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The Bacillus subtilis monothiol bacilliredoxin BrxC (YtxJ) and the Bdr 
(YpdA) disulfide reductase reduce S-bacillithiolated proteins 
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A B S T R A C T   

The bacterial cytosol is generally a reducing environment with protein cysteine residues maintained in their thiol 
form. The low molecular weight thiol bacillithiol (BSH) serves as a general thiol reductant, analogous to 
glutathione, in a wide range of bacterial species. Proteins modified by disulfide bond formation with BSH (S- 
bacillithiolation) are reduced by the action of bacilliredoxins, BrxA and BrxB. Here, the YtxJ protein is identified 
as a monothiol bacilliredoxin, renamed BrxC, and is implicated in BSH removal from oxidized cytosolic proteins, 
including the glyceraldehyde 3-phosphate dehydrogenases GapA and GapB. BrxC can also debacillithiolate the 
mixed disulfide form of the bacilliredoxin BrxB. Bdr is a thioredoxin reductase-like flavoprotein with bacillithiol- 
disulfide (BSSB) reductase activity. Here, Bdr is shown to additionally function as a bacilliredoxin reductase. Bdr 
and BrxB function cooperatively to debacillithiolate OhrR, a transcription factor regulated by S-bacillithiolation 
on its sole cysteine residue. Collectively, these results expand our understanding of the BSH redox network 
comprised of three bacilliredoxins and a BSSB reductase that serve to counter the widespread protein S-bacil
lithiolation that results from conditions of disulfide stress.   

1. Introduction 

Cells contain several systems to maintain cysteine residues and other 
thiols in their reduced form in the cytosol, and dedicated pathways for 
the controlled oxidation of cysteines to form disulfide bonds in secreted 
and periplasmic proteins. Maintaining the redox balance of cellular 
thiols is critical for cell physiology, and oxidation can lead to a specific 
type of oxidative stress known as disulfide stress [1–4]. Reduction of 
intracellular thiols ultimately relies on the reducing power of NADPH, 
which serves as a cofactor to reduce thiol groups in either protein-based 
thiol reductants like thioredoxin (Trx) or low molecular weight (LMW) 
thiols. Oxidized Trx is reduced by a dedicated NADPH-dependent thio
redoxin reductase. 

The best characterized LMW thiol is the cysteine-containing tripep
tide, glutathione [5]. Under oxidizing conditions, protein thiols may 
form intra- or intermolecular protein disulfides or be modified by GSH in 
a process known as S-glutathionylation (or S-thiolation in general). 
S-glutathionylation is a common post-translation modification [6–8], 
and is reversed by disulfide exchange reactions with proteins with high 

reduction potential such as glutaredoxins (Grx) [9]. Oxidized Grx pro
teins are typically reduced by GSH, and the oxidized GSH (GSSG) is 
reduced by an NADPH-dependent glutathione disulfide oxidoreductase. 
Grx and Trx proteins share a common motif, known as the Trx-fold, 
consisting of four stranded β-sheets and surrounded by three α-helices 
[10]. Grx are classified into dithiol, with CPTC active site motifs, and 
monothiol, with a typical CGPS active site [11,12]. De-glutathionylation 
of substrate proteins is catalyzed by thiol transfer to the conserved Cys 
residue (the amino-terminal residue in the dithiol class proteins) fol
lowed, in a second step, by de-glutathionylation of the Grx protein. Most 
dithiol class Grx proteins use a monothiol mechanism in which the 
initially formed S-glutathionylated Grx (Grx-SSG) is reduced either by 
excess thiol or by a specific oxidoreductase [12,13]. Alternatively, in a 
dithiol mechanism the Grx-SSG intermediate may be resolved by the 
second (resolving) Cys residue resulting in a protein disulfide [12]. 

In Firmicutes bacteria, including Bacillus and Staphyloccoccus species, 
bacillithiol (Cys-GlcN-Malate; BSH) is the major LMW thiol and serves as 
a functional analog of GSH [7,14]. Although relatively recently 
discovered, comparative genomics suggests that BSH and its derivatives 
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are widely distributed in Bacteria and Archaea [15–17]. We first iden
tified BSH by virtue of its role in modification of the redox sensor protein 
OhrR in vivo, leading to a novel 398 Da adduct [18]. Subsequent 
chemical characterization revealed that BSH is a glycoside of L-cys
teinyl-D-glucosamine with L-malic acid [19]. Similar to GSH, BSH has 
diverse roles in cell physiology including detoxification of reactive 
electrophiles and some antibiotics [7,8,20], FeS cluster biogenesis 
[21–23], buffering of thiophilic metal ions [24–26], and protection of 
protein thiols by oxidation to mixed disulfides (S-bacillithiolation) [27]. 
S-bacillithiolation is widespread in Bacillus subtilis under stress condi
tions including exposure to cumene hydroperoxide (CHP) and bleach 
[27]. In the case of OhrR, S-bacillithiolation is regulatory and controls 
the ability of OhrR to repress expression of the OhrA peroxiredoxin [18]. 
S-bacillithiolation may also regulate enzyme activity [28–30]. Modifi
cation of methionine synthase MetE results in a transient growth arrest 
in the absence of exogenous methionine [31,32], and 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is also modified 
by S-thiolation [29]. 

Following their inactivation, S-bacillithiolated OhrR (OhrR-SSB) and 
MetE (MetE-SSB) can be reduced by two bacilliredoxin (Brx) proteins, 
BrxA and BrxB [32]. Both BrxA and BrxB are dithiol class enzymes and 
are detected in vivo in their S-bacillithiolated forms after oxidative stress. 
If Brx proteins functioned predominantly by an intramolecular (dithiol) 
mechanism, we would expect their oxidation to result in an intra
molecular disulfide with release of free (reduced) bacillithiol. The 
observed accumulation of S-bacillithiolated Brx proteins after treatment 
with oxidants suggests that they work, in part, by a monothiol mecha
nism. However, mutation of the second (resolving) Cys residue leads to 
even greater accumulation of S-bacillithiolated Brx proteins, suggesting 
that a dithiol mechanism may also be operative. It remains unclear, 
however, how the oxidized BrxA and BrxB proteins are recycled [32]. 
Bdr (formerly YpdA) is an NADPH-dependent disulfide oxidoreductase 
found in those organisms that encode the enzymes for BSH synthesis 
[33], suggesting a role in reduction of BSSB and/or bacilliredoxins. 
Indeed, the S. aureus Bdr ortholog (formerly YpdA, 63% identity) has 
NADPH-dependent BSSB reductase in vitro [34,35], and mutants have 
increased levels of intracellular BSSB and elevated sensitivity to oxida
tive stress [34,36]. BSSB reductase activity has also been determined for 
the B. cereus ortholog, and the structures of the B. cereus and S. aureus 
Bdr proteins have been recently reported [35]. Bdr can also reduce other 
BSH-derived disulfides. For example, Bdr can reduce BSH that has been 
modified by S-thioallylation by the reactive diallyl thiosulfinate allicin, 
a natural product associated with garlic, to form S-allylmercaptoba
cillithiol (BSSA) [37]. Bdr is probably not the only pathway for reduc
tion of BSSB in vivo, since even null mutants still maintain a reduced BSH 
pool even after treatment with strong oxidants like HOCl [34,36]. 

Here, we report biochemical studies of a third bacilliredoxin, the 
monothiol-class protein BrxC (YtxJ). A proteomic survey identifies 
numerous candidate BrxC substrates, including BrxB and Bdr. We pro
vide evidence that Bdr also functions as an NADPH-dependent bacillir
edoxin reductase, and that this provides an additional pathway for 
reduction of S-bacillithiolated BrxB. By regeneration of BrxB, Bdr can 
function in a redox cascade to increase the efficacy of BrxB-mediated de- 
bacillithiolation of the OhrR-SSB mixed disulfide. 

2. Results 

2.1. Proteomics-based identification of potential substrates of BrxC 

Previously, we identified several genes encoding thioredoxin family 
proteins that co-occur in genomes that also encode enzymes for the 
biosynthesis of BSH [33]. This type of statistical correlation suggests 
that these co-occurring proteins may recognize BSH or BSH-modified 
targets. Two of these proteins, BrxA and BrxB, have been shown to 
function as bacilliredoxins that de-bacillithiolate OhrR-SSB and 
MetE-SSB [32]. Here, we have investigated the biochemical activities of 

two other co-occurring proteins, BrxC (YtxJ) and Bdr (YpdA). BrxC 
contains a thioredoxin-like fold and a TCIPS motif characteristic of 
monothiol glutaredoxins [38]. 

To identify substrates for BrxC, the purified protein was bound to 
CNBr-activated beads to generate an affinity column, as previously 
described for the identification of Grx substrates [39,40]. BSH concen
tration varies depending on the growth phase, reaching peak levels 
(3.5–5.2 mM) during stationary phase [41]. Therefore, cell lysates from 
late stationary phase cultures were incubated with the BrxC-bound 
beads with the expectation that S-bacillithiolated proteins might 
interact with BrxC to generate disulfide-linked protein-protein com
plexes. Retained proteins were eluted using DTT and identified by 
MS/MS-based analysis of tryptic peptides, and those identified in three 
independent biological replicas were tabulated. Encouragingly, the 
resultant list of proteins (Table S1) included many known targets of 
S-bacillithiolation (e.g. GapA, GapB, MetE, SerA, PpaC, GuaB, AroA), 
bacilliredoxins (BrxA, BrxB), the BSSB reductase Bdr (YpdA), and en
zymes with reactive thiols (AhpC, AhpF, AhpA, Tpx, TrxA, TrxB), as seen 
in prior proteomics studies [42]. However, this list was larger than ex
pected (211 proteins) compared to the number of previously identified 
targets of S-bacillithiolation (~70 [42]), and included many protein 
chaperones and ribosomal subunits. Indeed, ~10% of the identified 
proteins lack Cys residues. We also recovered the E2 subunits (PdhC, 
OdhB, BkdB) of three dehydrogenases known to have lipoic acid as a 
covalently attached cofactor. We therefore suspected that some of the 
proteins bound to the BrxC column and eluted with DTT were retained 
non-specifically, possibly as part of protein complexes. 

To identify those proteins that are likely to be direct targets for BrxC, 
the affinity purification was repeated with addition of a 6 M guanidine 
hydrochloride wash to unfold and remove non-covalently associated 
proteins prior to elution with DTT. Using this more stringent protocol, 
~20 proteins were reproducibly retained (n = 3) and all contained at 
least one cysteine residue (Table 1). Among the putative BrxC-target 
proteins, BrxB and Bdr were detected together with several other pro
teins previously shown to be S-bacillithiolated in vivo under oxidative 
stress conditions. The latter include AbrB, PyrAB, PyrG, PyrE, PfkA, 
GapB, SucC and TufA [31,42]. These proteins are therefore candidates 
for in vivo substrates for de-bacillithiolation by BrxC. We chose four 
candidate substrates for further investigation: GapA, GapB, BrxB, and 
Bdr. 

Table 1 
Proteins retained on a BrxC column and eluted with DTT under stringent 
conditions. Numbers in parentheses indicate the number of Cys residues in the 
protein. Proteins in bold were further studied.  

Identified Proteins cellular process 

BrxB [3] bacilliredoxin 
BdhA [3] acetoine/butanediol dehydrogenase 
SalA [1] control of alkaline protease expression 
PyrH [1] pyrimidine biosynthesis 
PyrAA [6] pyrimidine biosynthesis 
PyrAB [8] pyrimidine biosynthesis 
PyrG [7] pyrimidine biosynthesis 
PyrE [4] pyrimidine biosynthesis 
GapB [4] glycolysis 
PfkA [3] glycolysis 
YtsJ [3] NADP-dependent malate dehydrogenase 
SucC [4] tricarboxylic acid cycle 
Bdr (YpdA) [3] oxidoreductase activity 
FolD [3] formylation of Met-tRNA(fMet) 
AbrB [1] transition state regulator 
TufA [2] elongation factor Tu (translation) 
RpsB [1] translation 
GatA [3] translation 
RpsK [1] translation 
RpsL [1] translation  
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2.2. BrxC is implicated in de-bacillithiolation of GapA and GapB in vivo 

B. subtilis encodes two glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) isozymes, GapA and GapB, which are required for glycolysis 
and gluconeogenesis, respectively [43]. GapB was recovered in our 
proteomics screen under stringent washing conditions (6 M guanidine 
HCl) and GapA was recovered reproducibly (3 biological replicates) 
under low stringency conditions, and in 2 of 3 replicates under high 
stringency conditions. This suggests that both GapA and GapB are 
S-bacillithiolated and are candidate substrates for BrxC. 

To test whether BrxC might be involved in de-bacillithiolation, we 
expressed GapA-FLAG and GapB-FLAG proteins in B. subtilis. To monitor 
the effect of BrxC on de-bacillithiolation, we used a katA ahpCF (hpx) 
mutant strain lacking catalase and alkylhydroperoxidase and therefore 
deficient in the degradation of endogenously generated H2O2. This 
strain has elevated basal levels of oxidative stress, allowing the study of 
protein S-bacillithiolation without the addition of strong oxidants. 
Compared to the wild-type strain, the hpx mutant cells had little if any 
increase in GapA and GapB S-bacillithiolation. BrxC is a candidate 
monothiol bacilliredoxin encoded as part of a stress-inducible operon 
(ytxGH brxC) under the control of σB and σH (Fig. S1) [44]. When 
compared to hpx mutant cells, the hpx strain additionally carrying a brxC 
operon deletion (ytxGH brxC) had a substantial increase in the level of 
both GapA and GapB S-bacillithiolation (Fig. 1). As expected the signal 
seen with the anti-BSH antibodies is lost in cells additionally carrying a 
bshC mutation that abolishes BSH synthesis. These results support the 
hypothesis that the stress-inducible ytxGH brxC operon functions in 
de-bacillithiolation of GapA and GapB in vivo. The functions of YtxG and 
YtxH are unknown, and it is likely that this phenotype reflects the ac
tivity of BrxC as a bacilliredoxin. 

2.3. BrxC functions as a bacilliredoxin in vitro 

In previous work, we defined BrxA and BrxB as prototype bacillir
edoxin proteins that can de-bacillithiolate mixed disulfides of BSH with 
OhrR and MetE [32]. Both proteins have a Trx-fold with a dithiol (CGC) 
active site motif (sequence alignments available in Fig. S1 of [34]). 
Genetic studies indicate that substrate de-bacillithiolation generates 
BrxB-SSB (bacillithiolated on Cys52), and this intermediate accumulates 
to a greater extent in protein lacking the second (resolving) Cys54 res
idue [32]. Thus, the pathways that regenerate reduced BrxB appear to 
include both the protein disulfide (dithiol mechanism) and mixed 
disulfides (monothiol mechanism), but the subsequent reduction steps 
are not defined. 

Since BrxB was recovered on our BrxC affinity column (Table 1), we 
hypothesized that BrxC might function as a monothiol bacilliredoxin 
(Fig. S1C) to catalyze de-bacillithiolation of BrxB-SSB. Indeed, incuba
tion of BrxB-SSB with BrxC results in the partial transfer of the BSH 
moiety from BrxB to BrxC (Fig. 2A, lane 2). BrxB-SSB was not de- 
bacillithiolated by excess BSH (Fig. 2A, lane 5). 

2.4. BrxC de-bacillithiolates Bdr in vitro 

S. aureus Bdr (YpdA) functions as an NAPDH-dependent BSSB 
reductase [34,35]. Since B. subtilis Bdr is a close homolog (63% identity), 
we hypothesized that this protein may also reduce BSSB. We overex
pressed B. subtilis Bdr as a His-tagged fusion protein in E. coli. As ex
pected, purified Bdr had the characteristic yellow color of 
FAD-containing enzymes, with absorbance maxima at 273, 374 and 
453 and a shoulder at 484 nm (Fig. S2), similar to the reported spectrum 
of S. aureus Bdr [34]. To monitor BSSB reductase activity, we exchanged 
the protein into nitrogen-saturated buffers and monitored NADPH 
consumption with and without BSSB. Despite several attempts we did 
not detect any BSSB reductase activity under these conditions. Our 
protein preparation was active, since under aerobic conditions Bdr is an 
NADPH:O2 oxidoreductase (NADPH oxidase) with formation of H2O2 as 
ultimate product (Figs. S3 and S4). When BSH was included in the re
actions, H2O2 production was diminished, as was the concentration of 
BSH, suggestive of H2O2-dependent oxidation of BSH (Fig. S4). As ex
pected, H2O2 formation was observed in aerobic, but not in anaerobic 
buffers. 

Since Bdr was reproducibly retained on our BrxC affinity column 
(Table 1), we wished to identify possible site(s) of S-bacillithiolation. 

Fig. 1. GAPDH enzymes have increased S-bacillithiolation in strains lacking 
BrxC. 
Immunopurification and Western blot analysis of B. subtilis strains expressing 
FLAG-tagged GapA or GapB expressed in different mutant backgrounds. Wild- 
type (WT) is B. subtilis 168 strain CU1065, and the hydroperoxidase minus 
(hpx) derivative is a katA ahpCF triple mutant. Strains were grown in LB at 37 ◦C 
with vigorous shaking to early stationary phase. Cell extracts were generated 
from equal cell numbers (judged by OD600) and lysates enriched using anti-Flag 
antibodies coupled to magnetic beads and then analyzed SDS-PAGE followed by 
Western blot analysis using anti-BSH antibodies. The red asterisk highlights the 
bands corresponding in size to GapA-FLAG (left) and GapB-FLAG (right). Other 
bands represent proteins cross-reactive with the anti-FLAG beads and anti-BSH 
antibodies. Representative results are shown from replicate experiments. (For 
interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 

Fig. 2. BrxC is a monothiol bacilliredoxin and Bdr is bacilliredoxin reductase. 
Bacillithiolated BrxB (2 μM) was incubated with BrxC (A: 1 μM and B: 0.4 μM 
increments), and when indicated Bdr (0.4 μM) with 0.1 mM NADPH, or 1 mM 
BSH, and the level of protein S-bacillithiolation was monitored by immunoblot 
analysis using anti-BSH antibodies. 
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B. subtilis Bdr contains 3 cysteine residues (C14, C122 and C220), with 
C14 conserved in Bdr orthologs from other Firmicutes [34] (Fig. S3D), 
but not in more distantly related homologs [35]. We purified all possible 
single, double, and triple Cys to Ala mutant proteins (Fig. S3A). All seven 
mutant proteins retain NADPH oxidase activity, although some with 
modestly reduced activity compared to the wild-type protein (Fig. S3B). 
When assayed with the thiol modification reagent methyl meth
anethiosulfonate (MMTS), a single adduct was detected at C220 
(Fig. 3A). Incubation of Bdr with BSH under aerobic conditions revealed 
formation of an S-bacillithiolated species (Bdr-SSB) as detected using 
anti-BSH antibodies. Bdr S-bacillithiolation was also seen for the C14A 
and C122A single mutants, but not for the C220A mutant (Fig. 3B). This 
suggests that Bdr can be S-bacillithiolated on C220, which is 
surface-exposed [35]. By homology modeling on the related B. cereus 
structure [35], we predict that the C14 and C122 residues are too distant 
(11.7 Å) to form a disulfide bond (Fig. S3E), and their lack of reactivity 
may be due to steric constraints. Consistent with the hypothesis that 
Bdr-SSB is a BrxC substrate, addition of BrxC leads to efficient 
de-bacillithiolation of Bdr, with concomitant appearance of the 
S-bacillithiolated BrxC product. As expected, this activity requires the 
active site C31 residue in BrxC (Fig. 3C). 

2.5. Bdr (YpdA) functions as a bacilliredoxin reductase 

We next hypothesized that Bdr might act as a bacilliredoxin reduc
tase. Indeed, Bdr in the presence of NAPDH de-bacillitholated BrxB-SSB, 
but did not appear to strongly affect the level of BrxC-SSB (Fig. 2A, lanes 

3 and 4). Even when present at comparable amounts in the reaction, 
BrxC did not fully reverse the S-bacillithiolation of BrxB-SSB (Fig. 2B). 
However, Bdr and NAPDH efficiently reduced both BrxB-SSB and BrxC- 
SSB, with BrxB a better substrate than BrxC (Fig. 2B). To determine if 
Cys residues in Bdr are required for bacilliredoxin reductase activity, we 
purified variant proteins with one or more Cys residues replaced with 
Ala (Fig. S3A). These variant proteins all retain NADPH oxidase activity, 
although those variants with a C14A substitution had up to a two-fold 
reduction in activity (Fig. S3B). As a bacilliredoxin reductase, Bdr 
functions catalytically with the native protein reducing the level of BrxB- 
SSB by 73% even when this substrate was in 5-fold molar excess over Bdr 
(Fig. S3C). Mutation of any of the three Cys residues led to reduced 
activity, and the triple mutant was essentially inactive. Whether this loss 
of activity indicates a role for thiol chemistry in catalysis, or simply a 
defect in protein conformation or substrate-binding, is not clear. 

Previously, BrxA and BrxB were shown de-bacillithiolate the DNA- 
binding transcription factor OhrR [32], which is regulated by S-bacilli
thiolation [18]. Since BrxB works stoichiometrically to de-bacillithiolate 
OhrR, and Bdr can catalytically de-bacillithiolate BrxB-SSB, we tested 
whether BrxB could function catalytically to reduce OhrR-SSB if it was 
regenerated by Bdr. OhrR-SSB was incubated with BrxB and Bdr with 
and without NADPH and the bacillithiolated peptides were measured by 
MS/MS analysis. As previously shown [32], in the absence of NADPH, 
BrxB was able to partially de-bacillithiolate OhrR-SSB and this resulted 
in the formation of BrxB-SSB. Addition of Bdr and NADPH resulted in the 
near complete de-bacillithiolation of both OhrR-SSB and BrxB-SSB 
(Fig. 4). Thus, Bdr can act as bacilliredoxin reductase to recycle 

Fig. 3. BrxC debacillithiolates S-bacillithiolated Bdr. 
(A) Mass spectrometry analysis shows that Bdr C220 
is accessible for methyl methanethiosulfonate 
(MMTS) modification, whereas C14 and C122 were 
not modified. (B) Immunoblot analysis indicates that 
Bdr is preferentially S-bacillithiolated on C220. (C) 
BrxC (but not BrxC C31A) is able to de-bacillithiolate 
Bdr-SSB. Bacillithiolated Bdr (2 μM) was incubated 
with BrxC (2 μM) and the level of bacillithiolation 
was monitored by immunoblot analysis using anti- 
BSH antibodies. Representative results are shown 
from replicate experiments.   
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BrxB-SSB, thereby increasing the efficiency of regulatory 
de-bacillithiolation (Fig. 5). 

3. Discussion 

Bacillithiol (BSH) is a major LMW thiol that functions in redox 
buffering, metal homeostasis, and resistance to reactive electrophiles. As 
a reactive nucleophile, BSH can serve as a cofactor for conjugation to 
reactive electrophilic compounds, including the antibiotic fosfomycin 
[33]. In this role, conjugation often requires the activity of bacillithiol 
S-transferases, including FosB [45,46] and several additional proteins of 
unknown specificity [20]. However, in other cases conjugation is 
spontaneous, as with the reaction of BSH with methylglyoxal to generate 
the BSH-hemithioacetal that is further processed by a specific glyoxalase 
[47]. BSH also serves as an important thiol buffer, and reacts with 
protein thiols to form disulfides, presumably proceeding through a 
transient sulfenic acid intermediate [6,7,27]. In B. subtilis, at least 70 
proteins have been defined as targets of S-bacillithiolation in cells 
treated with oxidants [42], and many of these modifications are seen in 
other organisms and with other LMW thiols [29,48]. Reduction of the 
resultant S-bacillithiolated proteins is thought to depend on the action of 

bacilliredoxins, including the previously described BrxA and BrxB pro
teins [32,34]. 

During our initial studies of the BSH biosynthesis pathway, we used 
phylogenomic analyses to identify several putative redox-active proteins 
that are correlated with BSH biosynthesis genes across bacterial ge
nomes [33]. Two of these proteins, with redox active CXC motifs, were 
subsequently shown to function as bacilliredoxins and named BrxA and 
BrxB [32]. Here, we have defined new functions for two additional 
members of this group, BrxC (YtxJ) and Bdr (YpdA). BrxC is a monothiol 
bacilliredoxin and functions similarly to glutaredoxins: small proteins 
that can reduce GSH-mixed disulfides in proteins as well as gluta
thionylated small molecules [49,50]. A related class of proteins, desig
nated mycoredoxins, functions with proteins modified by a different 
LMW thiol, mycothiol [51,52]. 

To define substrates for BrxC we used affinity trapping, which relies 
on the in vitro interaction of the oxidoreductase with its substrates fol
lowed by proteomics analysis [39,40]. Candidate BrxC substrates 
include proteins from multiple metabolic pathways including carbon 
metabolism, amino acid synthesis, sporulation, translation, and oxida
tive damage response (Table 1). Many of these targets are S-bacilli
thiolated under oxidative stress conditions [31,42]. Here, we provide 
evidence that deletion of the operon encoding BrxC leads to increased 
S-bacillithiolation of two GAPDH isoforms (GapA and GapB) in cells 
with increased oxidant levels due to mutation of catalase and alkylhy
droperoxide reductase (Fig. 1). This suggests that BrxC is involved in 
protein de-bacillithiolation in vivo. BrxC also functions in vitro to deba
cillithiolate BrxB (Fig. 2) and Bdr (Fig. 3). All three bacilliredoxins are 
expressed across a range of growth conditions [53], but only BrxC is 
induced as part of the σB-dependent general stress response. 

Bdr (YpdA) is a flavin-containing oxidoreductase, and the S. aureus 
and B. cereus orthologs reduce BSSB back to BSH [34,35]. It is likely that 
B. subtilis Bdr also has BSSB reductase activity, but this can be difficult to 
detect due to a high background of oxygen-dependent NADPH oxidase 
activity [35] (Fig. S3B). Bdr is itself S-bacillithiolated on C220 (Fig. 3), 
and was identified as a candidate substrate for the BrxC bacilliredoxin 
(Table 1). Indeed, BrxC can de-bacillithiolate Bdr in vitro (Fig. 3). The 
regulatory role, if any, of Bdr S-bacillithiolation is unknown. 

By virtue of its ability to function as a bacilliredoxin reductase, Bdr 
can increase the efficiency of Brx proteins that might otherwise accu
mulate in their oxidized states. Here, we document this effect for the 
reactivation of the regulatory protein OhrR, a repressor inactivated in 
vivo and in vitro by S-bacillithiolation [18,54]. The bacillithiolated OhrR 
can be reactivated by either BrxA or BrxB [32]. Bacillithiolated BrxB is in 
turn reactivated by the bacilliredoxin reductase Bdr, which couples its 
reduction to NADPH, or by the bacilliredoxin BrxC (Fig. 5). These 
findings highlight the complexity of the intertwined thiol-disulfide ex
change reactions that sustain the activity of many cysteine-containing 
enzymes. 

Fig. 4. De-bacillithiolation of OhrR-SSB in vitro by BrxB and Bdr. OhrR-SSB 
(7.5 μM), BrxB (7.5 μM), Bdr (5 μM) and NADPH (0.1 mM) were mixed (as 
indicated) and the levels of de-bacillithiolation were quantified by spectral 
counts in MS analysis (n = 3; mean ± SD) as previously described [32]. 

Fig. 5. Schematic model illustrating the interactions 
between BrxB, BrxC, and Bdr in the reduction of 
OhrR-SSB. 1. OhrR is inactivated by S-bacillithiolation 
[18,32]. 2. BrxB can regenerate active OhrR, with 
generation of BrxB-SSB [32]. 3 and 4. BrxC functions 
as a bacilliredoxin with BrxB-SBB (Fig. 2) and Bdr-SSB 
(Fig. 3). 5. In addition, Bdr can function as an 
NADPH-dependent oxidoreductase to reduce 
BrxB-SSB (Fig. 2), which increases the efficacy of 
OhrR-SSB regeneration (Fig. 4). OhrR-SSB can also be 
reduced by low molecular weight thiols [18,54]. 
Reduction of OhrR-SSB by BSH generates BSSB, which 
can be reduced by Bdr. The BSSB reductase activity of 
Bdr has been proposed to be independent of protein 
thiol residues [35], and the same may be true for the 
Brx reductase activity.   
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4. Material and methods 

4.1. Strains and growth conditions 

B. subtilis and Escherichia coli strains were grown on LB or MOPS- 
based minimal media [55]. All B. subtilis strains are derivatives of the 
CU1065 parent strain (168 trpC2 attSPβ; Bacillus genetic stock center 
#1A100) (Table S2). Unless otherwise indicated, liquid media were 
inoculated from an overnight pre-culture and incubated at 37 ◦C with 
shaking at 200 rpm. For selection, antibiotics were added at the 
following concentrations for B. subtilis: erythromycin (1 μg/ml) and 
lincomycin (25 μg/ml) (for selecting for macrolide- 
lincosoamide-streptogramin B (MLS) resistance), spectinomycin (100 
μg/ml), chloramphenicol (10 μg/ml), kanamycin (15 μg/ml) and 
neomycin (10 μg/ml). 

4.2. DNA manipulations 

Routine molecular biology procedures were done according to 
Ref. [56]. Restriction enzymes, DNA ligase, Klenow fragment and DNA 
polymerase were used according to the manufacturer’s instructions 
(New England Biolabs). Mutants were constructed using 
long-flanking-homology PCR as described [57]. Site-directed mutagen
esis of brxC was done by polymerase chain reaction (PCR) and overlap 
extension according to Ref. [58]. Site directed mutagenesis of bdr was 
done using QuickChange II (Agilent) according the manufacturer’s in
structions. Constructs for expression of Bdr mutant proteins were 
generated using the following primers: ypdA-C14A-F 
5′GCTGGACTATCTGCTGCCATTC3′, ypdA-C14A-R 5′GAATGGCAG 
CAGATAGTCCAGCAGGTCCTCCGCCTATAATAAT3′, ypdA-C122A-F 
5′ATGCTATCATCGCCACAGGCTATTAT3′, ypdA-C122A-R 5′ATAAT 
AGCCTGTGGCGATGATAGCATATGGCGTCGTGTAGGTCTC3′, ypdA-C2 
20A-F 5′GCTGTCGAAAAAATCACCGAGAAT3′, and ypdA-C220A-R 
5′ATTCTCGGTGATTTTTTCGACAGCAGCTCCAAATTCCATACGGAT3’. 

4.3. Expression and purification of His-tagged BrxB, BrxC and Bdr 

E. coli BL21(DE3) pLysS was used for overproduction of His-tagged 
BrxB (NP_390279.1), BrxC (NP_390854.1), and Bdr (NP_390176.2) 
proteins. Expression plasmids for protein overproduction were con
structed using pET16b as follows: coding sequences were amplified by 
PCR with B. subtilis chromosomal DNA as template, and the products 
were cloned in the NdeI-BamHI sites of pET16B. The resulting plasmids 
were confirmed by DNA sequencing and transformed into E. coli BL21 
(DE3) pLysS. For BrxC and BrxB expression, E. coli BL21(DE3)pLysS 
strains carrying expression plasmids were cultured in 1 L LB medium, 
and 1 mM isopropyl-β-D-thiogalactopyranoside (IPTG) was added at 
mid-log phase (OD600 of 0.5) for 2 h. For Bdr, IPTG was added at 0.3 mM 
and cells were incubated overnight at 14 ◦C to avoid inclusion body 
formation. Recombinant His-tagged proteins were purified using Pre
pEase™ His-Tagged High Yield purification Resin (Life Technologies) 
under native conditions according to the instructions of the manufac
turer. His-tagged proteins were eluted in 50 mM NaH2PO4, 300 mM 
NaCl, 1 mM EDTA, 10% glycerol and 250 mM imidazole pH 8.0. A 
second step of purification was performed using a size exclusion 
Superdex 200 column using 50 mM Tris-HCl pH 8.0, 150 mM NaCl, 1 
mM DTT and 1 mM EDTA 10% glycerol (v/v) and stored at − 80 ◦C. 
Protein purity was assessed using SDS-PAGE. 

4.4. Immunoprecipitation and western blotting 

Strains containing FLAG-tagged GapA or GapB under xylose induc
tion were used in immunoprecipitation with Anti-FLAG M2 Affinity Gel 
(Sigma-Aldrich) and quantified by Western blotting analysis using Anti- 
FLAG or Anti-BSH antibodies as described [32,59], except that goat 
anti-rabbit IgG-horse radish peroxidase (Santa Cruz Biotechnology; 

sc-2004) was used as a secondary antibody and the blots were developed 
using the Clarity Western ECL Substrate (Bio-RAD; 1705060). 

4.5. Preparation of BrxC affinity column and identification of target 
proteins 

Target proteins that interact with BrxC were identified as described 
[39,40]. Briefly, three milligrams of BrxC protein in sodium carbonate 
buffer (pH 8.3) was incubated with 0.5 g of CNBr-sepharose activated 
beads (Sigma) according to the manufacturer’s instructions. The CNBr 
unreacted sites were blocked by incubation for 1 h with 1 M Tris-HCl, pH 
8.0 and the beads were stabilized in binding buffer (50 mM Tris pH 8.0, 
150 mM NaCl, 5% glycerol and 1 mM EDTA). Wild type B. subtilis cell 
lysate from a stationary phase culture was incubated with 
BrxC-immobilized beads in binding buffer overnight at 4 ◦C. Beads were 
washed three times with binding buffer and three times with binding 
buffer that contain 0.3 M NaCl. In the first attempts, proteins that 
interact with the BrxC affinity column were eluted using binding buffer 
containing 20 mM DTT. This wash method resulted in the recovery of 
proteins that interact with BrxC directly and those that were in com
plexes retained on the column. To identify proteins that interact cova
lently with BrxC, the experiment was repeated and a third wash was 
done using binding buffer with 6 M guanidine HCl before elution with 
DTT. Proteins in the eluate were TCA precipitated, washed with cold 
acetone, and separated on by 4–20% gradient SDS-PAGE. Proteins were 
identified using mass spectrometry (MS/MS) analysis to sequence 
tryptic peptides in the sample (Biotechnology Resource Center, Cornell 
University). Only proteins that were detected in three biologically in
dependent experiments were further considered. 

4.6. Preparation and quantitation of S-bacillithiolated proteins in vitro 

S-bacillithiolation of BrxC, BrxB and Bdr was done by incubation of 
50 μM protein in the presence of 0.5 mM BSH in 50 mM air-saturated 
Tris pH 8.0, 150 mM NaCl, 1 mM EDTA and 5% glycerol at room tem
perature for 1 h. OhrR (50 μM) was bacillithiolated by treatment with 
cumene hydroperoxide (0.5 mM) in the presence of BSH (1 mM). Bdr 
and BrxB were reduced and subjected to buffer exchange to remove 
excess BSH or the reducing agent. Buffer exchange was done at least 
twice using micro-spin columns (Bio-Rad) pre-washed three times with 
50 mM Tris pH 8.0, 150 mM NaCl and 10% glycerol. 

For quantitation, S-bacillithiolated proteins were detected by 
immunoblotting using anti-BSH antibodies or by excision of proteins 
bands from coomassie-stained, non-reducing SDS PAGE gels followed by 
MS/MS analysis to quantify S-bacillithiolated peptides as previously 
described [32]. 

4.7. Anaerobic bacilliredoxin assays 

De-bacillithiolation assays were done under anaerobic conditions in 
a nitrogen glove box. All buffers were bubbled with nitrogen gas for 30 
min and equilibrated in the anaerobic chamber overnight. To exchange 
all proteins into anaerobic buffer, Micro-Spin columns were washed 
once with anaerobic buffer (50 mM Tris HCl pH 8.0, 150 mM NaCl, 1 
mM EDTA and 10% glycerol). The spin columns were incubated over
night in the anaerobic chamber and then washed three times with 
anaerobic buffer. All proteins were buffer-exchanged twice in the 
anaerobic equilibrated Micro-Spin columns. S-bacillithiolated proteins 
(at 2 μM) were incubated with different concentrations of bacilliredox
ins at room temperature for 15 min and the reaction was stopped by 
addition of anaerobically equilibrated, non-reducing SDS-loading 
buffer. Samples were separated by 4–20% gradient SDS-PAGE and S- 
bacillithiolation levels were detected using western blot analysis using 
anti-BSH antibodies. 
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4.8. NADPH oxidase assay 

Bdr was reduced by addition of 1 mM DTT and incubated on ice for 5 
min. Bdr was buffer exchanged twice using buffer exchange micro-spin 
columns (Bio-RAD) that were pre-washed three times with 50 mM Tris 
HCl pH 8.0, 150 mM NaCl, 1 mM EDTA and 10% glycerol. Protein 
concentration was determined using the Bradford assay with BSA as 
standard. Bdr (typically at 5 μM) consumption of NADPH was assessed in 
50 mM Tris HCl pH 8.0, 150 mM NaCl, 1 mM EDTA and 10% glycerol 
buffer by monitoring OD340 using a 1 cm pathlength quartz cuvette in a 
PerkinElmer Lambda 25 UV/VIS Spectrophotometer. Reactions were 
started by rapid mixing of 0.1 mM NADPH and OD340 was measured at 
different time intervals. H2O2 was measured using Red Hydrogen 
Peroxide Assay Kit (Enzo Life Sciences) according to the manufacturer’s 
instructions. BSH levels were measured using 5,5′-dithiobis-(2-nitro
benzoic acid) (DNTB). 

Funding 

This work was supported by a grant from the National Institutes of 
Health (R35GM122461 to JDH). 

Declaration of competing interest 

The authors declare that they have no competing financial interests 
relative to the work reported in this paper. 

Acknowledgments 

We thank Chris J. Hamilton for providing BSH and BSSB used in 
these studies, and Haike Antelmann for the anti-BSH antibodies and for 
advice and assistance with proteomics analyses. Tina T. Su was partially 
supported for summer research as a Cornell NSF Summer Biology 
Research Intern (2013) and as a Pauline and Irving Tanner Dean’s 
Scholar (2014). 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.redox.2021.101935. 

References 

[1] D.F. Rojas-Tapias, J.D. Helmann, Roles and regulation of Spx family transcription 
factors in Bacillus subtilis and related species, Adv. Microb. Physiol. 75 (2019) 
279–323. 

[2] L.I. Leichert, C. Scharf, M. Hecker, Global characterization of disulfide stress in 
Bacillus subtilis, J. Bacteriol. 185 (2003) 1967–1975. 

[3] S. Korshunov, K.R.C. Imlay, J.A. Imlay, Cystine import is a valuable but risky 
process whose hazards Escherichia coli minimizes by inducing a cysteine exporter, 
Mol. Microbiol. 113 (2020) 22–39. 

[4] D.M. Downs, Balancing cost and benefit: how E. coli cleverly averts disulfide stress 
caused by cystine, Mol. Microbiol. 113 (2020) 1–3. 

[5] R.C. Fahey, Glutathione analogs in prokaryotes, Biochim. Biophys. Acta 1830 
(2013) 3182–3198. 

[6] H. Antelmann, J.D. Helmann, Thiol-based redox switches and gene regulation, 
Antioxidants Redox Signal. 14 (2011) 1049–1063. 

[7] P. Chandrangsu, V.V. Loi, H. Antelmann, J.D. Helmann, The role of bacillithiol in 
gram-positive firmicutes, Antioxidants Redox Signal. 28 (2018) 445–462. 

[8] B.G. Hill, A. Bhatnagar, Role of glutathiolation in preservation, restoration and 
regulation of protein function, IUBMB Life 59 (2007) 21–26. 

[9] Y. Meyer, B.B. Buchanan, F. Vignols, J.P. Reichheld, Thioredoxins and 
glutaredoxins: unifying elements in redox biology, Annu. Rev. Genet. 43 (2009) 
335–367. 

[10] J.L. Martin, Thioredoxin–a fold for all reasons, Structure 3 (1995) 245–250. 
[11] E. Stroher, A.H. Millar, The biological roles of glutaredoxins, Biochem. J. 446 

(2012) 333–348. 
[12] C.H. Lillig, C. Berndt, Glutaredoxins in thiol/disulfide exchange, Antioxidants 

Redox Signal. 18 (2013) 1654–1665. 
[13] J. Zimmermann, J. Oestreicher, S. Hess, J.M. Herrmann, M. Deponte, B. Morgan, 

One cysteine is enough: a monothiol Grx can functionally replace all cytosolic Trx 
and dithiol Grx, Redox Biol 36 (2020) 101598. 

[14] J.D. Helmann, Bacillithiol, a new player in bacterial redox homeostasis, 
Antioxidants Redox Signal. 15 (2011) 123–133. 

[15] J. Hiras, S.V. Sharma, V. Raman, R.A.J. Tinson, M. Arbach, D.F. Rodrigues, 
J. Norambuena, C.J. Hamilton, T.E. Hanson, Physiological studies of Chlorobiaceae 
suggest that bacillithiol derivatives are the most widespread thiols in bacteria, 
MBio 9 (2018). 

[16] G.L. Newton, M. Rawat, N-methyl-bacillithiol, a novel thiol from anaerobic 
bacteria, mBio 10 (2019). 

[17] M. Rawat, J.A. Maupin-Furlow, Redox and thiols in Archaea, Antioxidants (Basel) 9 
(2020). 

[18] J.W. Lee, S. Soonsanga, J.D. Helmann, A complex thiolate switch regulates the 
Bacillus subtilis organic peroxide sensor OhrR, Proc. Natl. Acad. Sci. U. S. A. 104 
(2007) 8743–8748. 

[19] G.L. Newton, M. Rawat, J.J. La Clair, V.K. Jothivasan, T. Budiarto, C.J. Hamilton, 
A. Claiborne, J.D. Helmann, R.C. Fahey, Bacillithiol is an antioxidant thiol 
produced in Bacilli, Nat. Chem. Biol. 5 (2009) 625–627. 

[20] V.R. Perera, J.D. Lapek Jr., G.L. Newton, D.J. Gonzalez, K. Pogliano, Identification 
of the S-transferase like superfamily bacillithiol transferases encoded by Bacillus 
subtilis, PLoS One 13 (2018), e0192977. 

[21] U. Muhlenhoff, J.J. Braymer, S. Christ, N. Rietzschel, M.A. Uzarska, B.D. Weiler, 
R. Lill, Glutaredoxins and iron-sulfur protein biogenesis at the interface of redox 
biology and iron metabolism, Biol. Chem. 401 (2020) 1407–1428. 

[22] E.A. Talib, C.E. Outten, Iron-sulfur cluster biogenesis, trafficking, and signaling: 
roles for CGFS glutaredoxins and BolA proteins, Biochim. Biophys. Acta Mol. Cell 
Res. 1868 (2021) 118847. 

[23] Z. Rosario-Cruz, H.K. Chahal, L.A. Mike, E.P. Skaar, J.M. Boyd, Bacillithiol has a 
role in Fe-S cluster biogenesis in Staphylococcus aureus, Mol. Microbiol. 98 (2015) 
218–242. 

[24] K.L. Kay, C.J. Hamilton, N.E. Le Brun, Mass spectrometric studies of Cu(I)-binding 
to the N-terminal domains of B. subtilis CopA and influence of bacillithiol, J. Inorg. 
Biochem. 190 (2019) 24–30. 

[25] Z. Ma, P. Chandrangsu, T.C. Helmann, A. Romsang, A. Gaballa, J.D. Helmann, 
Bacillithiol is a major buffer of the labile zinc pool in Bacillus subtilis, Mol. 
Microbiol. 94 (2014) 756–770. 

[26] Z. Rosario-Cruz, J.M. Boyd, Physiological roles of bacillithiol in intracellular metal 
processing, Curr. Genet. 62 (2016) 59–65. 

[27] M. Imber, A.J. Pietrzyk-Brzezinska, H. Antelmann, Redox regulation by reversible 
protein S-thiolation in Gram-positive bacteria, Redox Biol 20 (2019) 130–145. 

[28] V.V. Loi, M. Rossius, H. Antelmann, Redox regulation by reversible protein S- 
thiolation in bacteria, Front. Microbiol. 6 (2015) 187. 

[29] M. Imber, N.T.T. Huyen, A.J. Pietrzyk-Brzezinska, V.V. Loi, M. Hillion, 
J. Bernhardt, L. Tharichen, K. Kolsek, M. Saleh, C.J. Hamilton, L. Adrian, F. Grater, 
M.C. Wahl, H. Antelmann, Protein S-bacillithiolation functions in thiol protection 
and redox regulation of the glyceraldehyde-3-phosphate dehydrogenase gap in 
Staphylococcus aureus under hypochlorite stress, Antioxidants Redox Signal. 28 
(2018) 410–430. 

[30] M. Imber, V.V. Loi, S. Reznikov, V.N. Fritsch, A.J. Pietrzyk-Brzezinska, J. Prehn, 
C. Hamilton, M.C. Wahl, A.K. Bronowska, H. Antelmann, The aldehyde 
dehydrogenase AldA contributes to the hypochlorite defense and is redox- 
controlled by protein S-bacillithiolation in Staphylococcus aureus, Redox Biol 15 
(2018) 557–568. 

[31] B.K. Chi, K. Gronau, U. Mader, B. Hessling, D. Becher, H. Antelmann, S- 
bacillithiolation protects against hypochlorite stress in Bacillus subtilis as revealed 
by transcriptomics and redox proteomics, Mol. Cell. Proteomics 10 (2011). M111 
009506. 

[32] A. Gaballa, B.K. Chi, A.A. Roberts, D. Becher, C.J. Hamilton, H. Antelmann, J. 
D. Helmann, Redox regulation in Bacillus subtilis: the bacilliredoxins BrxA(YphP) 
and BrxB(YqiW) function in de-bacillithiolation of S-bacillithiolated OhrR and 
MetE, Antioxidants Redox Signal. (2014), https://doi.org/10.1089/ars.2013.5327. 

[33] A. Gaballa, G.L. Newton, H. Antelmann, D. Parsonage, H. Upton, M. Rawat, 
A. Claiborne, R.C. Fahey, J.D. Helmann, Biosynthesis and functions of bacillithiol, 
a major low-molecular-weight thiol in Bacilli, Proc. Natl. Acad. Sci. U. S. A. 107 
(2010) 6482–6486. 

[34] N. Linzner, V.V. Loi, V.N. Fritsch, Q.N. Tung, S. Stenzel, M. Wirtz, R. Hell, C. 
J. Hamilton, K. Tedin, M. Fulde, H. Antelmann, Staphylococcus aureus uses the 
bacilliredoxin (BrxAB)/Bacillithiol disulfide reductase (YpdA) redox pathway to 
defend against oxidative stress under infections, Front. Microbiol. 10 (2019) 1355. 

[35] M. Hammerstad, I. Gudim, H.P. Hersleth, The crystal structures of bacillithiol 
disulfide reductase Bdr (YpdA) provide structural and functional insight into a new 
type of FAD-containing NADPH-dependent oxidoreductase, Biochemistry 59 
(2020) 4793–4798. 

[36] I.V. Mikheyeva, J.M. Thomas, S.L. Kolar, A.R. Corvaglia, N. Gaiotaa, S. Leo, 
P. Francois, G.Y. Liu, M. Rawat, A.L. Cheung, YpdA, a putative bacillithiol disulfide 
reductase, contributes to cellular redox homeostasis and virulence in 
Staphylococcus aureus, Mol. Microbiol. 111 (2019) 1039–1056. 

[37] V.V. Loi, N.T.T. Huyen, T. Busche, Q.N. Tung, M.C.H. Gruhlke, J. Kalinowski, 
J. Bernhardt, A.J. Slusarenko, H. Antelmann, Staphylococcus aureus responds to 
allicin by global S-thioallylation - role of the Brx/BSH/YpdA pathway and the 
disulfide reductase MerA to overcome allicin stress, Free Radic. Biol. Med. 139 
(2019) 55–69. 

[38] A.P. Fernandes, A. Holmgren, Glutaredoxins: glutathione-dependent redox 
enzymes with functions far beyond a simple thioredoxin backup system, 
Antioxidants Redox Signal. 6 (2004) 63–74. 

[39] M. Li, Q. Yang, L. Zhang, H. Li, Y. Cui, Q. Wu, Identification of novel targets of 
cyanobacterial glutaredoxin, Arch. Biochem. Biophys. 458 (2007) 220–228. 

A. Gaballa et al.                                                                                                                                                                                                                                

https://doi.org/10.1016/j.redox.2021.101935
https://doi.org/10.1016/j.redox.2021.101935
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref1
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref1
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref1
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref2
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref2
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref3
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref3
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref3
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref4
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref4
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref5
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref5
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref6
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref6
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref7
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref7
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref8
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref8
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref9
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref9
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref9
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref10
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref11
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref11
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref12
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref12
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref13
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref13
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref13
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref14
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref14
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref15
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref15
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref15
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref15
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref16
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref16
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref17
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref17
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref18
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref18
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref18
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref19
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref19
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref19
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref20
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref20
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref20
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref21
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref21
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref21
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref22
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref22
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref22
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref23
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref23
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref23
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref24
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref24
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref24
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref25
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref25
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref25
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref26
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref26
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref27
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref27
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref28
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref28
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref29
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref29
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref29
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref29
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref29
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref29
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref30
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref30
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref30
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref30
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref30
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref31
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref31
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref31
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref31
https://doi.org/10.1089/ars.2013.5327
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref33
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref33
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref33
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref33
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref34
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref34
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref34
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref34
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref35
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref35
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref35
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref35
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref36
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref36
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref36
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref36
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref37
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref37
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref37
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref37
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref37
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref38
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref38
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref38
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref39
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref39


Redox Biology 42 (2021) 101935

8

[40] N. Rouhier, A. Villarejo, M. Srivastava, E. Gelhaye, O. Keech, M. Droux, 
I. Finkemeier, G. Samuelsson, K.J. Dietz, J.P. Jacquot, G. Wingsle, Identification of 
plant glutaredoxin targets, Antioxidants Redox Signal. 7 (2005) 919–929. 

[41] S.V. Sharma, M. Arbach, A.A. Roberts, C.J. Macdonald, M. Groom, C.J. Hamilton, 
Biophysical features of bacillithiol, the glutathione surrogate of Bacillus subtilis and 
other firmicutes, Chembiochem 14 (2013) 2160–2168. 

[42] B.K. Chi, A.A. Roberts, T.T. Huyen, K. Basell, D. Becher, D. Albrecht, C.J. Hamilton, 
H. Antelmann, S-bacillithiolation protects conserved and essential proteins against 
hypochlorite stress in firmicutes bacteria, Antioxidants Redox Signal. 18 (2013) 
1273–1295. 

[43] S. Fillinger, S. Boschi-Muller, S. Azza, E. Dervyn, G. Branlant, S. Aymerich, Two 
glyceraldehyde-3-phosphate dehydrogenases with opposite physiological roles in a 
nonphotosynthetic bacterium, J. Biol. Chem. 275 (2000) 14031–14037. 

[44] D. Varon, M.S. Brody, C.W. Price, Bacillus subtilis operon under the dual control of 
the general stress transcription factor sigma B and the sporulation transcription 
factor sigma H, Mol. Microbiol. 20 (1996) 339–350. 

[45] A.P. Lamers, M.E. Keithly, K. Kim, P.D. Cook, D.F. Stec, K.M. Hines, G. 
A. Sulikowski, R.N. Armstrong, Synthesis of bacillithiol and the catalytic selectivity 
of FosB-type fosfomycin resistance proteins, Org. Lett. 14 (2012) 5207–5209. 

[46] A.A. Roberts, S.V. Sharma, A.W. Strankman, S.R. Duran, M. Rawat, C.J. Hamilton, 
Mechanistic studies of FosB: a divalent-metal-dependent bacillithiol-S-transferase 
that mediates fosfomycin resistance in Staphylococcus aureus, Biochem. J. 451 
(2013) 69–79. 

[47] P. Chandrangsu, R. Dusi, C.J. Hamilton, J.D. Helmann, Methylglyoxal resistance in 
Bacillus subtilis: contributions of bacillithiol-dependent and independent pathways, 
Mol. Microbiol. 91 (2014) 706–715. 

[48] B.K. Chi, T. Busche, K. Van Laer, K. Basell, D. Becher, L. Clermont, G.M. Seibold, 
M. Persicke, J. Kalinowski, J. Messens, H. Antelmann, Protein S-mycothiolation 
functions as redox-switch and thiol protection mechanism in Corynebacterium 
glutamicum under hypochlorite stress, Antioxidants Redox Signal. 20 (2014) 
589–605. 

[49] C.H. Lillig, C. Berndt, A. Holmgren, Glutaredoxin systems, Biochim. Biophys. Acta 
1780 (2008) 1304–1317. 

[50] M.D. Shelton, P.B. Chock, J.J. Mieyal, Glutaredoxin: role in reversible protein s- 
glutathionylation and regulation of redox signal transduction and protein 
translocation, Antioxidants Redox Signal. 7 (2005) 348–366. 

[51] K. Van Laer, L. Buts, N. Foloppe, D. Vertommen, K. Van Belle, K. Wahni, G. Roos, 
L. Nilsson, L.M. Mateos, M. Rawat, N.A. van Nuland, J. Messens, Mycoredoxin-1 is 
one of the missing links in the oxidative stress defence mechanism of Mycobacteria, 
Mol. Microbiol. 86 (2012) 787–804. 

[52] H. Antelmann, C.J. Hamilton, Bacterial mechanisms of reversible protein S- 
thiolation: structural and mechanistic insights into mycoredoxins, Mol. Microbiol. 
86 (2012) 759–764. 

[53] P. Nicolas, U. Mader, E. Dervyn, T. Rochat, A. Leduc, N. Pigeonneau, E. Bidnenko, 
E. Marchadier, M. Hoebeke, S. Aymerich, D. Becher, P. Bisicchia, E. Botella, 
O. Delumeau, G. Doherty, E.L. Denham, M.J. Fogg, V. Fromion, A. Goelzer, 
A. Hansen, E. Hartig, C.R. Harwood, G. Homuth, H. Jarmer, M. Jules, E. Klipp, L. Le 
Chat, F. Lecointe, P. Lewis, W. Liebermeister, A. March, R.A. Mars, 
P. Nannapaneni, D. Noone, S. Pohl, B. Rinn, F. Rugheimer, P.K. Sappa, F. Samson, 
M. Schaffer, B. Schwikowski, L. Steil, J. Stulke, T. Wiegert, K.M. Devine, A. 
J. Wilkinson, J.M. van Dijl, M. Hecker, U. Volker, P. Bessieres, et al., Condition- 
dependent transcriptome reveals high-level regulatory architecture in Bacillus 
subtilis, Science 335 (2012) 1103–1106. 

[54] S. Soonsanga, J.W. Lee, J.D. Helmann, Oxidant-dependent switching between 
reversible and sacrificial oxidation pathways for Bacillus subtilis OhrR, Mol. 
Microbiol. 68 (2008) 978–986. 

[55] L. Chen, L.P. James, J.D. Helmann, Metalloregulation in Bacillus subtilis: isolation 
and characterization of two genes differentially repressed by metal ions, 
J. Bacteriol. 175 (1993) 5428–5437. 

[56] J. Sambrook, D.W. Russel, Molecular Cloning: a Laboratory Manual. Cold Spring 
Harbor, Cold Spring Harbor Laboratory, N.Y., 2001. 

[57] T. Mascher, N.G. Margulis, T. Wang, R.W. Ye, J.D. Helmann, Cell wall stress 
responses in Bacillus subtilis: the regulatory network of the bacitracin stimulation, 
Mol. Microbiol. 50 (2003) 1591–1604. 

[58] S.N. Ho, H.D. Hunt, R.M. Horton, J.K. Pullen, L.R. Pease, Site-directed mutagenesis 
by overlap extension using the polymerase chain reaction, Gene 77 (1989) 51–59. 

[59] Y. Luo, J.D. Helmann, A sigmaD-dependent antisense transcript modulates 
expression of the cyclic-di-AMP hydrolase GdpP in Bacillus subtilis, Microbiology 
doi:mic (2012), https://doi.org/10.1099/mic.0.062174-0. 

A. Gaballa et al.                                                                                                                                                                                                                                

http://refhub.elsevier.com/S2213-2317(21)00083-5/sref40
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref40
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref40
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref41
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref41
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref41
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref42
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref42
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref42
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref42
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref43
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref43
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref43
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref44
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref44
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref44
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref45
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref45
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref45
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref46
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref46
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref46
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref46
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref47
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref47
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref47
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref48
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref48
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref48
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref48
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref48
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref49
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref49
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref50
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref50
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref50
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref51
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref51
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref51
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref51
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref52
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref52
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref52
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref53
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref53
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref53
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref53
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref53
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref53
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref53
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref53
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref53
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref53
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref54
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref54
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref54
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref55
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref55
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref55
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref56
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref56
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref57
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref57
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref57
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref58
http://refhub.elsevier.com/S2213-2317(21)00083-5/sref58
https://doi.org/10.1099/mic.0.062174-0

	The Bacillus subtilis monothiol bacilliredoxin BrxC (YtxJ) and the Bdr (YpdA) disulfide reductase reduce S-bacillithiolated ...
	1 Introduction
	2 Results
	2.1 Proteomics-based identification of potential substrates of BrxC
	2.2 BrxC is implicated in de-bacillithiolation of GapA and GapB in vivo
	2.3 BrxC functions as a bacilliredoxin in vitro
	2.4 BrxC de-bacillithiolates Bdr in vitro
	2.5 Bdr (YpdA) functions as a bacilliredoxin reductase

	3 Discussion
	4 Material and methods
	4.1 Strains and growth conditions
	4.2 DNA manipulations
	4.3 Expression and purification of His-tagged BrxB, BrxC and Bdr
	4.4 Immunoprecipitation and western blotting
	4.5 Preparation of BrxC affinity column and identification of target proteins
	4.6 Preparation and quantitation of S-bacillithiolated proteins in vitro
	4.7 Anaerobic bacilliredoxin assays
	4.8 NADPH oxidase assay

	Funding
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	References


