, and CysJ were detected also in the redox pro-
teome as reversibly oxidized proteins under control condi-
tions (Fig. 5A). The dihydrolipoamide dehydrogenase E3 sub-
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unit of the pyruvate dehydrogenase complex (PdhD) forms an
active site Cys47-Cys52 intramolecular disulfide used for oxi-
dation of the dihydrolipoamide to lipoamide (64). The adenylate
kinase Adk and the topoisomerase 1 (TopA) form intramolecular
disulfides in Zn binding sites (Table I). Further proteins with
intramolecular disulfides include those with Fe-S clusters or
Fe-binding sites, such as the glutamate synthase large subunit
GltA (GOGAT), the sulfite reductase flavoprotein alpha subunit
CysJ (YvgR) and the Fe-S cluster assembly protein YutI.

Three redox-sensitive proteins were identified that are oxi-
dized to intramolecular disulfides only under NaOCl stress
conditions, including GapA, PerR, and Spx (Table I). GapA is
most strongly oxidized in response to NaOCl stress in the
redox proteome (Fig. 5B). GapA was neither oxidized in the

redox proteome (Fig. 5A) nor during tryptic digestion in control
extracts indicating that no oxidation occurred during our sam-
ple preparation protocol. The intramolecular C152-C156 disul-
fide bond in GapA‘s catalytic center was detected as triply
charged peptide YDAANHDVISNASC152(-2)TTNC156LAPFAK
at an m/z � 842,0466 (supplemental Fig. S2B).

The intramolecular disulfides for Spx and PerR were iden-
tified only in cell extracts of NaOCl-treated bshA mutant cells.
The redox-sensing regulator Spx is activated by a thiol-
disulfide redox switch in the N-terminal C10xxC13 motif in
response to diamide stress (65, 66). This C10-C13 intramo-
lecular disulfide was identified as doubly charged peptide
M1(�16)VTLYTSPSC10(-2)TSC13R at an m/z � 781,8378 in
NaOCl-treated cells (supplemental Fig. S2F). The peroxide-

FIG. 4. Hierarchical clustering analysis of RES and NaOCl induced gene expression profiles. Log2-fold changes of gene expression
ratios were clustered for 1 mM diamide (Dia), 2.4 mM catechol (Cat), 0.5 mM methylhydroquinone (MHQ), 1 mM formaldehyde, 2.8 mM and 5.6
mM methylglyoxal (MG-2 and MG-5), and 50 �M NaOCl stress using the Treeview software. The cluster analysis resulted in 14 different nodes
that are enriched for RES and NaOCl-induced regulons (CtsR, Spx, ArsR, CzrA, CsoR, SigmaD), the RES-specific CymR regulon, quinone-
responsive regulons (PerR, YodB, CatR (YvaP), MhqR), aldehyde-responsive regulons (HxlR, AdhR, LexA) and NaOCl-specific regulons
(SigmaB, OhrR). For the cluster analysis 630 genes were selected as listed in supplemental Table S4 that are induced by RES and NaOCl stress.
Red indicates induction and green repression under the stress specific conditions.

S-Bacillithiolation Confers Hypochlorite Resistance in B. subtilis

10.1074/mcp.M111.009506–8 Molecular & Cellular Proteomics 10.11

http://www.mcponline.org/cgi/content/full/M111.009506/DC1
http://www.mcponline.org/cgi/content/full/M111.009506/DC1
http://www.mcponline.org/cgi/content/full/M111.009506/DC1


S-Bacillithiolation Confers Hypochlorite Resistance in B. subtilis

Molecular & Cellular Proteomics 10.11 10.1074/mcp.M111.009506–9



sensing PerR repressor is inactivated in response to hydrogen
peroxide by iron-catalyzed His-oxidation (14). The intramolec-
ular disulfide was detected in the structural Zn-binding site of
PerR as doubly charged peptide LEIYGVC136QEC139(-2)SK at
an m/z � 685,3092 (supplemental Fig. S2E). This suggests
that PerR senses disulfide stress probably via oxidation of the
Cys residues in the Zn binding site.

Identification of S-bacillithiolations in OhrR, MetE, YxjG,
PpaC, SerA, and YphP in the Proteome of NaOCl-treated
Cells Using Shotgun-LC-MS/MS Analysis—The OhrR repres-
sor is inactivated by an S-thiolation mechanism including
cysteine and BSH in response to CHP (7, 19). Our data
showed that NaOCl stress also inactivates the OhrR repressor
because ohrA transcription was derepressed. Thus, we ana-
lyzed whether OhrR forms mixed disulfides with cysteine or
BSH in response to NaOCl. Because OhrR is a low abundant
regulatory protein, a FLAG-epitope-tagged OhrR protein was
enriched using immunoprecipitation (IP) from NaOCl-treated
cells as in previous studies (19). Purified OhrR-FLAG protein
was tryptically digested and analyzed by LTQ-Orbitrap MS/MS
analysis as described in the Methods section. In protein sam-
ples containing OhrR-FLAG protein from NaOCl-treated cells,
the Cys15-peptide was identified as triply charged peptide at an
m/z � 684.98 containing the additional mass of BSH (�396 Da)
(supplemental Fig. S3A, Table II). This indicates that OhrR is
inactivated by an S-bacillithiolation mechanism in response to
NaOCl stress. To verify that only Cys15 of OhrR is involved in
redox-sensing of NaOCl stress, we analyzed ohrA transcription
in an ohrRC15S mutant (34). The Northern blot results in
supplemental Fig. S3A indicate that ohrA transcription is com-
pletely abolished in the ohrRC15S mutant. This confirms that
regulation of ohrA transcription requires only inactivation of the
redox-sensing Cys15 of OhrR.

Next, we searched our LC-MS/MS results obtained from
whole proteome tryptic digests of NaOCl-treated cells for
S-thiolation modifications. We identified five cytoplasmic pro-
teins that were modified by S-bacillithiolation, including two
methionine synthase paralogs MetE and YxjG (Fig. 5F, 5G,
supplemental Fig. S3B, 3C, Table II), the inorganic pyrophos-
phatase PpaC (supplemental Fig. S3D, Table II), the 3-D-

phosphoglycerate dehydrogenase SerA (supplemental Fig.
S3E, Table II) and the thiol-disulfide oxidoreductase YphP
(supplemental Fig. S3F, Table II). The MetE protein was iden-
tified as specific target for reversible thiol-oxidation by NaOCl
stress in the redox proteome (Fig. 5B, 5C). Moreover, MetE,
PpaC and SerA have been shown to be modified by S-
cysteinylations in response to diamide stress (67).

For MetE we detected the triply charged peptide VPS-
TEEMYNIIVDALAVC719(�BSH)PTDR at an m/z � 944.7604
and the doubly charged peptide FWVNPDC730(�BSH)-
GLK at an m/z � 787,8297 containing the additional mass of
BSH (�396 Da) at Cys719 and Cys730 (Fig. 5F, 5G;
supplemental Fig. S3B, Table II). In addition, the triply charged
Cys730 peptide with an S-cysteinylation modification was
identified as peptide FWVNPDC730(�Cys)GLK at an m/z �

433,1952 containing the additional mass of Cys (�119 Da)
(supplemental Fig. S3B; Table II). Interestingly, the CID
MS/MS spectra of the bacillithiolated MetE peptides revealed
a characteristic loss of malate from the precursor ions and
from abundant y-fragment ions as indicated by the loss of 134
Da. The precursor ions minus 134 Da are most abundant in
the MS/MS spectra of the bacillithiolated peptides identified
for MetE, PpaC and SerA. Thus, the bacillithiolated and cys-
teinylated Cys730 peptides of MetE showed different MS/MS
fragment ion spectra (supplemental Fig. S3B). Moreover, the
abundance of the precursor ions minus malate leads also to
decreased intensities of the b and y ions in the MS/MS spec-
tra of the bacillithiolated PpaC and SerA peptides
(supplemental Fig. S3D, 3E).

For YxjG, we detected the triply charged peptide YVSLD-
QLC341(�IAM)LSPQC346(�BSH)GFASTEEGNK at an m/z �

981,4183 with the additional mass of 396 Da at Cys346
(supplemental Fig. S3C, Table II). YxjG is homolog to the
C-terminal part of MetE and the essential Zn-binding Cys730
residue of MetE aligns with Cys346 in YxjG. This suggests
that also Cys346 of YxjG could be essential for methionine
synthase activity. Thus, homolog active site Cys residues are
S-bacillithiolated in the paralogous methionine synthases
MetE and YxjG.

FIG. 5. ABC. The thiol-redox proteome (red) in comparison to the protein amount image (green) at control conditions (A) and after
exposure to 50 �M NaOCl (B) in the wild type. Reduced protein thiols in cell extracts were alkylated with IAM followed by reduction of
oxidized protein thiols with TCEP and labeling with BODIPY FL C1-IA. Proteins with reversible thiol-modifications in the control and NaOCl
redox proteome are labeled in white and newly oxidized proteins in NaOCl-treated cells are labeled in red. The oxidized proteins were identified
by MALDI-TOF-TOF MS/MS as shown in detail in supplemental Fig. S1A–P. C, The fluorescence/protein amount ratios are quantified as
oxidation ratios at control conditions (control) and 10, 20, and 30 min after exposure to 50 �M NaOCl stress as shown in the diagram.

DEFG. Close-ups of the main NaOCl-sensitive proteins MetE and GapA in the thiol-redox proteome of the wild type (D) and bshA
mutant (E) and CID MS/MS spectra of the S-bacillithiolated Cys719 and Cys730 peptides of MetE (F, G). Figs. D and E show sections
of reversibly oxidized proteins after NaOCl stress in the thiol-redox proteome (red) in comparison to the protein amount image (green) at control
conditions (co) and 10, 20, and 30 min after exposure to 50 �M NaOCl. Figs. F and G show the CID MS/MS spectra of the S-bacillithiolated
Cys719-and Cys730-peptides of MetE identified in the wild-type proteome using LTQ-Orbitrap-Velos mass spectrometry as described in the
Methods section. The MS/MS spectra show the characteristic abundant precursor ions that have lost malate indicated by parent-134
(HOOC-CH2-CHOH-COOH). The Xcorr and �Cn scores and peptide masses are listed in Table II and the corresponding b and y fragment ion
series for the modified peptides are given in detail in supplemental Fig. S3B.
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The inorganic pyrophosphatase PpaC was S-bacillithio-
lated at Cys158 and the same site was also S-cysteinylated
by diamide (67). For PpaC the Cys158-containing doubly
charged peptide SPTC158(�BSH)TDQDVAAAK was detected
at an m/z � 851,8456 Da with the additional mass of 396 Da
(supplemental Fig. S3D, Table II). We also detected the doubly
charged S-cysteinylated Cys158-containing peptide of PpaC
SPTC158(�Cys)TDQDVAAAK at an m/z � 713,3041 indicated
by the additional mass of 119 Da (supplemental Fig. S3D,
Table II). Thus, for MetE and PpaC S-bacillithiolations and
S-cysteinylations were observed.

The phosphoglycerate dehydrogenase SerA was S-bacilli-
thiolated at Cys410 in response to NaOCl stress and the same
site was S-cysteinylated by diamide stress (67). The S-bacil-
lithiolated Cys410-peptide ISSSESGYDNC410(�BSH)ISVK
was detected as doubly charged peptide at an m/z �

992,9086 with the additional mass of 396 Da (supple-
mental Fig. S3E, Table II).

Interestingly, the thiol-disulfide isomerase YphP (68) was
identified as S-bacillithiolated at the redox-active Cys53
residue. The triply charged peptide AEGTTLVVVNSVC53-
(�BSH)GC55(�IAM)AAGLAR was observed at an m/z �

815,3752 with the additional mass of 396 Da at Cys53 and the
carbamidomethylation at Cys55 (supplemental Fig. S3F,
Table II).

The OhrA Peroxiredoxin and the BSH Redox Buffer are
Essential for Protection Against NaOCl Stress—Next, we an-
alyzed if the growth of ohrA and ohrR mutant strains is af-
fected by NaOCl treatment. The growth of an ohrA mutant
was strongly impaired by 50 �M NaOCl compared with that of
the wild type whereas the ohrR mutant was more resistant to
75 �M NaOCl (Fig. 6). Thus, the ohrA encoded peroxiredoxin
is a specific determinant of NaOCl resistance in B. subtilis and
perhaps involved in detoxification of this strong oxidant.

Next, we monitored the growth of bshA and bshB1B2 mu-
tants with defects in the BSH biosynthesis enzymes (35). The
growth of NaOCl-treated bshA and bshB1B2 mutants was
strongly impaired compared with the wild type (Fig. 6). While
the growth of the wild type was resumed 60 min after treat-
ment with 50 �M NaOCl, the bsh mutants required 180 min to
resume growth. This NaOCl-sensitive phenotype of bsh mu-
tants points to a major role of BSH in NaOCl detoxification
similar as glutathione (GSH) in E. coli (69).

Finally, we investigated whether the PerR, Spx and SigmaB
regulons confer protection against NaOCl. However, the perR
mutant that overproduces the catalase KatA and the alkylhy-
droperoxide reductase AhpCF was not resistant to NaOCl
stress (data not shown). The spx mutant displayed increased
sensitivities toward NaOCl stress, but the growth was also
impaired under non-stress conditions due to the pleiotropic
phenotype of the spx mutant (Fig. 6). The growth of the sigB
mutant was only slightly impaired by NaOCl indicating per-
haps a role of the SigmaB-controlled OhrA-paralog OhrB in
NaOCl detoxification. These results lead to the conclusion

that the OhrA peroxiredoxin and the BSH redox buffer play
most essential roles in NaOCl detoxification.

The Growth Defect in Response to NaOCl Stress can be
Attributed to Methionine Limitation—The methionine synthase
MetE catalyzes the final step in the methionine biosynthesis,
the chemically difficult methyl group transfer of methyltetra-
hydrofolate (N5-THF) to homocysteine (70) (Fig. 7). Diamide
stress leads to methionine auxotrophy that is caused by MetE
inactivation via S-cysteinylation in B. subtilis and S-glutathio-
nylation in E. coli (38, 67, 70, 71). S-bacillithiolation of the
active site Cys residues of MetE and YxjG most likely leads to
enzyme inactivation and methionine auxotrophy by NaOCl
stress. This methionine starvation phenotype was supported
by the induction of the S-box regulon genes in the transcrip-
tome (Fig. 7, supplemental Table S1). Using Northern blot
analysis the transcriptional induction of the S-box regulon
gene yitJ was verified during the time of starvation after ex-
posure to 50 �M NaOCl (Fig. 7).

Furthermore, growth experiments were performed in the
presence of extracellular methionine to confirm the methio-
nine starvation phenotype. Cells were treated with of 75 �l
NaOCl and 30 or 60 min later 75 �M extracellular methionine
was added. The growth was resumed immediately after me-
thionine addition (Fig. 8A). To control that the added methio-
nine does not simply remove the remaining oxidants from the
supernatant, the NaOCl concentrations in the culture super-
natants were monitored using the FOX-assay. The results
showed that 66% of NaOCl is consumed and detoxified by
the cells after 30 min and 93% after 60 min supporting that the
added methionine abolished the methionine starvation phe-
notype (Fig. 8B). In another experiment, cells were inoculated
in minimal medium containing 75 �M methionine, grown to an
OD500 of 0.4 and treated with 75 �M NaOCl. Cells were able to
grow without any lag phase in the methionine-supplemented
medium after treatment with 75 mM NaOCl (Fig. 8C). This
indicates that NaOCl stress causes methionine auxotrophy
that can be abolished by methionine addition.

B. subtilis contains about 1 �mol/g BSH and 0.58 �mol/g
Cys as redox buffers (35). To analyze whether Cys can replace
BSH in post-translational modification and MetE inactivation,
bshA mutant cells were exposed to 60 �M NaOCl and 30 and
60 min later 60 �M methionine was added. Methionine was
able to restore also the growth of bshA mutant cells indicating
that the growth defect of bshA mutants could be attributed to
methionine auxotrophy (supplemental Fig. S4A). The tran-
scriptional induction of the S-box regulon gene yitJ in the
bshA mutant by 50 �M NaOCl stress supports the methionine
starvation phenotype (Fig. 7). In addition, the redox proteome
of NaOCl-treated bshA mutant cells revealed similar MetE
oxidation ratios as observed for the wild type (Fig. 5E). Using
the shotgun LC-MS/MS approach we identified the S-cystei-
nylated Cys730-peptide of MetE in the bshA mutant proteome
(supplemental Fig. S5). These results indicate that Cys can
replace BSH for post-translational modifications and inactiva-
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tion of MetE. However, the bshA mutant was strongly impaired
in NaOCl detoxification and consumption compared with the
wild type because about 50% of NaOCl was left in the medium
after 60 min in the bshA mutant (supplemental Fig.
S4B). This indicates that BSH is more efficient in NaOCl detox-
ification than Cys.

DISCUSSION

Hypochloric acid is widely used as disinfectant and pro-
duced in activated macrophages by the enzyme myeloperoxi-
dase as first defense line upon bacterial infections. Hypochlo-
ric acid is beneficial by killing invading bacteria but can result

also in host tissue damage and diseases. The redox proteome
in response to NaOCl has been recently studied in E. coli
using the OxICAT approach and several redox-sensitive pro-
teins could be identified that are sensitive to NaOCl-directed
reversible oxidation (28, 29). In B. subtilis, only few NaOCl-
sensitive proteins were identified in the 2D gel-based thiol-
redox proteome. One reason for the observed differences in
the redox proteome analyses between E. coli and B. subtilis
could be that only abundant cytoplasmic proteins with revers-
ible thiol-modifications are visualized by the 2D gel-based
approach (e.g. MetE and GapA) and that the gel-free OxICAT
approach is much more sensitive for identification of oxidized

FIG. 6. The OhrA peroxiredoxin and BSH protect cells against NaOCl toxicity. Growth phenotype of B. subtilis wild type (wt) in
comparison to the �ohrR (A), �ohrA (B), �bshA (C), �bshB1,B2 (D), �sigB (E), and �spx (F) mutant strains that were treated with 50 or 75 �M

NaOCl at an OD500 of 0.4.
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proteins of lower abundance. However, previous 2Dgel-based
redox proteomics analyses in B. subtilis have shown that only
toxic peroxide concentrations cause increased reversible
thiol-oxidations and that only few proteins are oxidized upon
paraquat stress (38). Moreover, no reversible thiol-modifica-
tions could be monitored using the 2D gel-based approach in
response to nitric oxide (NO) in B. subtilis (72). In contrast
again, several targets for reversible thiol-modifications were
identified by NO stress in E. coli by the 2D gel-based ap-
proach (73). Thus, there might be differences in the extents of
reversible thiol-modifiations in response to ROS and RNS
between E. coli and B. subtilis. To address this point, more
sensitive gel-free quantifications of reversibly oxidized pro-
teins using the OxICAT approach are required in the future to
quantify the changes in the redox proteome of B. subtilis more
comprehensively. Nevertheless, we show here that NaOCl
leads to S-bacillithiolation of selective proteins in B. subtilis
that play essential roles in protection against hypochloric acid
toxicity.

GapA is Oxidized to an Intramolecular Disulfide Upon
NaOCl Stress—One of the strongest targets that forms intra-
molecular disulfides upon NaOCl stress was identified as the

GapA protein. This confirms previous results in E. coli using
the OxICAT approach suggesting that GapA is oxidized to an
intramolacular disulfide by NaOCl stress (28). GapDH activity
was also inactivated by NaOCl in endothelial cells accompa-
nied by thiol depeletion (74). GapA has been shown as redox-
controlled cytoplasmic enzyme in prokaryotes and yeast and
is susceptible also for inactivation by S-sulfenylation, S-sul-
fonylation, S-glutathionylation, S-nitrosylation, and intermo-
lecular aggregation in response to ROS and RNS (13). GapA
is also strongly oxidized by diamide and quinones in B. subtilis
(21–22). The reversible inactivation of GapA‘s glycolytic activ-
ity in B. subtilis by the oxidative mode of quinones has been
shown in previous studies (21). Inactivation of GapA leads
probably to re-routing of glucose-6-phosphate to the pentose
phosphate pathway. The function of the pentose phosphate
pathway is to increase NADPH levels and provide reducing
equivalents for the thioredoxin/thioredoxin reductase system
to restore the redox balance of the cell (13).

S-bacillithiolation Protects Metabolic Enzymes Against Irre-
versible Overoxidation—We further demonstrate that six cy-
toplasmic proteins undergo reversible S-bacillithiolations by
NaOCl treatment. Protein S-thiolation is an important post-

FIG. 7. Pathways for sulfur assimilation, cysteine and methionine biosynthesis, and induction of S-box regulon genes in response to
NaOCl stress. The S-box regulon gene products that are induced in the transcriptome as a result of methionine starvation provoked by the
S-bacillithiolation of MetE and YxjG are bold-faced in gray. The transcriptome induction ratios are shown below the gene products. The gene
products of the sulfate assimilation pathway (Sat, CysC, CysH, CysJI, CysE) are not induced upon NaOCl stress (except for CysK). The inset
shows the transcriptional induction of yitJ in the wild type and �bshA mutant using Northern blot analysis before (co) and at different times (10,
30, 60, 90, and 120 min) after exposure to 50 �M NaOCl stress. Abbreviations: APS, adenosine-5�-phosphosulfate; PAPS, 3�-phosphoad-
enosine-5�-phosphosulfate; OAS, O-acetylserine; N5,N10-THF, 5,10-methylenetetrahydrofolate; N5 -THF, 5-methyltetrahydrofolate; THF,
tetrahydrofolate. This figure was adapted from Tomsic et al., 2008 (52).
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translational thiol-modification that occurs in response to
oxidative stress in eukaryotic and prokaryotic cells and
controls metabolic processes and redox-sensing transcrip-
tion factors to counteract the cellular damage. In eu-
karyotes, S-glutathionylation is implicated in disease mech-
anisms, including cell-signaling pathways associated with
viral infections and with tumor necrosis factor �-induced
apoptosis (75). In E. coli the activity of the oxidative stress
responsive regulator OxyR is controlled by reversible S-
glutathionylation in vitro (11). Moreover, the activities of
several metabolic enzymes, such as glyceraldehyde-3-
phosphate dehydrogenase, methionine synthase, and the
PAPS reductase are inhibited by S-glutathionylation in
E. coli (13, 70, 76). Protein S-thiolation is thought to protect
active site Cys residues of essential enzymes against irre-
versible overoxidation to sulfonic acids. Hypochloric acid
shows very fast reaction rates with Cys residues (K2 � 3 	

107 M�1s�1) that are seven orders of magnitude higher than
measured for peroxides and rapidly lead to irreversible ox-
idation products, such as sulfinic and sulfonic acids (3, 4,
77, 78). Thus, S-bacillithiolation in B. subtilis serves to pro-
tect active site Cys residues of key metabolic enzymes
against irreversible overoxidation by the strong oxidant hy-
pochloric acid.

The OhrA Peroxiredoxin and the BSH Redox Buffer Confer
Protection Against NaOCl—In B. subtilis the OhrR repressor is

inactivated by S-bacillithiolation after CHP challenge (19).
Here we found that S-bacillithiolation in response to NaOCl
controls OhrR activity resulting in expression of the OhrA
peroxiredoxin as protection mechanism (Fig. 9). This ex-
pands to role of the thiol-dependent OhrA-like peroxiredox-
ins in detoxification of hypochloric acid. OhrA-like peroxire-
doxins catalyze the reduction of ROOH to their
corresponding alcohols (79). The structure of the Pseu-
domonas Ohr peroxiredoxin has been resolved, which is a
homodimer consisting of a tightly folded �/� fold with two
active site cysteines located at the monomer interface on
opposite sites of the molecule (80, 81). The mechanism of
hydroperoxide reduction is similar to the structurally unre-
lated eukaryotic 2-Cys peroxiredoxins that exhibit very high
specificity and reaction rates with peroxides (81). The cata-
lytic mechanism of peroxiredoxins involves the attack of the
hyproperoxide substrate by the active site Cys thiolate (the
peroxidatic Cys) that is oxidized to a sulfenic acid intermediate
with the release of the alcohol. The peroxiredoxin sulfenic acid
undergoes intersubunit or intramolecular disulfide bond forma-
tion with the resolving Cys located in the same or another
subunit of the dimer. The enzyme is regenerated by thiol-disul-
fide exchange with GSH or protein electron donors (82). Our
results show that OhrA confers specific protection against
NaOCl. This leads to the question by which mechanism OhrA is
able to detoxify hypochloric acid?

FIG. 8. NaOCl stress causes methionine auxotrophy that is abolished by methionine addition. Growth phenotypes of the B. subtilis wild
type treated with 75 �M NaOCl at an OD500 of 0.4. A, Methionine was added 30 or 60 min after exposure to 75 �M NaOCl stress and the growth
was resumed. B, The concentrations of consumed NaOCl of wild-type cells were monitored in the culture supernatants after exposure to 75
�M NaOCl using the FOX assay. The NaOCl concentrations are given as mean values of three independent experiments with error bars. C,
Methionine (75 �M) was added after inoculation to the culture at an OD500 of 0,07 and 75 �M NaOCl was added when cells had reached an
OD500 of 0.4.
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The reaction of hypochloric acid with Cys proceeds via
chlorination of the thiol group to form the unstable sulfenyl-
chloride intermediate that reacts with another thiol group to
form a disulfide (3, 4). It could be possible that the OhrA
peroxiredoxin is attacked at the peroxidatic Cys by chlorina-
tion, resulting in OhrA sulfenylchloride formation and further
oxidation to the OhrA inter/intrasubunit disulfide between per-
oxidatic and resolving Cys residues (Fig. 9). The OhrA disul-
fide could be regenerated by the BSH redox buffer.

In addition, BSH likely plays a direct role in detoxification of
hypochloric acid as has been shown in E. coli for GSH (69).
The reaction of GSH with hypochloric acid is spontaneous
and does not involve conjugating enzymes such as glutathi-
one S-transferases (GSTs) (83). GSH is oxidized to GSSG by
hypochloric acid nonenzymatically very efficiently as 1 Mol
GSH reacted with 4 Mol hypochloric acid in vitro. Hypochloric
acid likely also oxidizes BSH directly to BSSB in B. subtilis.

Four Enzymes of the Methionine Synthesis Pathway (MetE,
YxjG, PpaC, SerA) are S-Bacillithiolated by NaOCl Stress
Leading to Methionine Auxotrophy—Besides OhrR, we iden-
tified four enzymes with S-bacillithiolations in response to
NaOCl stress as MetE, YxjG, PpaC, and SerA. The methionine
synthase MetE has two Zn-coordinating active-site Cys resi-
dues in positions 647 and 730 that align with Cys643 and

Cys726 of E. coli MetE and with Cys620 and Cys704 of Ther-
motoga maritima MetE (84, 85). MetE is S-bacillithiolated at
the non-essential Cys719 and the Zn-binding ligand Cys730
and the methionine synthase paralog YxjG is S-bacillithiolated
at Cys346 that aligns with Cys730 in MetE. In addition,
Cys730 of MetE is also S-cysteinylated by NaOCl stress in the
wild type as well as in the bshA mutant. The E. coli MetE
protein is S-glutathionylated at the nonessential Cys645 in
response to diamide that is not conserved in B. subtilis MetE
(71). In E. coli MetE Cys645 is positioned at the entrance of
the active Zn site within a cleft between two �8�8 barrels and
it‘s glutathionylation leads to conformational changes of the
homocysteine binding active site (70, 85). In B. subtilis MetE
the non-essential Cys719 is about 20 Å apart from the active
site Cys730. This indicates that thiol-disulfide exchange be-
tween Cys719 and Cys730 residues is not possible. The
question arises how BSH get‘s access to the active site Zn
center in B. subtilis MetE ? Recent structural characterizations
of the T. maritima MetE Zn center in the substrate-free and
homocysteine-bound states have revealed an elastic nature
of the catalytic Zn center upon substrate binding (84). Homo-
cysteine binding leads to an unexpected inversion of Zn ge-
ometry with displacement of the endogenous Zn ligand
Glu642 of MetE and movement of the Zn relative to the protein

FIG. 9. Proposed defensive mechanisms against hypochloric acid stress in B. subtilis. Exposure of B. subtilis to NaOCl induces an
oxidative, disulfide and general stress response (OhrR, Spx, CtsR, PerR, SigmaB). NaOCl leads to S-bacillithiolation of OhrR, MetE, YxjG,
PpaC, SerA, and YphP and to intramolecular disulfide formation in GapA. The thiol-disulfide isomerase YphP could function as bacilliredoxin
in reduction of S-bacillithiolated proteins. (1) The redox buffer BSH could be directly involved in NaOCl detoxification leading to BSSB
formation. (2) S-bacillithiolation of OhrR causes induction of the OhrA peroxiredoxin that is involved in specific NaOCl detoxification. (3)
S-bacillithiolation of the inorganic pyrophosphatase PpaC could lead to decreased ATP sulfurylase activity as the removal of PPi is prevented.
(4) S-bacillithiolation of the phosphoglycerate dehydrogenase SerA causes decreased levels of serine that is required for cysteine and
methionine biosynthesis. (5) S-bacillithiolation of the active site Cys residues of MetE and YxjG leads to methionine auxotrophy to stop
translation during the time of NaOCl detoxification (6) The glyceraldehyde-3-phosphate dehydrogenase GapA is inhibited causing decreased
glycolysis. The stars indicate the redox-sensing Cys residues that are S-bacillithiolated in OhrR (Cys15), MetE (Cys730), YxjG (Cys346), or
oxidized to an intramolecular disulfide in GapA (Cys152). Abbreviations: APS, adenosine-5�-phosphosulfate; N5-THF, 5-methyltetrahydrofo-
late; THF, tetrahydrofolate; 3-PG, 3-D-phosphoglycerate, GA-3-P, glyceraldehyde-3-phosphate; 1,3-BPG, 1,3-Bisphosphoglycerate.

S-Bacillithiolation Confers Hypochlorite Resistance in B. subtilis

Molecular & Cellular Proteomics 10.11 10.1074/mcp.M111.009506–17



scaffold. It is proposed that this Zn geometry inversion en-
hances the nucleophilic activation of the homocysteine thio-
late that is required for methyl transfer (84). The dynamic
nature and flexibility of the Zn center could also provide
access for oxidation of the Zn ligand Cys730 by BSH.

There are also structural differences between GSH and BSH
that could explain why BSH has access to the active site Zn
center. GSH consists of the tripeptide L-�-glutamylcysteinylgly-
cine with the Cys bound N-terminally and C-terminally by glu-
tamate and glycine residues that could preclude the accessabil-
ity of the Cys thiol to the active site in MetE of E. coli. The
structure of BSH was determined as N-cysteinyl-�-D-gluco-
saminyl L-malate (20) with an N-terminally located Cys that
enables access of the thiol to the active site Zn center of MetE.

Our transcriptional data and growth assays support the
methionine starvation phenotype of NaOCl-treated cells that
is caused by MetE and YxjG inactivation via S-bacillithiolation.
The inactivation of MetE by oxidative stress has important
consequences for the cell. The initiation of translation requires
formyl-Met as start methionine and depletion of methionine is
discussed as checkpoint to stop translation (70). The inacti-
vation of MetE by S-bacillithiolation could cause inhibition of
translation to prevent further protein damage allowing the cell
to detoxify the oxidant and to restore the thiol redox homeo-
stasis. Another possibility could be that MetE inactivation
serves to increase cysteine levels. This has been discussed in
response to diamide stress that leads to MetE inactivation via
S-cysteinylation (67). The CymR-controlled cystathionine
beta-synthase MccA and cystathionine lyase MccB are in-
volved in the methionine-to cysteine conversion (Mcc) path-
way (51, 86). The mccAB operon is strongly up-regulated by
diamide stress supporting that homocysteine is converted to
cysteine via this Mcc pathway. However, the mccAB operon
was not induced by NaOCl stress, indicating that S-bacilli-
thiolation of MetE leads to methionine starvation, but not to
conversion of homocysteine to cysteine.

Besides MetE and YxjG, the pyrophosphatase PpaC and
the 3-D-phosphoglycerate dehydrogenase SerA were identi-
fied as S-bacillithiolated that also function in the methionine
biosynthesis pathway. PpaC is an essential and conserved
enzyme that catalyzes the hydrolysis of inorganic pyrophos-
phate (PPi). Pyrophosphate is generated in a number of ATP-
driven cellular processes, including also the ATP sulfurylation
as first step of the sulfate assimilation pathway (87, 88). Effi-
cient removal of PPi is required to drive the forward direction
in these reactions. Thus, inhibition of PpaC activity by S-
thiolation could further contribute to methionine starvation.
SerA is the first enzyme in the L-serine biosynthetic pathway
catalyzing the conversion of 3-D-phosphoglycerate to 3-phos-
phonooxypyruvate with the generation of NADH. Since serine
is used as precursor for cysteine biosynthesis, it‘s inactivation
could pronouce the methionine starvation phenotype.

The S-Bacillithiolated Disulfide Isomerase YphP Could
Function as Putative Bacilliredoxin—The putative disulfide

isomerase YphP was identified as novel S-bacillithiolated pro-
tein. YphP is a member of the DUF1094 family with a con-
served CXC motif and a thioredoxin-like structure (68). It has
been shown that YphP functions as thiol-disulfide isomerase
in vitro, but the specific substrate is unknown. Phylogenetical
studies suggest that YphP could be a novel bacilliredoxin that
co-occurs with the enzymes of the BSH biosynthesis pathway
across different genomes of low GC Gram-positive bacteria
(35). Because YphP is S-bacillithiolated at the active site
Cys53, it is likely that YphP might function in de-bacillithiola-
tion of MetE, YxjG, PpaC and SerA upon return to nonstress
conditions in vivo. Thus, our proteome-wide studies have
discovered physiological substrates of the methionine biosyn-
thesis pathway as targets for S-bacillithiolation by NaOCl and
a candidate bacilliredoxin that might catalyze the reduction of
these protein mixed disulfides.

Why Causes NaOCl S-Bacillithiolation and Diamide S-Cys-
teinylation in the Proteome?—Previous proteome analyses
revealed that diamide causes S-cysteinylation in six cytoplas-
mic proteins but no S-bacillithiolations (67). Three of these
S-cysteinylated proteins (MetE, PpaC and SerA) were identi-
fied as S-bacillithiolated by NaOCl. This raises the question
why S-bacillithiolation was not observed by diamide stress?
The answer could be the different thiol chemistries of diamide
and NaOCl. Diamide is an electrophilic azocompound that
does not oxidize redox-sensitive Cys residues to reactive
sulfenic acids or sulfenylchloride. This is supported by the fact
that diamide stress does not lead to inactivation of the OhrR
repressor (Fig. 3), which would require oxidation of the Cys15
thiolate which then undergoes S-bacillithiolation. Instead, di-
amide forms directly disulfide bonds between two Cys-thiols
via an Michael addition reaction of the electrophilic azogroup
with two nucleophilic Cys thiol groups (89). Thus, S-bacilli-
thiolation requires probably strong oxidants such as NaOCl
that oxidize peroxidatic Cys residues first to reactive sulfenic
acids or sulfenylchloride.

Another question is why S-cysteinylation and S-bacillithio-
lation was observed after NaOCl stress ? The observed S-
cysteinylations could originate from S-bacillithiolations that
could be explained by the BSH biosynthesis pathway. The
pathways for BSH biosynthesis and degradation have been
identified in B. subtilis and the structures of the L-malic acid
glycosyltransferase BaBshA and the GlcNAc-Mal deacetylase
BaBshB have been resolved in B. anthracis (35, 90). There are
two GlcNAc-Mal deacetylases in B. subtilis, BshB1 and
BshB2 with similar activities. It is postulated that one of these
deacetylases could function as bacillithiol-S-conjugate ami-
dase (likewise to the Mca mycothiol-S-conjugate amidase in
Mycobacteria) to cleave conjugates formed by reaction of
electrophiles with BSH (35, 91, 92). In turn, BshB1 and/or
BshB2 could also cleave GlcN-Mal from S-bacillithiolated
proteins leaving S-cysteinylated proteins. Thus, S-cysteiny-
lated proteins observed after NaOCl stress could originate
from S-bacillithiolations that are cleaved by BshB in vivo (91).
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The CID MS/MS spectra of the S-bacillithiolated peptides also
point to a fragmentation of BSH itself because characteristical
fragment and precursor ions appeared that have lost malate.
Thus, it is possible that further loss of GlcN in the collision cell
leads to “artificial” S-cysteinylated peptides as a result of
fragmentation. However, the redox buffer cysteine can be
also directly used for S-cysteinylations as shown by identifi-
cation of S-cysteinylated MetE in the �bshA mutant. Thus,
cysteine can replace BSH for S-thiolation of MetE and OhrR
(19, 35). Future proteomic approaches will be directed to
quantify the levels of S-cysteinylations and S-bacillithiolations
in the proteome.

In conclusion, we show here that S-bacillithiolation is a
regulatory redox-switch that occurs in response to hypochlo-
ric acid, that is produced in activated macrophages as part of
the host immune defense. Thus, Gram-positive pathogens,
such as S. aureus could use BSH as weapon against the host
immune system. OhrA-like peroxiredoxins are controlled by
the one-Cys OhrR-family repressors SarZ and MgrA in S.
aureus, that are inactivated by S-thiolation mechanisms in
vitro (18, 93). Furthermore, reversible thiol-modifications are
also widespread in the redox proteome of S. aureus by di-
amide stress including a MetE homolog (22, 94). Thus, our
studies provide important leads to future studies on Gram-
positive pathogens to study the impact of S-bacillithiolations
in redox-regulation of OhrR and MetE homologs as defense
mechanisms against the host immune system.
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