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Abstract

Bacillithiol (BSH), the z-anomeric glycoside of L-cysteinyl-D-glucosamine with r-malic acid, plays a dominant
role in the cytosolic thiol redox chemistry of the low guanine and cytosine (GC) Gram-positive bacteria (phylum
Firmicutes). BSH is functionally analogous to glutathione (GSH) but differs sufficiently in chemical structure that
cells have evolved a distinct set of enzymes that use BSH as cofactor. BSH was discovered in Bacillus subtilis as a
mixed disulfide with the redox-sensing repressor OhrR and in B. anthracis by biochemical analysis of pools of
labeled thiols. The structure of BSH was determined after purification from Deinococcus radiodurans. Similarities
in structure between BSH and mycothiol (MSH) facilitated the identification of biosynthetic genes for BSH in the
model organism B. subtilis. Phylogenomic analyses have identified several candidate BSH-using or associated
proteins, including a BSH reductase, glutaredoxin-like thiol-dependent oxidoreductases (bacilliredoxins), and a
BSH-S-transferase (FosB) involved in resistance to the epoxide antibiotic fosfomycin. Preliminary results im-
plicate BSH in cellular processes to maintain cytosolic redox balance and for adaptation to reactive oxygen,
nitrogen, and electrophilic species. BSH also is predicted to chelate metals avidly, in part due to the appended
malate moiety, although the implications of BSH for metal ion homeostasis have yet to be explored in detail.

Antioxid. Redox Signal. 15, 123-133.

Introduction

OW-MOLECULAR-WEIGHT (LMW) thiols play a central role

in maintaining the reducing environment of the cytosol
and are critical for preventing the oxidation of cysteine (Cys)
residues in proteins (15, 36). Glutathione (GSH) is nearly
ubiquitous in the Eukarya, with the exception of those rare
species lacking mitochondria and chloroplasts and is also
found in many Bacteria. In contrast, Archaea and most Gram-
positive bacteria lack GSH and thiol redox homeostasis relies
instead on other LMW thiols, which, in most cases, are also
derived from Cys (15).

GSH functions in concert with a dedicated reductase
(GSH reductase) and in conjunction with glutaredoxins
(Grxs) to maintain proteins in their reduced (thiol) state
(38). These GSH-dependent pathways function in parallel
with protein-based pathways such as thioredoxin (Trx) and
its associated reductase (TrxRed). For many processes, the
Trx and GSH-dependent pathways are redundant. For ex-
ample, single mutants defective in either of these pathways
are viable in both Escherichia coli and yeast, but double
mutants are lethal (13, 38). This is thought to reflect the
ability of either of these pathways to perform the essential
function of reducing ribonucleotide reductase. Although
these pathways have overlapping functions, they are not
entirely redundant.

GSH is the most extensively studied LMW thiol. However,
the lack of detectable GSH in many organisms suggested that
other LMW thiols may serve in place of GSH to maintain
cytosolic proteins their reduced states (Fig. 1). One candidate
is coenzyme-A (CoASH) and its phosphopantetheine pre-
cursor, which are found in all cells as essential coenzymes for
lipid metabolism (15). CoASH is proposed to be a major LMW
thiol in bacteria of the Bacillus cereus group (including B. an-
thracis) and Staphylococcus aureus. Consistent with this role,
these organisms contain a dedicated CoASH reductase (11, 35,
65). Cys is another ubiquitous LMW thiol due to its essential
role as an amino acid substrate for protein biosynthesis.
However, levels of Cys are generally an order of magnitude
lower than GSH, and it is not clear whether the levels of free
Cys are ever sufficient to serve as a major thiol redox buffer.
Because both CoASH and Cys have important metabolic roles
in the cells, and levels of Cys can be rapidly depleted by on-
going protein synthesis, these LMW thiols are not ideally
suited as thiol buffers.

Insights into possible functional alternatives for GSH have
emerged from the biochemical identification and structural
analysis of novel LMW thiols present in specific classes of
organisms (15). Here, we focus specifically on one such re-
cently discovered LMW thiol, bacillithiol (BSH), which is
widely distributed among the Firmicutes [low guanine
and cytosine (GC) Gram-positive bacteria]. Like GSH, BSH
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presumably functions as a dedicated thiol buffer (44). Because
BSH has only recently been discovered, there are still far more
questions than answers and aspects of this review are neces-
sarily speculative.

Distribution of LMW Thiols in Bacteria

The distribution and abundance of LMW thiols in the
Bacteria have been surveyed by using biochemical ap-
proaches by Robert Fahey and collaborators (15, 16, 45). Their
studies have revealed that GSH has a sporadic distribution
among prokaryotes and is absent from many Bacteria and
from Archaea, although some Archaea (notably the Halo-
bacteria) do contain the GSH precursor y-glutamylcysteine. In
the high-GC Gram-positive Bacteria (the Actinobacteria),
GSH is functionally replaced by a Cys-derivative designated
mycothiol (MSH; Fig. 1). MSH was first described as an
abundant LMW thiol in the genus Streptomyces and is also
found in the Mycobacteria. Structurally, MSH is an N-acetyl-
Cys derivative of the pseudodisaccharide of glucosamine
(GIeN) and myo-inositol (30, 46).

The identity of the major LMW thiol in the low-GC Gram-
positive bacteria (Firmicutes) was unknown until recently and
was generally assumed to be either L-Cys or CoASH [based
on its abundance and the presence of a dedicated CoASH
reductase in at least some species (11, 35)]. However, neither
of these thiols is consistently present at the high levels that are
characteristic of GSH. Instead, it is now apparent that BSH
is the closest functional analogue of GSH in these organ-
isms (44).

Bacillithiol: Discovery and Structure Determination

In Bacillus subtilis, BSH was discovered as a major LMW
thiol as a result of studies to characterize the redox regulation
of OhrR (32). OhrR is a dimeric, MarR-family repressor pro-
tein that mediates the organic peroxide induction of the OhrA

peroxidase (29). OhrR contains a single, conserved Cys resi-
due (Cys15) that is required for sensing oxidant (18). The B.
subtilis OhrR repressor does not form a disulfide-linked dimer
on oxidation, and instead, derepression usually results from
formation of a mixed disulfide between OhrR and LMW thiols
[although other pathways are also possible (61)] (Fig. 2).
When oxidized OhrR was recovered from cells treated with a
model organic peroxide (cumene hydroperoxide), it was
found as the mixed disulfides with Cys and with an unknown
398-Da thiol (32). A thiol of this same mass was independently
discovered in extracts of B. anthracis after labeling with
monobromobimane (48). In 2009, a multilaboratory collabo-
ration led to the structural and functional characterization of
the compound now designated as BSH (44).

Surveys of various bacteria indicate that BSH is widely
found among the low-GC Gram-positive bacteria (Firmicutes)
and is also sporadically present in more distantly related
bacteria, including Deinococcus radiodurans (notable for its
high intrinsic resistance to ionizing radiation). Structural
characterization of BSH after isolation from D. radiodurans
indicated a compound with L-Cys linked to GlcN and malic
acid (Fig. 1). This compound bears an obvious resemblance to
MSH, with the important differences that myo-inositol is re-
placed by malate, and the Cys amino group is not acetylated
in BSH (44). The implications of these differences for the
chemistry of BSH are not yet characterized, but it appears
likely that BSH will function as both a thiol redox buffer and a
major intracellular chelator of metal ions. It is not yet known
whether BSH can be used as a reservoir of Cys, as has been
shown for MSH (7).

Biosynthesis of BSH

To define the functions of BSH in various aspects of cell
physiology, it was necessary to develop strains that lack the
ability to synthesize this compound. This provided one major
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FIG. 2. BSH covalently modifies the RSSR_ ohrR-SH RSSR
B. subtilis OhrR repressor. OhrR (or- RS N\ _2RsH

. : - k ROOH s
ganic hydroperoxide-resistance  re- 2 s
pressor) is a dimeric, DNA-binding OhrR-S-SR ks \ OhrR-SN
protein with a helix-turn-helix (HTH) }3\ J R'U%o
DNA-binding motif. The active site for W
oxidation (Cys15) is located in the 3 CNRSOH Re  HE  (40)
amino-terminal o-helix of each mono- | ROOH i
mer (star). In B. subtilis, no other Cys Kg Ox' (CHP)
residues exist in the protein (it is a \R-OH <
member of the 1-Cys OhrR family), 4 ﬂ 8.
and oxidation of the protein (OhrR-SH; HTH HTH ClwR-S0.H (SO.H) (LHP)
right) by various organic peroxides (R’- s;asuu

OOH; see inset legend) leads initially
to the protein sulfenic acid (OhrR-
SOH), which retains DNA-binding activity. Subsequent modifications inactivate the protein by (a) formation of mixed
disulfides with LMW thiols (k»), (b) overoxidation to the sulfinic and sulfonic acids (ke), or (c) condensation with a backbone
amide to generate a sulfenamide (k4) (adapted from 61). In B. subtilis, BSH was detected by virtue of its ability to form an

OhrR-5-SB mixed disulfide in vivo (32).

motivation for efforts to define the biosynthetic pathway
for BSH. Based on the similarities to MSH, whose biosyn-
thetic pathway is well documented (46), it was anticipated
that BSH synthesis would initiate with a glycosyltransferase
to couple GIcNAc and L-malate (BshA) to generate GIcNAc-
Mal. Subsequent deacetylation (BshB) would yield GlcN-Mal
as an intermediate followed by coupling with a still-
uncharacterized activated form of L-Cys (BshC) to generate
the final product, BSH (Fig. 3).

The BshA and BshB1 proteins were identified as candidates
for BSH biosynthetic functions based on (a) their homology to

the analogous MSH biosynthetic enzymes and (b) their being
encoded by adjacent genes within a larger operon (19). BshA is
a distant homologue of M. tuberculosis MshA (~20% identity)
and one of five candidate glycosyltransferases that could en-
code BshA activity. Quantitative thiol analysis confirmed that
cells lacking BshA lack detectable BSH. Subsequent biochemi-
cal analyses confirmed that BshA has the anticipated glyco-
syltransferase activity and uses UDP-GIcNAc and 1-malate as
substrates to produce the GIcNAc-Mal intermediate (19).
BshB1 was predicted to function in the second step of BSH
biosynthesis based on its annotation as a candidate deacetylase.
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FIG. 3. Biosynthetic pathway for BSH compared with MSH. BSH biosynthesis requires three enzymes that sequentially
couple GlcNAc to malic acid (BshA), deacetylate the GIcNAc-Mal intermediate to generate GlcN-Mal (BshB), and couple Cys
to generate BSH (BshC). In B. subtilis, two genes (bshB1 and bshB2) encode enzymes with BshB activity. MSH biosynthesis
(bottom) follows a parallel logic, with two additional steps: a dephosphorylation (catalyzed by MshA2) after the initial
coupling, and a final acetylation of the Cys amino group (MshD).
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However, cells lacking BshB1 still contained BSH (19). This
reflects the fact that the deacetylation function provided by
BshB1 is at least partially redundant with another deacetylase,
designated BshB2. A similar functional redundancy has
been postulated for MSH biosynthesis, in which deacetylation
may be accomplished by either MshB or Mca (mycothiol
S-conjugate amidase). Mca has a primary function in the
cleavage of MSH conjugates to yield GlcN-myo-inositol and
the mercapturic acid (46, 54). Indeed, a bshB1 bshB2 double
mutant lacks BSH. Although either BshB1 or BshB2 can pro-
vide sufficient GIcNAc-Mal deacetylase activity to support
BSH biosynthesis, it is speculated that one or both may also
function as a bacillithiol-S-conjugate amidase (Bca) during
detoxification of electrophiles. Further study of the enzy-
mology of these two deacetylases is under way.

The gene encoding BshC, the enzyme required for adding
Cys to GlcN-Mal, was identified in a phylogenomic analysis
to identify genes that are statistically correlated (across ge-
nomes) with those encoding BshA and BshB1 (Fig. 4). This
analysis, conducted by using the EMBL Strings web-based
search tool, identified ylIA as a candidate for bshC. Consistent
with this assignment, a bshC-null mutant lacked BSH and
accumulated elevated levels of the presumed BshC substrate
GlcN-Mal (19). Remarkably, BshC is a large protein with no
characterized homologues and no recognizable domains (a
member of COG4365). The nature of the reaction catalyzed by
BshC is not yet known. In contrast, the corresponding enzyme
in MSH biosynthesis is a paralogue of cysteinyl tRNA syn-
thetase, which activates L-Cys by ATP-dependent formation
of the adenylate before coupling to the GlcN-myo-inositol

FIG. 4. Phylogenomic profiling to identify proteins/
functions common to organisms that synthesize BSH. The
EMBL/Strings program (Search Tool for the Retrieval of Inter-
acting Genes/Proteins) was used to identify genes that co-
occur with high statistical frequency in those genomes that
encode BshA and BshB. This analysis was used to identify
BshC and several Trx/Grx-like thiol-dependent oxidoreduc-
tases (YtxJ, YqiW, YphP) and a TrxRed-like protein (YpdA)
that are proposed to be involved in BSH-dependent pro-
cesses (19).
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substrate (58). BshC is unrelated to tRNA synthetases, and the
mechanism of, and energy source for, this coupling reaction
is not understood. The successful identification of BshC by
using a purely bioinformatic approach (phylogenomic pro-
filing to identify genes that co-occur in those genomes that
also encode BSH biosynthetic enzymes; Fig. 4) highlights the
power of such approaches. As discussed later, several addi-
tional proteins, with possible BSH-related functions, also
emerged from this analysis.

Largely as a result of structural genomics efforts, we have
considerable information on the structure and function of the
first two enzymes for BSH biosynthesis. The BshA orthologue
from B. anthracis (BA1558) was the target of a structural ge-
nomics study, and the active-site structure is similar to that of
MshA (56). However, the N-terminal domain of MshA, which
corresponds to the binding site for the L-inositol-1-phosphate,
has little or no similarity to the corresponding region of
BshA (which presumably binds L-malate). As in B. subtilis, B.
anthracis BA1558 is encoded adjacent to BA1557 (a BshB1 or-
thologue). The structure of the B. cereus BshB1 (97% identical
to BA1557) was solved and characterized as a zinc-dependent
deacetylase active with GIcNAc (although the likely physio-
logic substrate is GIcNAc-Mal) (14). The enzymatic activities
of BshA (B. subtilis) and BshB1 (B. anthracis BA1557) have been
confirmed experimentally (19). In contrast to BshA and BshB1,
BshC is still a complete mystery, with little structural or
functional information available.

The ever-growing imperative for the development of new
and potent antibacterial compounds provides one motivation
for further study of BSH biosynthetic enzymes. The avail-
ability of structures for these two enzymes, together with the
likely involvement of BSH in detoxification of antibiotics (see
later), may enable the design of specific inhibitors that may
function as novel antibiotics, either alone or in combination
with other compounds inactivated by BSH-dependent path-
ways. Conceptually, this work closely follows the consider-
able efforts invested in the identification of MSH-biosynthesis
inhibitors as possible weapons for the chemotherapy for tu-
berulosis (17). However, recent findings suggest that MSH is
dispensable for the growth of M. tuberculosis in vitro and in
animal models and, further, that MSH is likely involved in
activation of the prodrug ethionamide (62).

Regulation and physiologic roles of BSH

The identification of genes required for BSH synthesis has
allowed initial inquiries into both the regulation of BSH syn-
thesis and the physiologic roles of BSH (19). B. subtilis mutants
lacking the ability to synthesize BSH have a wide range of
phenotypes, many of which are consistent with the notion that
BSH functions as the major LMW thiol in the cell. BSH-null
cells are notably more sensitive to thiol-oxidizing reagents
(e.g., diamide), reactive electrophiles (e.g., methylglyoxal),
toxic metal ions and metalloids, and the antibiotic fosfomycin
(19). The origins of these various effects is the subject of on-
going work but can, in many cases, be rationalized based on
parallels with analogous GSH-dependent reactions. It is likely
that BSH is partially redundant in function with other LMW
thiols (e.g., Cys) or with Trx/TrxRed pathways. However,
LMW thiols and the protein-based thiol-reduction pathways
are also likely to make unique contributions to physiology.
For example, the major Trx (TrxA) of B. subtilis is critical for
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ribonucleotide reduction: a null mutant is able to grow only in
medium supplemented with deoxyribonucleosides, cysteine,
and methionine (40).

Analysis of the expression patterns of BSH biosynthetic
genes under various stress conditions has provided initial
insights into the regulation of BSH biosynthesis. Stress re-
sponses have been extensively characterized in B. subtilis by
using both transcriptomic and proteomic methods and are
relatively well understood (3). In B. subtilis and closely related
organisms, the BshA and BshB1 enzymes are transcribed as
adjacent genes within a longer operon of at least seven genes
(Fig. 5A). This operon includes mgsA, an enzyme responsible
for synthesis of the toxic electrophile methylglyoxal. The re-
sulting co-regulation is consistent with the notion that BSH
functions in detoxification of reactive electrophiles, such as
methylglyoxal. This large and complex operon is constitu-
tively expressed in B. subtilis, but initial studies using pro-
moter-lacZ fusions suggest a modest upregulation in response
to thiol-depleting stress conditions. The BshB2 and BshC
proteins are encoded in two additional, unlinked operons
(Fig. 5A). The bshB2 gene has been previously found to be
upregulated in response to the thiol-depleting compound
diamide as part of the Spx regulon (42). Spx is the major
regulator of the "disulfide stress" response in B. subtilis and is
strongly activated by the thiol-depleting electrophile diamide
(69). On oxidation (to generate a protein disulfide), Spx acts
with RNA polymerase to activate the transcription of nu-
merous genes, including thioredoxin (trxA) and thioredoxin
reductase (frxB). It is logical that this same stress regulator
would also activate BSH biosynthesis. Initial studies indicate
that lacZ fusions to the bshB2 and bshC promoters are induced
by diamide and decreased in activity in cells exposed to the
thiol-reducing agent DTT. The details of the relevant regula-
tory pathways are under investigation.

Inspection of the genomic context of BSH biosynthetic
genes suggests a possible co-regulation between BSH and
CoASH synthesis (19). Specifically, the seven-gene operon
encoding bshA and bshB1 is immediately upstream of panBCD,
encoding three enzymes of pantothenate biosynthesis. Simi-
larly, bshC is in an operon with yIbQ encoding the PanE ke-
topantoate reductase (Fig. 5A). These colocalization results
suggest a possible coordination of biosynthesis of BSH with
pantothenate, the precursor of CoASH. These findings sug-

ypiDdapB bshB1 bshA cca birA panB panC panD
mgsA
panE bshC yojE ypyC _ bshB2
yojF
bShC _ “bshB1 _bshA

FIG. 5. Organization of BSH biosynthetic genes in B.
subtilis and Myxococcus xanthus. (A) In the model organism
B. Subtilis, the BSH biosynthetic genes are distributed be-
tween three operons. BshA and BshB1 are encoded as part of
a cluster of (at least) seven co-transcribed genes, including
methylglyoxal synthase (mgsA). BshB2 is encoded as part of
the ypyC-yojF-bshB2 operon, and BshC is encoded in the di-
cistronic panE-bshC operon. (B) In M. xanthus, an apparent
operon of three genes is in the order bshC-bshB1-bshA.
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gest that expression of the the major LMW thiol and thiol-
reducing systems (e.g., TrxA/TrxB) is coordinated both by
genome proximity and co-transcription and also through
shared regulatory pathways (e.g., Spx). The organization of
the BSH biosynthetic genes is generally well conserved in the
Bacilli, but different patterns are seen in other bacteria. In
Myxococcus xanthus, for example, all three biosynthetic genes
are clustered and presumed to be contranscribed (Fig. 5B).

BSH and Thiol-disulfide Homeostasis

By analogy with GSH and MSH, BSH is likely to be a central
player in thiol-disulfide homeostasis (Fig. 6). It can therefore
be anticipated that BSH-containing organisms will encode a
set of enzymes to mediate the repeated reduction of oxidized
BSH (a BSH reductase), the reduction of protein-BSH mixed
disulfides, and the conjugation of BSH with various substrates
(BSH S-transferases). Functional genomics approaches to
identify these and related functions are still in the early stages,
but a number of intriguing candidates have already been
identified (often by phylogenomic profiling) and, in some
cases, supporting evidence has begun to emerge.

BSH oxidation and reduction (BSH reductase)

Oxidation of BSH will generate BSSB, which is likely to be
reduced in an NAD(P)H-dependent reaction by flavoprotein
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FIG. 6. Summary of processes known or proposed to in-
volve BSH. BSH is known or predicted to participate in
numerous aspects of cellular redox chemistry, including
(clockwise from top): (i) the formation of mixed disulfides
with OhrR in response to organic peroxides (in addition to
other OhrR oxidation products); (ii) the NADH-dependent
reduction of SNO compounds (which can generate BSNO by
transnitrosylation), perhaps mediated by AdhA; (iii) BST-
dependent detoxification including, as an example, the FosB-
dependent inactivation of fosfomycin (conjugation products
may then be processed by Bca); (iv) detoxification of me-
thylglyoxal (MG) by formation and degradation of the MG
conjugate by glyoxylases I and II (Glx LII); (v) detoxification
of formaldehyde (FA) mediated by AdhA; (vi) detoxification
of selenite may involve Brx-like proteins in a pathway
analogous to that observed with GSH; (vii) reduction of ox-
idized BSSB by a protein (perhaps YpdA) analogous to
glutathione reductase; and (viii) reversible chelation of in-
tracellular metal ions (M"") by BSH.
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functionally (and perhaps structurally) related to glutathione
reductase. The identity and substrate specificity of cytosolic
disulfide reductases is not yet clear in B. subtilis. One obvious
candidate for such a function emerged from the finding that
the B. subtilis ypdA gene encodes a pyridine nucleotide—
dependent disulfide oxidoreductase (PFAM 07992) that is
strongly correlated with BSH-synthetic genes (Fig. 4). YpdA is
related to TrxRed (e.g., 24% identity with B. subtilis TrxB) but
is proposed to use BSSB rather than Trx as substrate.

Under oxidizing conditions, one might anticipate the for-
mation of a variety of oxidized LMW thiols. Minimally, BSSB,
Cys-SB, and Cys-SS-Cys (cystine) are expected to form, and
other variants may be found as well (e.g., in those bacteria in
which CoASH is also a major thiol). In E. coli, it has been
shown that elevated intracellular Cys levels greatly sensitize
cells to H,O,-mediated killing because Cys is a much more
efficient catalyst of Fenton chemistry than is GSH (50). Cys
levels are elevated when sulfur-starved cells are exposed to
cystine, which is transported into the cell and reduced. Cy-
stine-sensitization of cells to peroxide requires GSH, which
suggests that perhaps GSH is needed to reduce cystine to free
Cys. Alternatively, cystine may provoke a more general dis-
ulfide stress in the cell by protein-S-cysteinylation, for exam-
ple. Evidence in support of the latter model is provided by the
observation that cystine treatment of GSH-minus cells did not
appear to result in the intracellular accumulation of cystine
(50). To test whether BSH is required for cystine utilization in
B. subtilis, strains were constructed that lack BSH and are
auxotrophic for Cys. Growth in the presence of cystine indi-
cates that, at least in this organism, BSH is not obligately re-
quired for reduction of cystine to cysteine (our unpublished
data). This suggests that B. subtilis may encode a cystine re-
ductase, the BSSB reductase may also be able to reduce cys-
tine, or that protein S-cysteinylation and subsequent
reduction is sufficient to generate Cys from cystine. Clearly,
much additional work will be needed to identify and char-
acterize the relevant disulfide reductases.

Protein S-bacillithiolation and its resolution

Under oxidizing conditions, cytosolic proteins form intra-
and intermolecular protein disulfides and may also form
mixed disulfides with LMW thiols (10). The fate of any par-
ticular protein thiol is determined by its solvent accessibility
and reactivity with oxidants (which in turn is correlated with
its ionization to the more-reactive thiolate ion), and its prox-
imity to neighboring protein thiols (67). Formation of protein
disulfides does not require that two thiols be in close prox-
imity either in sequence or in space, although it is clear that
such motifs (e.g., CxxC motifs) are often involved in disulfide-
bond formation (67). For example, the E. coli peroxide sensor
OxyR is regulated by protein disulfide bond formation be-
tween the reactive (peroxidatic) active site Cys'” residue and
Cyszos, which is 17 A distant in the reduced protein structure
(31). Similarly, in the 2-Cys subfamily OhrR regulator from
Xanthomonas campestris, intersubunit disulfide-bond forma-
tion occurs between the peroxidatic Cys* and Cys'* from the
other subunit of the dimer, despite a separation of 15.5 A in
the reduced state (43). These findings indicate that the initially
formed protein sulfenate (SOH) is sufficiently long lived, on
the time scale of large-scale protein conformational changes,
to allow efficient trapping by a protein thiol. The effective
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concentration of the second protein thiolate has been esti-
mated in a B. subtilis OhrR mutant containing a second Cys
located ~14 A from the active site (analogous to the 2-Cys X.
campestris OhrR). In this protein, the major oxidized product
was a disulfide-linked dimer, even when the protein was
oxidized in the presence of 1 mM cysteine (60). This indicates
that the effective local concentration of the second thiol is
>1mM. In contrast, the 1-Cys B. subtilis OhrR (which lacks an
additional Cys residue) normally forms a mixed disulfide
with LMW thiols on oxidation (32).

The pathways for repeated reduction of oxidized proteins
are complex and may involve direct reduction by thioredox-
ins, thiol-disulfide exchange reactions with LMW thiols (e.g.,
BSH), and possibly reduction of protein/LMW thiol mixed
disulfides by glutaredoxins (Grx) or Grx-like proteins (5). It is
likely that the precise pathway followed will differ for dif-
ferent proteins. One of the major functions of Grx proteins is
catalysis of protein deglutathionylation. Oxidative stress
leads to widespread S-cysteinylation in B. subtilis (28). How-
ever, some (or even many) of these S-thiolations may actually
be S-bacillithiolations, a possibility under investigation.

OhrR is currently the only protein known to be S-
bacillithiolated in wvivo, although, in general, S-thiolation is
widespread in response to diamide stress (52). For OhrR,
the major in vivo oxidation products are mixed disulfides
with LMW thiols when cells are treated with cumene hydro-
peroxide (32). The measured rate constant for the reduction
of the OhrR mixed disulfide (OhrR-S-S-Cys) by Cys is
0.68 M 'sec !, which is too slow to be physiologically rele-
vant. Unfortunately, the rate constants for BSH are not yet
known, because this compound is not available in the quan-
tities needed for such biochemical studies. Thus, oxidized
OhrR is either reactivated very slowly in vivo (estimated half-
time of >10min), or the reaction is much faster with BSH, or
the reaction is catalyzed (32). A slow rate of reactivation may
not be a problem for OhrR because this protein functions as a
transcription factor. In the case of other thiol-dependent en-
zymes, however, this would likely be the rate-limiting step
and prevent efficient catalytic cycling. In analogous systems,
in which enzymes function with GSH as cofactor, deglu-
tathionylation may be catalyzed by Grx (5). By analogy with
Grx, and a recently described MSH-dependent mycoredoxin
(49), we have suggested that BSH-containing organisms may
contain analogous enzymes and have proposed the designa-
tion bacilliredoxin (Brx) for such proteins (Fig. 6).

Phylogenomic profiling (Fig. 4) identified three Trx-related
proteins that are each candidate Brx proteins (YqiW, YphP,
Ytxj). YqiW and YphP are paralogues (53% identity) that be-
long to the DUF1094 family of small (~145 aa), unknown-
function proteins. DUF1094 proteins are usually present in
pairs and are widely conserved in the Firmicutes, paralleling
the distribution of BSH. YqiW was previously identified as
containing redox-active Cys residue(s) by proteomics (27).
Recently, the structure of YphP was solved and found to be
similar to Trx both in overal topology and in the location and
likely function of redox-active cysteines (12). Unlike Trx
proteins, which contain a highly conserved CxxC motif, the
DUF1094 family contains an invariant CGC motif. The re-
duction potential of YphP (-130 mV) was found to be signifi-
cantly higher than Trx, leading to the proposal that this
protein may function as a disulfide isomerase. Further studies
will be needed to determine whether these proteins can
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catalyze protein de-bacillithiolation, although such an activity
is consistent with the proposed catalytic mechanism.

The other protein correlated in distribution with BSH, Ytx],
contains a single conserved Cys in a motif (TCPIS) reminis-
cent of monothiol Grx. Expression of Ytx] was previously
shown to be induced by oxidative stress (51), although the
relevant mechanism is not yet known. Based on their corre-
lated distribution, the presence of known or presumed redox-
active Cys residues, and the demonstrated thiol-disulfide
isomerase activity of YphP, it seems reasonable to suggest
that collectively, these co-occuring proteins function as thiol-
disulfide oxidoreductases. They may function to reduce pro-
teins containing mixed disulfides with BSH, or they may be
reduced by BSH, or both. Monothiol glutaredoxins also par-
ticipate in Fe-S cluster assembly in some systems (25), so this
may be another role of these factors.

BSH and Chemical Detoxification Pathways

By analogy with other LMW thiols, BSH is proposed to play
roles in the protection of cells against a variety of reactive
chemical species (Fig. 6). These include reactive oxygen spe-
cies (ROS), reactive nitrogen species (RNS), reactive electro-
philic species (RES), metalloids, and some antibiotics.

ROS and RNS

In B. subtilis, resistance of growing cells against high-level
H,0O; challenge is determined largely by the vegetative cata-
lase (KatA). Remarkably, much of the KatA in cells is re-
versibly inhibited by association with LMW thiols (20). Nitric
oxide (NO) activates catalase in vivo, leading to a rapid in-
crease in peroxide-resistance (5 s of NO exposure increased
survival after 10mM H,O, treatment by >100-fold). The
presumed mechanism is the catalase-mediated S-nitrosation
of the heme-bound thiol, leading to release of active catalase.
This modulatory effect of NO may be one function for bac-
terial nitric oxide synthases (bNOS). Indeed, B. anthracis
bNOS is an important virulence factor that provides resis-
tance to macrophage killing because of the activation of cat-
alase (59). Furthermore, bNOS-derived NO protects cells
against bactericidal antibiotics, which owe their toxicity, in
part, to induction of oxidative stress (21). These studies es-
tablish that interactions between LMW thiols and catalase
have dramatic effects on peroxide sensitivity, survival in
macrophages, and antibiotic susceptibility. Although in vitro
analyses demonstrated that Cys is capable of inhibiting
catalase (20), the level of inhibition was quite modest, and
high levels of Cys were used: the relevant in vivo ligand was
not established. Thus, it seems plausible that BSH may be one,
and perhaps the dominant, LMW thiol ligand for KatA
in cells.

BSH also is likely to play a role in resistance to RNS. Pre-
vious transcriptomic analyses in B. subtilis revealed that nitric
oxide (NO) and the S-nitrosating agent S-nitroprusside in-
duce complex stress responses (41). A major effect of NO,
particularly under anaerobic conditions, is reaction with Fe(II)
in metal-dependent repressors such as Fur and PerR, leading
to derepression of their regulons. However, notable induction
occurred of genes regulated by Spx and OhrR, two thiol-
dependent regulators. LMW thiols are known to play a role in
resistance to S-nitrosothiols (SNO), which can transfer the
NO™ group to thiols. Minimally, this protection might result
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from LMW thiols serving as thiol buffer and thereby pro-
tecting sensitive protein thiols from modification. Alter-
natively, thiol-dependent enzymatic pathways may exist for
RNS detoxification. For example, the thiol-dependent enzyme
AdhaA is thought to detoxify formaldehyde by oxidation of S-
hydroxymethyl-thiol conjugates. AdhA may also play a role in
the resistance to SNO compounds such as Cys-NO and GS-NO
(34). For example, in mycobacteria, NO resistance is conferred
by MscR, a dual-function MSH-dependent formaldehyde-
dehydrogenase/MSNO reductase (63), and MSH-minus cells
are sensitive to NO (39). B. subtilis encodes an AdhA homologue
(47), but whether this enzyme is BSH dependent, and whether it
functions in detoxification of formaldehyde, SNO compounds,
or both, is not yet clear.

RES

Thiols, particularly in their ionized thiolate form, react with
numerous electrophilic compounds, including organic ha-
lides, o, f-unsaturated carbonyls, quinones, and epoxides (3).
The toxic carbonyls methylglyoxal and formaldehyde are
endogenous products of bacterial metabolism, at least under
some growth conditions, and many organisms have dedi-
cated, thiol-dependent detoxification mechanisms. Cells
with a reduced content of LMW thiols, such as mutants
unable to produce GSH, are often more sensitive to thiol-
alkylating agents (e.g., monobromobimane, iodoacetamide)
and to reactive carbonyls (e.g., methylglyoxal, formaldehyde,
N-ethylmaleimide). Initial findings suggest that a similar sit-
uation pertains with BSH-minus cells (19).

In some cases, thiol modification is likely to be rapid and
spontaneous. For example, in one series of «,f-unsaturated
ketones, a good correlation was noted between the sponta-
neous reactivity rate with GSH and toxicity in a bioassay (6,
68). Thiols also react with quinones via arylation (Michael
adduct formation), and such reactions contribute significantly
to quinone toxicity (33, 66). LMW thiols are also likely to
function as an intracellular buffer against a variety of other
thiol-reactive compounds, including thiophilic metal ions
such as cadmium and mercury (37), toxic metalloids such as
arsenate/arsenite (4, 53), and S-nitrosothiols that react by
trans-nitrosylation (26).

In other cases, thiol modifications may be predominantly
enzyme catalyzed in vivo. Typically, GSH-dependent path-
ways for detoxification involve glutathione-S-transferases
(GST) (23). GST enzymes, often present as multiple isozymes,
catalyze the conjugation of GSH with reactive electrophilic
species and have been best characterized in eukaryotes, where
they play a role in plant resistance to herbicides, insect resis-
tance to insecticides, and mammalian responses to many cy-
totoxic compounds and chemotherapy agents. Conjugation
reactions with GSH and subsequent processing or excretion or
both of the resulting adducts are major determinants of drug
efficacy in humans (1, 57). As a result of these facile reactions,
mercapturic acids (N-acetylcysteine-S-conjugates) of xenobi-
otics can be monitored in the urine of patients. Bioconjugation
reactions with GSH contribute significantly to the toxicity of
some xenobiotics, such as halogen-containing drugs (2).

The roles of GSTs are not well understood in bacteria (36).
However, it is thought that in some bacteria, reactions with
LMW thiols can limit the effectiveness of antibacterials. E. coli
encodes eight GST paralogues (55), although their functions
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are largely unknown, and at least some may not have sig-
nificant GST activity (64). B. subtilis appears to lack close ho-
mologues of GST, although FosB is a distant homologue (8).

The nature and variety of BSH-dependent detoxification
enzymes are still largely unknown. However, several possible
BSH-using enzymes are apparent in B. subtilis. These in-
clude FosB (a BSH-S-transferase) (8, 19), glyoxalases I and II
(methylglyoxal detoxification), the AdhA formaldehyde
dehydrogenase (formaldehyde, NO detoxification), thiol-
dependent dioxygenases (quinone detoxification (3), thiol-
dependent peroxiredoxins (ROS detoxification), and Grx-like
thiol-disulfide oxidoreductases.

Antibiotics

GSH participates in the enyzmatic detoxification of nu-
merous xenobiotics in nearly all organisms examined. It is
likely that LMW thiols also play a role in bacteria in protection
against either endogenously produced or exogenous anti-
bacterial compounds. In the Actinomycetes, the source of
most known antibiotics, MSH-S-transferases (MSTs) are
postulated to help protect against antibiotics, as evidenced by
the appearance of mercapturic acids in the fermentation broth
of producing cultures (54). By analogy, it can be anticipated
that BSH may limit the effectiveness of some antibiotics of
potential utility against low-GC Gram-positive bacteria. Thus,
inhibitors of BSH synthesis may be useful in conjunction with
hitherto weakly active antibiotics. This is analogous to the use
of the f-lactamase inhibitor clavulanic acid with the -lactam
amoxicillin in the successful combination drug Augmentin.

To date, a requirement for BSH has been documented only
for FosB-dependent fosfomycin resistance in B. subtilis (19).
Mutants lacking BSH are fosfomycin sensitive, but are unaf-
fected in sensitivity to several other tested antibiotics (19).
Fosfomycin is a small-molecule epoxide compound that co-
valently modifes an active-site Cys residue in MurA, the first
committed step in peptidoglycan biosynthesis. Resistance to
fosfomycin is commonly mediated by enzymes that modify
fosfomycin by thiol conjugation with concomittant opening of
the epoxide ring. FosB is a thiol-dependent S-transferase
mechanistically related to the FosA GST (8). However, unlike
FosA, FosB does not use GSH as cosubstrate. Although Cys
supports catalysis in vitro, FosB has a low affinity for this co-
substrate (Ky; of ~35mM), suggesting that this activity is not
physiologically relevant. Indeed, subsequent work revealed
that FosB requires BSH as cosubstrate: BSH-null cells are as
sensitive to fosfomycin as are fosB-null mutants, and a fosB-
bshA double mutant is no more sensitive than either single
mutant (19). Thus, FosB and BSH function in a common
pathway for fosfomycin resistance mediated by this prototype
BST enzyme.

BSH and Metal lon Homeostasis

The physiologic roles of LMW thiols are influenced by their
chemical and physical properties. The thiol pK,, for example,
determines the fraction of thiol that is in the more-reactive
thiolate (S°) form. Thiols also differ markedly in their reactions
with metal ions. The ability of thiols to reduce ferric ions is of
particular importance because this can drive Fenton chemis-
try in vivo. The Fenton reaction occurs when reduced metal
ions react with hydrogen peroxide to generate hydroxide and
the highly reactive hydroxyl radical. In the presence of an
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appropriate reducing agent, metal ions function catalytically,
and hydroxyl radical generation is greatly stimulated. Among
common LMW thiols, Cys is notable for its ability to reduce
ferriciron, and, as a result, elevated levels of intracellular Cys-
sensitize cells to H,O, (50). This potentially harmful effect of
elevated Cys is persumably one reason that cells have evolved
other, dedicated thiol buffers such as GSH, MSH, and BSH.
The propensity of LMW thiols to promote Fenton chemistry is
correlated with their autooxidation rates in the presence of
reduced metal ions, which vary significantly. GSH is much
less prone to autoxidation than Cys (more than eightfold), and
MSH autoxidizes sevenfold slower than GSH (46). The low
rate of autoxidation of MSH is due, in part, to acetylation of
the amino group (46). Pure BSH is not yet available, so the
relevant chemical parameters (e.g., redox potential, thiol pK,,
metal affinity, and rates of autoxidation) are not yet defined.

LMW thiols also may play a role in the intracellular che-
lation of thiophilic metals, such as zinc and copper (22, 24).
Bacteria maintain intracellular levels of free copper at ex-
ceedingly low levels (9), in part because of avid chelation by
thiols (24). Because BSH contains both a free amino group and
a malic acid, it is predicted to chelate metals avidly (44)
(Fig. 1). One can therefore anticipate that the intracellular
speciation of BSH will be complex, and this compound may
represent a significant reservoir of zinc and copper for the cell.
BSH will undoubtedly also help sequester toxic thiophilic
metals such as cadmium and mercury. How these metals and
their proposed BSH complexes might be recognized by efflux
systems is not yet clear. B. subtilis, for example, has specific
efflux systems activated when high levels of zinc, copper,
cadmium, or cobalt are present. Whether these systems efflux
metal ions, or perhaps their thiol complexes, is not known.
BSH is also proposed to play a role in detoxification of met-
alloids (e.g., a BSH-minus strain is selenite sensitive) and, by
analogy with GSH-dependent pathways, this may also in-
volve Brx-type proteins as reductant (Fig. 6).

Conclusions and Future Perspectives

BSH plays a central role in numerous aspects of thiol-
dependent physiology. In other organisms, GSH is known to
function as part of a complex network including Trx, Grx, and
thiol-requiring enzymes. Work over the past 15-year period
has revealed an equally complex network for MSH, the major
LMW thiol in the Actinobacteria (46). Although work on BSH
is still in the very early stages, preliminary indications suggest
that this thiol is the functional replacement for GSH in the
Firmicutes and likely interacts with numerous thiol-dependent
enzymes, such as the FosB bacillithiol-S-transferase. Bioin-
formatic results hint at the presence of new classes of thiol
homeostasis enzymes, including bacilliredoxins and the
newly described YphP (DFU1024) family of oxidoreductases
(19). Finally, modeling studies suggest that BSH, by virtue of
its free amino group and malate moiety, will play a much
more direct role in metal ion homeostasis than that docu-
mented to date for GSH or MSH. It is hoped that this review,
which is perhaps better characterized as a preview, will
stimulate work on this interesting molecule and its partners.
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Abbreviations Used

Bca =bacillithiol-S-conjugate amidase
bNOS = bacterial nitric oxide synthase
BSH = bacillithiol
BSSB = oxidized form of BSH
CoASH = coenzyme A
Cys = cysteine
DTT = dithiothreitol
GIcN = glucosamine
GlcNAc = N-acetylglucosamine
Grx = glutaredoxin
GSH = glutathione
GST = glutathione-S-transferase
LMW =low molecular weight
Mal = malate
Mca = mycothiol S-conjugate amidase
MSH = mycothiol
NO = nitric oxide
RES =reactive electrophilic species
RNS = reactive nitrogen species
ROS = reactive oxygen species
SNO = S-nitrosothiol
Trx = thioredoxin
TrxRed = thioredoxin reductase







Thisarticle has been cited by:

1. Erik N. Taylor, Kim M. Kummer, Naside Gozde Durmus, Kohana Leuba, Keiko M. Tarquinio, Thomas J. Webster. 2012.
Superparamagnetic Iron Oxide Nanoparticles (SPION) for the Treatment of Antibiotic-Resistant Biofilms. Small 8:19,
3016-3027. [CrossRef]

2. Alexander P. Lamers, Mary E. Keithly, Kwangho Kim, Paul D. Cook, Donald F. Stec, Kelly M. Hines, Gary A. Sulikowski,
Richard N. Armstrong. 2012. Synthesis of Bacillithiol and the Catalytic Selectivity of FosB-Type Fosfomycin Resistance
Proteins. Organic Letters 121003110808004. [ CrossRef]

3. Halke Antelmann, Chris J. Hamilton. 2012. Bacterial mechanisms of reversible protein S -thiolation: structural and
mechanistic insights into mycoredoxins. Molecular Microbiology n/a-n/a. [ CrossRef]

4. Bruce C. Hill, Diann Andrews. 2012. Differentia affinity of BsSCO for Cu(Il) and Cu(l) suggests a redox role in copper
transfer to the CuA center of cytochrome ¢ oxidase. Biochimica et Biophysica Acta (BBA) - Bioenergetics 1817:6, 948-954.
[CrossRef]

5.Medel Manuel L. Zulueta, Shu-Yi Lin, YaTing Lin, Ching-Jui Huang, Chun-Chih Wang, Chiao-Chu Ku, Zhonghao Shi,
Chia-Lin Chyan, Ddli Irene, Liang-Hin Lim, Tsung-I Tsai, Y u-Peng Hu, Susan D. Arco, Chi-Huey Wong, Shang-Cheng Hung.
2012. #-Glycosylation by d -Glucosamine-Derived Donors: Synthesis of Heparosan and Heparin Anal ogues That I nteract with
Mycobacterial Heparin-Binding Hemagglutinin. Journal of the American Chemical Society 120515161006003. [ CrossRef]

6. Robson Francisco de Souza, L. Aravind. 2012. Identification of novel components of NAD-utilizing metabolic pathways and
prediction of their biochemical functions. Molecular BioSystems . [ CrossRef]

7.Dirk A. Lamprecht, Ndivhuwo O. Muneri, Hayden Eastwood, Kevin J. Naidoo, Erick Strauss, Anwar Jardine. 2012. An
enzyme-initiated Smiles rearrangement enables the development of an assay of MshB, the GIcNAc-Ins deacetylase of
mycothiol biosynthesis. Organic & Biomolecular Chemistry . [ CrossRef]

8. Almudena F. Villadangos, Karolien Van Belle, Khadija Wahni, Veronica Tamu Dufe, Sofia Freitas, Haneen Nur, Sandra
De Galan, José A. Gil, Jean-Francois Collet, Luis M. Mateos, Joris Messens. 2011. Corynebacterium glutamicum survives
arsenic stress with arsenate reductases coupled to two distinct redox mechanisms. Molecular Microbiology 82:4, 998-1014.
[CrossRef]


http://dx.doi.org/10.1002/smll.201200575
http://dx.doi.org/10.1021/ol302327t
http://dx.doi.org/10.1111/mmi.12031
http://dx.doi.org/10.1016/j.bbabio.2011.09.006
http://dx.doi.org/10.1021/ja302640p
http://dx.doi.org/10.1039/c2mb05487f
http://dx.doi.org/10.1039/c2ob25429h
http://dx.doi.org/10.1111/j.1365-2958.2011.07882.x

