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ARTICLE INFO ABSTRACT

Background: Gram-positive bacteria in the phylum Firmicutes synthesize the low molecular weight thiol
bacillithiol rather than glutathione or mycothiol. The bacillithiol transferase YfiT from Bacillus subtilis was iden-
tified as a new member of the recently discovered DinB/YfiT-like Superfamily. Based on structural similarity
using the Superfamily program, we have determined 30 of 31 Staphylococcus aureus strains encode a single
bacillithiol transferase from the DinB/YfiT-like Superfamily, while the remaining strain encodes two proteins.
Methods: We have cloned, purified, and confirmed the activity of a recombinant bacillithiol transferase (hence-
forth called BstA) encoded by the S. aureus Newman ORF NWMN_2591. Moreover, we have studied the
saturation kinetics and substrate specificity of this enzyme using in vitro biochemical assays.
Results: BstA was found to be active with the co-substrate bacillithiol, but not with other low molecular weight
thiols tested. BstA catalyzed bacillithiol conjugation to the model substrates monochlorobimane, 1-chloro-2,4-
dinitrobenzene, and the antibiotic cerulenin. Several other molecules, including the antibiotic rifamycin S,
were found to react directly with bacillithiol, but the addition of BstA did not enhance the rate of reaction.
Furthermore, cells growing in nutrient rich medium exhibited low BstA activity.
Conclusions: BstA is a bacillithiol transferase from S. aureus that catalyzes the detoxification of cerulenin. Addition-
ally, we have determined that bacillithiol itself might be capable of directly detoxifying electrophilic molecules.
General significance: BstA is an active bacillithiol transferase from S. aureus Newman and is the first DinB/YfiT-like
Superfamily member identified from this organism. Interestingly, BstA is highly divergent from B. subtilis YfiT.
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1. Introduction

Aerobic organisms synthesize low molecular weight thiols (LMWTs)
to mediate redox reactions and neutralize electrophiles produced intra-
cellularly and extracellularly. The most well studied detoxification sys-
tem is in mammals, which utilize multiple organs including the liver,
which contains many glutathione transferases (GSTs) [1]. Although
less studied, GSTs are also found in aerobic Gram-negative bacteria,
which produce glutathione (GSH) as well. These bacterial GSTs catalyze
many types of detoxification reactions including reactions with epox-
ides, halogens, quinones, enals and a range of xenobiotics [2,3].

Detoxification of xenobiotics is less well understood in the Gram-
positive bacteria because the thiol co-substrate GSH for GSTs is absent
in most of these bacteria [4]. In the actinobacteria, mycothiol (MSH) ap-
pears to be the dominant LMWT, with functions similar to GSH in Gram-
negative bacteria [5,6]. Until recently, the Firmicutes were known to only

Abbreviations: BSH, bactillithiol; BST, bacillithiol transferase; LMWT, low molecular
weight thiol; mBCl, monochlorobimane; CDNB, 1-chloro-2,4-dinitrobenzene; BCA,
bacillithiol conjugate amidase; 2-ME, 2-mercaptoethanol; DTT, dithiothreitol
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produce coenzyme A and cysteine as cellular LMWTSs. In 2009 bacillithiol
(BSH; 1, Eq. (1)), the a-anomeric glycoside of L-cysteinyl-D-glucosamine
with L-malic acid, was described and found to have properties similar to
GSH [7,8]. BSH has been found to be required for resistance to the antibi-
otic fosfomycin, acid stress, and salt stress in Bacillus subtilis [8]. Further-
more, during treatment with oxidants or sodium hypochlorite, cysteine
residues of proteins are bacillithiolated [9,10]. Bacilliredoxins that
reverse protein bacillithiolation in the redox sensitive proteins such as
organic hydroperoxide reductase regulator (OhrR) and methionine
synthase (MetE) have been recently described in B. subtilis [11].
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Bacillithiol transferases (BSTs) are enzymes that catalyze the trans-
fer of bacillithiol to electrophilic substrates. The most recently identified
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BSTs are members of the DinB/YfiT-like Superfamily of thiol transfer-
ases, here referred to as the YfiT-like Superfamily [12]. Enzymes in
this Superfamily are related by structure rather than sequence based
on predictions using the Superfamily database (http://supfam.org/
SUPERFAMILY/). FosB, the first bacillithiol transferase described, is un-
related by structure or sequence to the YfiT-like bacillithiol transferases
and is involved in detoxification of the antibiotic fosfomycin [13-15].
The YfiT-like Superfamily includes enzymes that utilize thiol cofactors
glutathione, mycothiol, and bacillithiol, and the Superfamily members
from the Firmicutes are predicted to be bacillithiol transferases. The
B. subtilis YAiT was the first the BST in the YfiT-like Superfamily to be
identified and is the only BST from this family that has been character-
ized to date [12].

The natural substrates and the physiological roles of the YfiT-like
thiol transferases are currently unknown. Interestingly, there is a corre-
lation between the number of predicted YfiT-like thiol transferases
(using the Superfamily database) and the number of predicted second-
ary metabolite operons (using the NCBI database). This observation has
led to the hypothesis that the YfiT-like Superfamily BSTs play a role in
the detoxification of endogenously produced toxins. This was observed
in a Streptomyces coelicolor A3(2) mutant in the actinorhodin biosynthe-
sis pathway. During the production of this major polyketide secondary
metabolite, a mycothiol conjugate of a toxic intermediate was observed
[16]. This mycothiol-dependent detoxification reaction may have been
catalyzed by a mycothiol transferase, possibly one of the 26 YfiT-like
Superfamily members present in the S. coelicolor genome [12].

A search of the S. aureus genome using the antibiotics and
Secondary Metabolite Analysis SHell (antiSMASH, http://www.
secondarymetabolites.org/) platform has revealed that S. aureus
has only 5 predicted secondary metabolite operons, encoding 2
siderophores, 1 non-ribosomal peptide synthase, 1 terpene, and 1
lantipeptide. Thus, it is possible that the S. aureus BST detoxifies inter-
mediates or final products from one or more of the predicted antibiotics
or secondary metabolites. In addition to detoxification reactions,
LMWTs have also been found to act as the thiol cofactor in halide dis-
placement reactions, detoxification of reactive oxygen and nitrogen
species, and isomerization reactions [4], so other roles are possible for
this putative enzyme.

A Superfamily database search of YfiT related proteins in S. aureus
revealed that 30 of 31 strains in the database encode one BST, while
the remaining strain encodes two YfiT related BSTs. In this study, we
describe the purification and characterization of the single predicted
YfiT-like bacillithiol transferase from Staphylococcus aureus Newman,
ORF NWMN_2591, which is identical in sequence to that of ORF
SAUSA300_2626 from S. aureus USA 300 LAC, a community-associated
methicillin-resistant strain of S. aureus. This ORF was predicted to
encode a thiol transferase because of its structural similarity to the
YfiT protein from B. subtilis, although there is little sequence similarity.
We show that NWMN_2591 is a bacillithiol transferase, henceforth
called BstA. Furthermore, phylogenetic analysis of a subset of predicted
YfiT-like Superfamily members revealed that BstA and B. subtilis YfiT do
not cluster into the same family. We have here used the recombinant
purified enzyme and in vitro biochemical assays to characterize the
substrate specificity and to identify inhibitors of BstA.

2. Materials and methods
2.1. Chemicals

Bacillithiol and mycothiol were produced as previously described
[13,17]. The following chemicals were from Sigma Aldrich: o-cyano-4-
hydroxycinnamic acid, azithromycin, cerulenin, cephalexin, coumaric
acid, caffic acid, 1-chloro 2,4-dinitrobenzene, dithiothreitol, ethidium
bromide, ferulic acid, fosfomycin, glutathione, gramicidin D, lincomycin,
2-mercaptoethanol (2-ME), mitomycin C, mupirocin, p-nitrophenyl
acetate, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES),

plumbagin, N-a-p-tosyl-L-phenylalanylchloromethyl ketone (TPCK),
N-o-p-tosyl-L-lysinechloromethyl ketone (TLCK), rhodamine 6G, tetra-
cycline, tiamulin, triclosan, and vancomycin. Ampicillin, antimycin A,
daunomycin, 4-hydroxynonenal, and streptozotocin were from
Calbiochem. Spectinomycin and methanesulfonic acid were from
Fluka. Monochlorobimane and Hoechst 33342 were from Invitrogen.
Etacrynic acid was from Enzo Life Sciences. Clindamycin and 1,10-
phenanthroline were from MP Biomedicals. Nitrofurazone was from
TCI and 2-methoxy-4-vinylphenol was from Alfa Aesar. All other buffers
and reagents were from Fisher except as noted. The following kinase in-
hibitors were purchased from Life Chemicals and used without further
purification: 3-F1374-0140, 5-bromo-N-[5-(4-fluorophenyl)-1,3,4-
oxadiazol-2-yl|thiophene-2-carboxamide; 4-F1374-0808, N-(5-(4-
chlorophenyl)-1,3,4-oxadiazol-2-yl)-2-methylbenzamide, N-[5-(4-
chlorophenyl)-1,3,4-oxadiazol-2-yl]-2-methylbenzamide; 5-F1374-0081,
N-(5-(2-chlorophenyl)-1,3,4-oxadiazol-2-yl)-3-phenoxybenzamide,
N-[5-(2-chlorophenyl)-1,3,4-oxadiazol-2-yl]-3-phenoxybenzamide;
6-F2518-0248, N-(5-(2,4-dimethylphenyl)-1,3,4-oxadiazol-2-yl)-
2,6-difluorobenzamide; 7-F0608-0617, 2-fluoro-N-[5-(5,6,7,8-
tetrahydronaphthalen-2-yl)-1,3,4-oxadiazol-2-yl|benzamide; 8-
F2518-0218, 3-butoxy-N-(5-(2,4-dimethylphenyl)-1,3,4-oxadiazol-2-yl)
benzamide, 3-butoxy-N-[5-(2,4-dimethylphenyl)-1,3,4-o0xadiazol-2-yl|
benzamide; 9-F2518-0041, 5-bromo-N-(5-(2,5-dichlorophenyl)-1,3,4-
oxadiazol-2-yl)thiophene-2-carboxamide.

2.2. BstA purification

The S. aureus bacillithiol transferase candidate gene NWMN_2591
was codon optimized for expression in E. coli and synthesized by
GenScript (Piscataway, New Jersey, USA). The gene was cloned into
pET28a+ vector using Ndel and Xhol cloning sites, which generated
N-terminal Hisg-tagged protein that contained a thrombin cleavage
site following the Hisg tag. E. coli C41 (DE3) was used to express the
Hisg-tagged protein. Ten liters of Luria Broth containing kanamycin
(50 pg/mL) were inoculated with cells grown to late exponential
phase. Hisg-BstA production was induced with 1 mM IPTG at 30°C for
3 hours, and cells were collected by centrifugation at 4°C. The cells
were resuspended in 50 mM NaH,PO,4 pH 8.0, 300 mM NacCl, 1 mg/mL
lysozyme, 35 pM each of TPCK and TLCK. Cells were lysed by sonication
and extracts were centrifuged at 15000 rpm for 30 minutes. The cell-
free extract was purified on a Zn?"-liganded PrepEase column (USB)
and Hisg-tagged protein purification kit according to the manufacturer's
instructions. After elution, the buffer was exchanged to 25 mM HEPES,
0.1 M NaCl, 2 mM DTT, pH 7.0 on a Sephadex G25 column. Protein-
containing fractions were pooled and BstA (55 mg) was incubated
with 800 units of thrombin for 16 hours at room temperature. To mon-
itor cleavage of the Hisg-tag, the protein was analyzed by SDS gel elec-
trophoresis. The solution was concentrated using a 30 kDa Centricon
ultrafilter (Millipore). Thrombin was removed using free benzamidine
resin (GE Healthcare). 5 mL of resin was packed in a column and the
protein solution was loaded and washed with 20 mM Tris-HCI, 0.1 M
NaCl, pH 7.4. Cleaved BstA and the Hisg-tag were eluted with 10 mM
HCI, 0.5 M Nacl, pH 2.0 into a tube containing 200 pL of 1 M Tris-HCl,
pH 9.0. The protein solution was loaded onto Zn?*-liganded PrepEase
columns and washed with 25 mM HEPES, 100 mM NaCl, 2 mM DTT,
pH = 7.0 to remove the Hisg-tag peptides. Cleaved BstA was concentrat-
ed in a 30 kDa concentrator, and the protein was stored in 25 mM
HEPES, 100 mM NaCl, 2 mM DTT, and 20% glycerol. Protein concentra-
tion was estimated using A,go = 3.6 mg mL™! (http://ca.expasy.org).

2.3. Assay of BstA activity with monochlorobimane and HPLC

Due to the limited amounts of BSH available, the sensitive HPLC anal-
ysis of the fluorescent BSmB conjugate (2, Eq. (1)) of monochlorobimane
proved to be a generally useful BST assay [18]. With purified BstA the
samples were processed without precipitation of the protein prior to


http://supfam.org/SUPERFAMILY/
http://supfam.org/SUPERFAMILY/
http://www.secondarymetabolites.org/
http://www.secondarymetabolites.org/
http://ca.expasy.org

V.R. Perera et al. / Biochimica et Biophysica Acta 1840 (2014) 2851-2861 2853

HPLC analysis. Briefly, the standard assay consisted of 50 M each of BSH
and monochlorobimane in 0.1 M NaCl, 25 mM NaPO, 5% glycerol, pH =
7.0 (assay buffer) in the presence of 220 nM of S. aureus BstA. The thiol
was added last and the reaction (50 pl) was incubated at room tempera-
ture (23°C) and 15 pL samples were quenched with 55 pL of 40 mM
methanesulfonic acid. This was injected on a reverse phase HPLC column
with fluorescent detection as previously described [12]. Reaction rates ob-
tained from the “—enzyme” reactions were subtracted from the “+en-
zyme” reactions to obtain a net enzymatic reaction. Initial rates were
linearly extrapolated to zero time using Kaleidagraph (Synergy Software).
For determination of the thiol co-substrate and thiol transferase activity,
cysteine, glutathione, coenzyme A, and mycothiol were freshly prepared
in water, standardized using the DTNB assay [19] and substituted for
bacillithiol in the standard assay. To determine the metal ion dependence
of BstA, fresh stock solutions of 100 mM 1,10-phenanthroline and 1,7-
phenanthroline were prepared in dimethyl sulfoxide (DMSO). Solutions
of 220 nM BstA and 1 mM phenanthrolines were incubated in assay buffer
for 5 minutes. Subsequently, 50 pM mBCl, 50 M BSH were added, and
samples were analyzed by HPLC as described above. These assays were
performed at 23°C. All rates were calculated for each time point and
were linearly extrapolated to time zero using Kaleidagraph.

2.4. Phylogenetic analysis

112 proteins from the YfiT Superfamily were selected from Gram-
positive and Gram-negative species of bacteria. Proteins sharing the
branch with BstA were used as query sequences for BLAST searches to
construct a tree of closely related BstA proteins (Fig. 2A). ClustalX was
used to align sequences (using the PAM series) and to construct phylo-
genetic trees. Trees were generated by the neighbor-joining clustering
method with 1000 bootstrap trials and were visualized using FigTree
v1.4.0 (http://tree.bio.ed.ac.uk/software/figtree/). Similar trees were
obtained regardless of the method used.

2.5. Saturation kinetics

All saturation kinetics studies were performed in assay buffer at
pH 7.0. BSH saturation kinetics were analyzed by saturating BstA with
200 uM mBCl and varying the BSH concentration to 10 pM, 20 pM,
50 uM, 100 pM, and 200 uM. mBCl saturation kinetics were analyzed
by saturating BstA with 50 pM BSH and varying the mBCl concentration
to 60 pM, 250 pM, 500 M, 1 mM, and 2 mM. BSH and mBCl saturation
kinetics were performed at 37°C with 220 nM BstA. Initial rates were
obtained using HPLC analysis as previously described [12]. CDNB satura-
tion kinetics were analyzed by saturating BstA with 50 pM BSH and
varying the CDNB concentration to 50 puM, 100 pM, 250 pM, 500 pM,
1 mM, 2 mM, 3 mM, and 4 mM. CDNB saturation kinetics were
performed at room temperature (23°C) with 2.8 uM BstA. Initial rates
were obtained spectrophotometrically at 340 nm using an extinction
coefficient of 9.6 mM~' cm™'. The data were fit to the Michaelis-
Menten equation using Kaleidagraph.

2.6. Identification of BstA substrates

Thiol depletion assays using DTNB thiol analysis were initially used
to determine the substrates of BstA. Reactions containing 0.5 mM candi-
date substrate and 0.5 mM BSH were mixed at 23°C in assay buffer.
Samples were removed and assayed for thiol content with 0.2 mM
DTNB (final concentration) at 412 nm as previously described [12].
For mBCl competition reactions, 50 M mBCl, 50 uM BSH, and 100 pM
candidate substrate were mixed in assay buffer at 23°C with and with-
out 220 nM BstA. Samples were analyzed by HPLC as previously
described [12]. Rates were calculated for each time point and were
linearly extrapolated to time zero using Kaleidagraph. Candidate sub-
strates of interest that showed inhibition in either or both mBCl and

DTNB assays were further studied in direct reactions with BSH
(Section 2.7).

2.7. Direct BstA reactions

Reactions with thiol reactive compounds other than mono-
chlorobimane were carried out at higher concentrations due to the
low absorbance of substrates and products. Initial reactions contained
0.5 mM of substrate (4-hydroxynonenal, caffeic acid, cerulenin, cipro-
floxacin, clindamycin, etacrynic acid, mupirocin, sulforaphane, tiamulin,
or triclosan) and were incubated with 0.5 mM BSH in 20 mM NaPO,,
pH 7.0 and 100 mM NaCl with and without 5.5 uM BstA. Reactions
with obvious products were repeated with 200 pM substrate, etacrynic
acid, 4-hydroxynonenal, and suforaphane and 200 uM BSH in 0.1 M
NaCl with 25 mM NaPO,4 pH 7.0, with or without 5.5 UM S. aureus BstA
at 23°C unless otherwise specified. Cerulenin reactions contained
500 uM cerulenin and BSH with and without 220 nM BstA. Reaction
samples (50 pl) were diluted 5-fold into 10 mM methanesulfonic acid
in acetonitrile and concentrated using a SpeedVac prior to HPLC [12].
Reactions were assayed on an Atlantis T3 (C18, Waters) 2.1 by
150 mm reverse phase HPLC column at 0.4 mL/min and ambient tem-
perature. Etacrynic acid, 4-hydroxynonenal, and sulforaphane were
assayed by HPLC with monitoring at 215 nm (cerulenin 220 nm)
using a linear gradient from 0 to 70% B over 40 min (0.05% TFA-water,
A buffer; 60% acetonitrile-water, B buffer). For etacrynic acid, the B sol-
vent was 100% acetonitrile. Due to the chemical reactivity of rifamycin S
with BSH, the concentrations were reduced to 50 uM each and the reac-
tion was monitored at 331 nm by HPLC as previously described for
rifamycin S conjugates of mycothiol [20]. Samples of potential adducts
were purified by HPLC and high resolution mass spectra (HRMS) of
each was determined by the Molecular Mass Spectrometry Facility
(UC San Diego). Chromatographic separations and product analysis by
HRMS are shown in Supplemental Figures S3-7.

2.8. Studies with carboxamido-1, 3, 4-oxadiazole scaffold kinase inhibitors

Inhibition constants of the kinase inhibitors were determined under
steady state conditions assuming simple competitive inhibition. Assays
were performed using 220 nM BstA, 60 uM mBCl (the K, of mBCl), and
50 uM BSH in assay buffer. K; values of each inhibitor were calculated
using the equation RO/Ri = 0.5 + 0.5(1 + I/K;) where RO is the uninhib-
ited rate and Ri is the inhibited rate. A linear plot of RO/Ri versus
inhibitor concentration was generated for each inhibitor and Ki was es-
timated as 0.5/slope. Data for the plot were generated using 3 or more
concentrations for each inhibitor between 2 and 100 uM. Reported K;
values represent the mean and standard deviation of triplicate
experiments.

2.9. Studies with cell-free extracts

Cell-free protein extracts were prepared by growing wild type
S. aureus USA 300 LAC, the bstA Tn-mutant, and the bshB Tn-mutant
strains in 250 mL trypticase soy broth (TSB, BBL) until ODggo Was ap-
proximately 0.4. The cells were harvested by centrifugation (9,700 x g
at 4°C) and resuspended in 2 volumes of extraction buffer containing
25 mM HEPES, pH 7.5, 100 mM Nacl, 2 mM 2-ME, and 35 puM each of
the protease inhibitors TPCK and TLCK. Zirconia/silica beads (0.1 mm)
were added to 2 mL of cells in extraction buffer, and a BioSpec
MiniBeadBeater was used to lyse cells. Cells were subjected to three
cycles at 3450 rpm for 5 minutes, with cooling on ice for 5 minutes
between each cycle. The extracts were clarified by centrifugation
for 30 minutes (27,000 x g 4°C). The supernatant was dialyzed
(6 kDa MWCO, Spectra/Por Biotech Membrane) once against 500
volumes of extraction buffer overnight. The protein concentrations
were 7-8 mg mL™ ! as determined by bicinchoninic acid protein
assay (Pierce). Extracts were stored at 4°C on ice. All assays were
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performed on the same day. BstA activity assays were performed with
250 pg cell-free extract. Control reactions in the absence of extract
contained 50 uM BSH and 50 uM mBCl and were performed in extrac-
tion buffer. All reactions were performed at 37°C and were quenched
by 1:1 dilution with 40 mM TFA in acetonitrile. Quenched samples
were then incubated at 60°C for 10 minutes, followed by 5 minutes
on ice, and centrifuged (15,000 x g for 3 minutes) to pellet the precip-
itated protein. The supernatant was diluted 5-fold in 10 mM
methanesulfonic acid and analyzed by HPLC as previously described
[12]. Bacillithiol conjugate amidase (BCA) assays were performed on
the same cell-free extracts by the addition of 50 uM HPLC purified
BSmB to 250 pg of S. aureus crude extract. Samples were quenched (as
above) and the protein was removed prior to analysis by HPLC for pro-
duction of CySmB as previously described [21].

3. Results
3.1. Cloning and purification of BstA

To determine if S. aureus Newman encoded a bacillithiol transferase
in the YfiT-like Superfamily, a BLAST search was performed against the
S. aureus Newman genome with B. subtilis YiT as the input sequence.
There were no hits that had an E-value above 0.01. We therefore used
the structure based SUPERFAMILY search engine (http://supfam.cs.
bris.ac.uk/SUPERFAMILY/), to identify proteins with structural similarity
to YfiT. This program predicted that the NWMN_2591 ORF in S. aureus
Newman as well as the corresponding ORF in the S. aureus USA 300
LAC strain (SAUSA300_2626) encoded proteins in the YfiT structural su-
perfamily, and thus were candidate BST enzymes. The S. aureus New-
man NWMN_2591 sequence was codon optimized for expression in
Escherichia coli and cloned into the pET28a+ expression vector by
Genscript. BstA appeared to be toxic to many commercial BL21 (DE3)
E. coli expression hosts, showing little or no BstA expression. However,
a low level of BstA was produced (~5 mg/L) using E. coli C41 (DE3).
After induction with IPTG, cells were lysed and BstA was purified on a
Zn?" resin. The purified protein contained an additional 20 amino
acids on the N-terminus due to the Hisg tag, which was removed by
thrombin cleavage, leaving just 3 additional amino acids (Gly-Ser-His)
on the N-terminus. Mass spectrometry indicated that the protein had
the expected sequence and molecular weight.

3.2. BstA thiol co-substrate specificity

The thiol transferase activity and thiol co-substrate specificity of
BstA were measured using the model glutathione transferase substrate
monochlorobimane (mBCl, Eq. (1)) [18,22,23]. Monochlorobimane is
non-fluorescent, but the product formed with a thiol is fluorescent
(BSmB; 2, Eq. (1)) and is readily analyzed using reverse phase HPLC sep-
aration with fluorescence detection. Cysteine, glutathione, mycothiol,
coenzyme A, and bacillithiol are all major LMWTs found in bacteria [4]
and were tested as possible BstA co-substrates for conjugation with
mBCl (Fig. 1B). Importantly, the rate of non-enzymatic product forma-
tion between these thiols and mBCl is slow, but addition of a thiol trans-
ferase with appropriate substrate specificity catalyzes the reaction. Our
results indicated that BstA catalyzed BSmB product formation above the
non-enzymatic rate only with BSH, but does not enhance the rate of
product formation with any of the other thiol substrates (Table 1).
This indicates that S. aureus BstA is an thiol transferase that specifically
uses bacillithiol as a co-substrate.

3.3. Monomeric and active molecular weight of BstA

Purified Hisg-tagged BstA was sequenced from a SDS PAGE gel
(Fig. 1A) by the University of California, San Diego Biomolecular and
Proteomics Mass Spectrometry Facility with 78% sequence coverage
at 95% confidence. After thrombin cleavage of the Hisg tag (see

Section 2.2), MALDI confirmed that the protein was not post-
translationally modified by the C41 (DE3) E. coli host, and the molecular
weight was estimated to be 17793 4+ 100 daltons (Supplementary
Figure S1). Fast-protein liquid chromatography (FPLC)-gel filtration
chromatography on Superdex S-200 resin was utilized to establish the
active oligomeric state of the enzyme. Samples containing 2 mg, 1 mg,
0.5 mg, or 0.05 mg BstA were injected, and all samples resulted in a sin-
gle peak, which corresponded to a molecular weight of 48,000 Da, 2.7
times the monomeric molecular weight (Supplementary Figure S2A).
Sedimentation velocity experiments were subsequently performed
and revealed a single peak with 5%, = 2.78 S. This corresponds to a
molecular weight of 44,000 Da, 2.5 times the molecular weight, and a
frictional ratio of 1.55 (Supplementary Figure S2B). Globular shaped
proteins typically show a frictional ratio of 1.1-1.3 [24], therefore the
high frictional ratio observed in the SV experiments likely indicates
that the active enzyme is elongated. Two of the three crystallized
B. subtilis YfiT-like Superfamily members, YizA and YjoA (PDB ID:
2QE9 and 3DKA, respectively) show a dimeric structure, but little simi-
larity in overall quaternary structure (NCBI). The data are most consis-
tent with BstA being an elongated dimer, but another possibility is
that the solution form of BstA exists in a dimer-trimer equilibrium
that is fast relative to the timescale of gel filtration or sedimentation
velocity separations (hours).

3.4. Metal ion dependence of BstA

When the B. subtilis BST YfiT was crystallized, it was hypothesized
that the enzyme is a metalloenzyme because it contains metal-ion
coordinating residues in the active site that are arranged with a ge-
ometry similar to that of metalloproteases [25]. To determine the
metal ion requirement of BstA, the divalent cation chelating agent
1,10-phenanthroline was added to a BstA-catalyzed mBCl assay to de-
termine whether addition of this chelating agent would decrease en-
zyme activity. 1,10-phenanthroline was utilized because it allowed
the use of a non-chelating molecule with the same chemical scaffold
(1,7-phenanthroline) as a control to verify that any affect on activity
was due to chelation rather than an indirect effect due to structure
(Fig. 1C). After correction for the background chemical rate, treatment
with 1,10-phenanthroline reduced the enzymatic reaction to <1%
(12.5 £ 0.7 nmole min~ ' mg~!), which was comparable to the back-
ground chemical rate of the reaction without added BstA (12.9 + 1.8
nmole min~! mg™~!). This represents a reduction of >99% from the un-
treated + BstA rate (143 nmole min~' mg™ ). In contrast, treatment
with the non-chelating molecule 1,7-phenanthroline reduced the enzy-
matic rate by only 27% (105 nmole min~! mg~!) compared to the rate
of the untreated enzymatic reaction. Collectively, these data suggest
that BstA requires a divalent metal cation for activity. In keeping with
this hypothesis, the activity of BstA increased significantly when the
N-terminal Hisg tag was cleaved (data not shown), suggesting that the
Hisg tag, which has been previously shown to disrupt the activity of
metalloenzymes by effectively removing metals from the active site,
was interfering with the activity of this metalloenzyme. Furthermore,
treatment with ethylenediaminetetraacetic acid (EDTA), another
divalent cation chelator, also abolished activity, reducing the enzymatic
reaction rate to the same slow rate as the chemical reaction (data not
shown). From these studies, we have determined that BstA activity is
metal-ion dependent, although we did not perform a detailed charac-
terization of the specific divalent metal.

3.5. Phylogenetic analysis of BstA

After establishing bacillithiol transferase activity of the enzyme, we
performed primary sequence alignments of B. subtilis YfiT and BstA
and determined that they share 18% sequence identity (data not
shown). To further investigate the evolutionary relationship between
BstA and YfiT, we conducted a phylogenetic analysis of a subset of
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Fig. 1. Purification and activity of BstA, a metal-dependent bacillithiol transferase. (A) Analysis of recombinant BstA purification with 15% Tris-HCl SDS-PAGE gel of Hisg uncleaved and
cleaved BstA. Lane 1, crude Hisg-BstA extract; lane 2, pass through from Zn?* affinity column before imidazole elution steps; lane 3, purified recombinant Hiss-BstA; lane 4, purified
recombinant thrombin-cleaved Hise-tagged BstA; lane 5, Bio-Rad polypeptide molecular weight standards. For (B) and (C): Closed symbols represent + BstA reactions, open symbols
represent — BstA reactions. Error bars show standard deviation (n = 3). (B): Monochlorobimane (mBCl, 50 uM) reactions for BST activity and thiol specificity. Reactions contained
50 uM thiol; bacillithiol (circles), cysteine (right triangle), glutathione (squares), mycothiol (triangles), or coenzyme A (diamonds). (C) Effects of metal chelation on BstA activity. Samples
were treated with 1 mM 1,10-phenanthroline (squares), 1 mM 1,7-phenanthroline (circles), or were untreated (right triangles).

YfiT-like Superfamily proteins, resulting in a tree containing 112
members total (Supplementary Figure S9). As expected, YfiT and
BstA clustered into two separate families. The S. aureus FosB, which
shares merely 8% sequence identity with BstA, failed to group with
any of the proteins, allowing FosB to serve as an outgroup for the
analysis.

Proteins that cluster on the same branch as BstA were then used as
input sequences for BLAST searches to identify additional proteins relat-
ed to BstA (in blue, Supplementary Figure S9). These proteins were used
to construct a tree of proteins closely related to BstA. S. aureus FosB,
B. subtilis YfiT, and a predicted bacillithiol transferase from Bacillus
anthracis were added to the tree as outgroups because of their low
sequence identity to the BstA related proteins (Supplementary
Figure S10). This analysis of 43 total proteins generated a tree with
four main branches (I-1V, Fig. 2A). Sequences from representative
members of each branch were aligned to determine the percent identity
between the proteins (Fig. 2B, Supplementary Figure S11). We observed
that proteins from branches I and Il were most closely related to each
other (58% sequence identity) and contain exclusively Staphylococcus
species. Proteins from branches Il and IV shared <30% sequence iden-
tity with proteins from branches I and II. Branches Il and IV share 34%
sequence identity and contain a variety of Bacillus species. Members of
branch I share 89% sequence identity or more with BstA, except for
#18, which shares 70% sequence identity with BstA (Supplementary
Figure S12). This analysis emphasizes the diversity of YfiT-like proteins
in Staphylococcus species and in the phylum Firmicutes.

3.6. Saturation kinetics

Detailed saturation kinetics were performed under saturating
conditions of BSH and the two model substrates mBCl and 1-chloro-
2,4-dinitrobenzene (CDNB). Substantial chemical reactions at high
BSH and mBCl concentrations were observed and the values for K,

Table 1

BstA activity is bacillithiol-dependent.
Thiol Specific activity (nmole min~! mg™!)

— BstA + BstA

Glutathione 44 + 04 39+ 0.1
Cysteine 6.7 +£ 03 83+ 05
Mycothiol 3.0+ 0.1 33 +£0.1
Coenzyme A 1.2 £ 0.1 14 £ 0.1
Bacillithiol 84403 152 + 8

All values represent mean =+ standard deviation (n = 3). Reactions consist of 50 pM
thiol, 50 uM mBCl, pH 7.0; + BstA reactions contained 220 nM BstA.

and Vy.x were adjusted for the velocity of the chemical reaction
(Fig. 3A and B). Such rapid chemical reactions were not observed with
high CDNB concentrations (Fig. 3C). The catalytic efficiency of BstA
(Keat/Km) for BSH (1.4 4 0.03 x 10* M~ ' s~ 1) is the same order of mag-
nitude as that of FosB (5-14 x 10*M~ ' s~ !; [14]), the only other known
S. aureus bacillithiol transferase. The K, for BSH was determined to be
16 + 4 uM (Table 2), which is over 10 fold below the calculated BSH
concentration in exponentially growing S. aureus cells (~230 pM; [7]).
This indicates that BstA has high affinity for bacillithiol and is likely sat-
urated with thiol co-substrate in vivo. The model substrate mBCl was
found to have a K, of 61 4 26 uM, which is over 10 fold below the K,
of CDNB, which was determined to be 780 + 220 uM (Table 2). Conse-
quently, the catalytic efficiency for CDNB is 8 fold below that of mBCl.
BstA appears to follow Michaelis-Menten kinetics with respect to all
three substrates. From these data, we have determined that BstA has
higher affinity for mBCl than CDNB, and the highest affinity for its
thiol co-substrate BSH.

3.7. Substrate specificity of BstA

To identify potential substrates or inhibitors of BstA, antibiotics
and thiol-reactive molecules were screened for inhibition of the
BstA-catalyzed mBCl reaction. As a complementary assay, BSH levels
were measured after reaction with candidate substrates by titration
with 5,5’-dithiobis-(2-nitrobenzoic acid) (DTNB). A decrease in
TNB™ (anion) formed indicated that a reaction between BSH and the
candidate substrate occurred. These two assays served as an initial
screen for potential inhibitors or substrates reacting with BSH in a
BstA-independent manner. Candidates that inhibited product forma-
tion in both assays were subsequently reacted directly with BSH to
determine whether adducts were observed using HPLC with UV
absorbance detection (Supplementary Figure S8). Adduct formation
with the fatty acid synthesis antibiotic cerulenin was observed to be
300 nmole min~! mg~!, almost 2 fold above the non-enzymatic rate
(170 nmole min~ ' mg~ ') (Fig. 4, Supplementary Table S1). Cerulenin
was previously determined to be a substrate of the B. subtilis YfiT by
monitoring BS-cerulenin product formation [12]. Using high resolution
mass spectrometry (HRMS), the [MH]" ion of the BS-cerulenin adduct
was measured to be 622.2237 m/z, which is consistent with a formula
of C;5H40N3043S with a Appm 0.5 (Supplementary Figure S3). Thus,
while cerulenin-BSH formation is catalyzed by BstA, the low rate of
catalysis that is just two fold above the chemical rate indicates that
cerulenin is a weak substrate and is therefore unlikely to be the natural
substrate of this enzyme.

Previously, it was postulated that detoxification of rifamycin S, a
bacterial RNA polymerase inhibitor, might be bacillithiol transferase
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Fig. 2. Phylogenetic analysis of proteins closely related to BstA. (A) Phylogenetic tree of proteins related to BstA as determined by Superfamily and BLAST searches. Proteins closely related
to BstA were identified via BLAST searches as described in the Materials and methods. Bootstrap values are shown for selected branches and correspond to confidence levels. Main branches
are labeled I-V. Outgroups are labeled #1 (S. aureus FosB), #2 (predicted BST from B. anthracis), and #3 (B. subtilis YfiT); BstA is #8. See Table S4 in Supplementary Material for accession
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Figure S11) using ClustalW. The list of accession numbers for both trees can be found in the Supplementary Data (Tables S3 and S4).

dependent in S. aureus [21,26]. We found that BSH reacted directly with
rifamycin S, primarily forming the reduced conjugate, BS-rifamycin SV,
in a BstA-independent manner at pH 7.0 and pH 6.0 with a rate of
>35 uM min~ ! (Supplementary Table S1). The [MH] ™ ion of the
BS-rifamycin SV adduct was measured to be 1092.3865 m/z, consistent
with a formula of C5qHggN30,,S with a Appm 0.1 (Supplementary
Figure S4). The substrates etacrynic acid, 4-hydroxynonenal, and sulfo-
raphane were also found to react with BSH in a BstA-independent man-
ner (Supplementary Table S1). The [MH]™" ion of the BS-etacrynic acid
adduct was measured to be 701.1180 m/z, consistent with a formula
of CyH35CI;N2014S with a Appm —0.1 (Supplementary Figure S5).
The [MH] ™ ion of the BS-4-hydroxynonenal adduct was measured to
be 553.2064 m/z, consistent with a formula of C;;H37N;01,S with
a Appm —1.6 (Supplementary Figure S6). The [MH]™ ion of the
BS-sulforaphane adduct was measured to be 576.1350 m/z, consistent
with a formula of C;9H34N30:,S3 with a Appm 0 (Supplementary
Figure S7). Many other antibiotics were tested in the above in vitro as-
says, and no additional substrates were identified (Supplementary
Table S2). Thus, we determined that cerulenin is a weak substrate of
BstA, while BSH dependent detoxification of rifamycin S, etacrynic
acid, 4-hydroxynonenal, and sulforaphane were determined to occur
without BstA catalysis.

3.8. Inhibitors of BstA

Previously, inhibitors of the YfiT-like M. smegmatis mycothiol
transferase (MsMST) [12] were found while screening a small inhib-
itor library from the NIH Molecular Library Program (an NIH
Roadmap Initiative) and the Tuberculosis Antimicrobial Acquisition
and Coordinating Facility (TAACF) for mycothiol biosynthesis en-
zyme inhibitors. Although inhibitors of mycothiol biosynthesis en-
zymes were not found, ten compounds were found that inhibited
the newly discovered M. smegmatis MST to varying degrees (RC Fahey
and GL Newton, unpublished). Of the ten inhibitors, seven contained a
common 2-carboxamido-1, 3, 4-oxadiazole scaffold (Fig. 5) found to
be among the most effective of 26,000 kinase inhibitors tested for killing
M. tuberculosis [27]. These compounds were added to assays in compe-
tition with 50 uM BSH and 50 M mBCl to determine whether they in-
hibit BstA. Five of the seven compounds inhibited BstA to varying
degrees with 3 giving the lowest K; value of ~3 pM (Fig. 5). In concentra-
tion dependent inhibitor studies compound 3 was an effective inhibitor
of BstA at a low concentration (5 pM). Although compound 3 could be a
substrate of BstA, as such it would only consume <10% of the BSH
present at the lowest inhibitor concentration used. This small loss of
BSH would not substantially decrease the enzymatic rate of BSmB
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Fig. 3. Substrate saturation kinetics. Detailed saturation kinetics of BstA using BSH, mBCl,
and CDNB. Error bars show standard deviation (n = 3). For (A) and (B): enzymatic veloc-
ity (circles, solid lines) were obtained by subtracting chemical velocity (triangles, dashed
lines) from total velocity (squares, dashed lines). (A) BSH saturation kinetics. (B) mBCl
saturation kinetics. (C) CDNB saturation kinetics.

formation, contrary to what was observed. Further control experiments
indicated that the compounds were unlikely to be chemically reactive
because they had no effect at 50 pM on the chemical reaction of mBCl
and BSH, and did not react directly with BSH in the absence of mBCl
to form adducts (data not shown). The strong inhibition of compound
3 may provide clues to the structure of the natural substrates of BstA.

3.9. Cell-free extracts from uninduced cells display low BstA activity

To determine the relative abundance of BstA activity in S. aureus
cells, cell-free extracts were prepared from wild type USA 300 LAC
cells, as well as from strains containing transposon insertions in bstA
(ORF SAUSA300_2626) and bshB (ORF SAUSA300_0552) obtained
from the Network on Antimicrobial Resistance in Staphylococcus aureus

Table 2

Substrate saturation kinetics of BstA.
Substrate K (M) Keat (s™1) Keat/Km (M~ 1s71)
BSHP 16 + 4° 0.21 £+ 0.01 14000 + 290
mBCIl 61 + 26° 0.30 £ 0.02 4900 4+ 2100
CDNB® 780 + 220 0.22 £+ 0.02 280 4 40

All values represent mean + standard deviation (n = 3) at pH = 7.0.

2 Values represent adjusted enzymatic rates (chemical reaction velocity subtracted
from total reaction velocity).

b Reactions performed at 37°C with 220 nM BstA.

¢ Reactions performed at room temperature (23°C) with 2.8 UM BstA.

(NARSA) program [28]. As predicted, the bstA mutant extract displayed
a chemical rate similar to the minus extract control, which were
0.09 + 0.004 nmole min~ ! mg~! and 0.12 &+ 0.003 nmole mg™ ',
respectively. The bshB mutant extract similarly displayed a rate of
0.10 &+ 0.014 nmole min~ ' mg™"' (Fig. 6A). Surprisingly, the crude ex-
tract obtained from the wild type strain presented only a slightly elevat-
ed BstA rate with mBCl of 0.16 4= 0.009 nmole min~' mg~' compared
to the chemical reaction rate of the bstA mutant (0.09 + 0.004
nmole min~' mg~"'). When 55 nM (0.05 pg) of purified BstA was
added to 250 pg of the bstA mutant crude extract, the rate increased to
0.28 + 0.013 nmole min~ ' mg~"' (Fig. 6A). When rates were corrected
for the chemical reaction observed in the BstA mutant extract to obtain
the net rate, addition of purified BstA resulted in a rate 3 fold higher
than the wild type extract rate. These results indicate that exponentially
growing cells cultured in nutrient rich medium display low levels of
BstA equivalent to the activity of 70 ng purified protein per mg of cell
extract.

Based upon the sequence similarity of the B. anthracis BshB2/
bacillithiol conjugate amidase (BCA) to the S. aureus BshB enzyme, it
has been suggested that the S. aureus BshB possesses BCA activity [29].
Thiol analysis of the bshB Tn-mutant has shown that unlike B. subtilis
bshB1 and bshB2 single mutants, the S. aureus bshB mutant does not
produce BSH, indicating that there is no compensating BshB activity
(data not shown and [26]). Indeed, the wild type S. aureus USA300
(JE2) dialyzed cell-free extract showed robust BCA activity (670 +
70 nmole min~—! mg~!) similar to that of the bstA mutant extract
(570 & 10 nmole min~ ' mg™ '), whereas the bshB mutant extract
showed BCA activity at just 10% of the wild type level (70 +
13 nmole min~! mg~!, Fig. 6B). These data indicate that BshB
serves as an amidase both during the biosynthesis of BSH and during
subsequent reactions with bacillithiol adducts such as BSmB and that
it produces the majority of BCA activity in S. aureus USA 300 LAC.

BS-cerulenin formed
(nmoles mg™)
_
un >
(=] [=]
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Fig. 4. Cerulenin is a weak BstA substrate. A direct reaction between 500 uM BSH
and 500 uM cerulenin exhibited BstA-dependent adduct formation. + BstA reactions
(closed triangles) and — BstA reactions (open triangles) are depicted. Error bars show
standard deviation (n = 3).
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4. Discussion

The DinB/YfiT-like Superfamily is a new class of thiol transferase in
which members share structural similarity, but very little sequence sim-
ilarity. Previous work based on structural similarity to B. subtilis YfiT as
predicted by Superfamily [12] postulated that S. aureus Newman has
one DinB/YfiT-like thiol transferase that is encoded by ORF New-
man_2591. We have here demonstrated that the enzyme encoded by
this ORF is indeed the bacillithiol transferase from the DinB/YfiT-like Su-
perfamily and have named the enzyme BstA (Fig. 7A). BstA is not related
by sequence or structure to FosB, the only other bacillithiol transferase
identified in S. aureus, however identical or nearly identical proteins
are encoded by all S. aureus genomes, including pathogens such as
S. aureus USA 300 LAC (ORF SAUSA_2626).

Phylogenetic analysis of BstA revealed that although B. subtilis YfiT
and BstA are both bacillithiol transferases that share the YfiT-like do-
main, the two enzymes cluster into separate families (Supplementary
Figure S9). Further analysis revealed that BstA clusters closely with pro-
teins from other Staphylococcus species, and less closely with proteins
from other Firmicutes (Fig. 2). Our analysis indicates that there are
many families of YfiT proteins with several intermediate families sepa-
rating BstA and B. subtilis YfiT even though S. aureus and B. subtilis are
closely related organisms. One reason these enzymes may show so
much sequence diversity is because the thiol transferases are expected
to act on a variety of substrates with different chemical structures. Our
observations allude to the exciting evolutionary history of these
enzymes, and further analysis with a larger group of DinB/YfiT related
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Fig. 6. Extracts from growing cells exhibit low BstA activity, but high bacillithiol conjugate
amidase (BCA) activity. (A) Estimation of BstA activity in wild type cell-free extract. Ex-
tracts were made using the wild type USA 300 LAC (closed circles), the bstA Tn-mutant
(closed triangles) and the bshB Tn-mutant (closed diamonds); the bstA Tn-mutant extract
was supplemented with 55 nM BstA to estimate the amount of BstA in wild type cell
extracts (closed squares) and all samples were subjected to monochlorobimane assays.
Reactions with no extract (open circles) were also performed. (B) Determining BCA
activity in the wild type cell-free extract. Extract prepared from wild type USA 300 LAC
(closed circles) and the bstA Tn-mutant (closed diamonds), and the bshB Tn-mutant
(closed triangles) are depicted. Error bars in (A) and (B) show standard deviation (n = 3).

proteins is needed to ascertain how many additional proteins are
related to BstA and to begin to determine how many families belong
in this divergent group of bacillithiol transferase-like proteins.

The thiol cofactor of FosB has been shown to be BSH [13,14,30] al-
though it was previously thought to be cysteine [31]. We demonstrate
here that BstA also specifically utilizes bacillithiol as its thiol cofactor.
In addition, studies with chelating agents showed that BstA activity is
metal-dependent, as is FosB activity [14,15]. This is an interesting obser-
vation because the only other characterized bacillithiol transferase
in the DinB/YfiT-like Superfamily, B. subtilis YfiT, is likely to also be a
metalloenzyme [25]. BstA was active with the Hisg-tag intact, but the ac-
tivity increased when the tag was removed, likely because the chelating
activity of this tag affected the endogenous metal cofactor of the
enzyme. The precise metal used in vivo remains unclear, but in our
in vitro studies Zn>* is likely to be the ligand since BstA, like YfiT, was
purified using a Zn?>*-IMAC column.

More detailed kinetic analysis demonstrates that BstA follows satu-
ration kinetics for the bacillithiol co-substrate and two classic thiol
transferase substrates, mBCl and CDNB. Our kinetic experiments re-
quired substantial corrections to account for the chemical reaction
that takes place between mBCl and BSH, but this was not necessary
for CDNB, which showed a low chemical reaction rate with BSH. This
analysis showed that BstA has a K, for mBCl that is substantially
lower than that of CDNB (61 4 26 uM and 780 4 220 pM, respectively),
indicating that CDNB is a weaker substrate than mBCl. We found that
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bacillithiol conjugate amidase (BCA) activity and hydrolyzes BSmB to CysmB. GlcN-L-malate is recycled back to BSH biosynthesis, where BshC adds cysteine in the final step of synthesis. A
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nomic context of S. aureus bstA. bstA is in close proximity to the rarD drug translocator, an N-acetyltransferase family protein (GNAT), and a 2-oxoglutarate/malate translocator. Upstream

of bstA is padR, a negative transcriptional regulator of phenolic acid stress genes.

BstA has a Ky, value for BSH of 16 + 4 pM, which is 260-fold lower than
that of the S. aureus FosB (4.2 4 0.7 mM; [14]) and ~10-fold below the
intracellular BSH concentration (~230 pM; [7]). This result indicates
that BstA is saturated with its thiol co-substrate and is poised for
catalysis in the organism.

Our results demonstrated that BstA catalyzes BSH-dependent halide
displacement with both mBCl and CDNB. We also demonstrated that
BstA conjugates BSH to the epoxide moiety of cerulenin in vitro, and
were able to verify the product using high-resolution mass spectrome-
try (Supplementary Figure S4). However, there was the BstA catalyzed
reaction rate with cerulenin was very slow (130 nmole min~' mg~1).
This is likely smaller than the previously reported rate for cerulenin
loss using cell-free S. aureus extracts [26], suggesting the existence of
other cerulenin degradation pathways. The low reaction rate also
suggests that cerulenin is a suboptimal BstA substrate and that other
molecules might be more optimal BstA substrates.

In the related Gram-positive organism B. subtilis, the bshA-C operon
that synthesizes bacillithiol is part of the Spx regulon, which is induced
by oxidants and other stressors [ 11]. Interestingly, the oxidant H,0, was
found to react spontaneously with BSH ~40-fold faster than glutathione
or mycothiol [12], suggesting that BSH might directly detoxify H,0,. We
found that BSH also reacts at a surprisingly fast rate with the quinone-
containing translational inhibitor rifamycin S. The addition of purified
BstA did not enhance the rate of reaction (Supplementary Table S1),
suggesting that BSH also directly detoxifies rifamycin S. This finding is
in contrast to a previous report that BstA is responsible for BSH-
rifamycin S adduct formation using cell-free S. aureus extracts [26],
which we were unable to confirm using purified BstA. We also observed
rapid, BstA-independent BSH conjugate formation with the thiol reac-
tive molecules 4-hydroxynonenal, sulforaphane, and etacrynic acid
(Supplementary Table S1). These results provide evidence for the reac-
tive nature of BSH in conjugation reactions with halides, isothiocya-
nates, enals, enones and epoxides, perhaps due to the low thiol pKa
(pKa 7.46) for BSH [32]. This suggests that BSH might be able to directly
detoxify many molecules in living cells without requiring a thiol
transferase.

It is possible that the natural BstA substrates might need to be
bioactivated, perhaps by a cytochrome P450 type reaction; any such
BstA substrates would not be identified in these experiments. BstA
might also be involved in detoxification of endogenous metabolites
that could occur when production of antibiotics or metabolites goes
awry. For example, two of the metabolites made by S. aureus are

synthesized via pathways that contain intermediates that could be
toxic and highly thiol-reactive: the staphyloxanthin biosynthestic path-
way contains intermediates with aldehydes and o/ unsaturated bonds
and, indeed even the final staphyloxanthin product could be thiol-
reactive [33] while the aureusimine biosynthetic pathway contains an
aldehyde intermediate [34]. If noxious intermediates or off pathway
reaction products accumulate, BstA could detoxify these molecules
before they can damage the cell. Thus, the possibility that the natural
substrate of BstA could be one of these metabolites or intermediates in
the biosynthetic pathways warrants further investigation.

Although the natural BstA substrates have not been identified
thus far, we have established a subset of compounds containing the
2-carboxamido-1, 3, 4-oxadiazole scaffold that can inhibit BstA ac-
tivity. This scaffold is common to kinase inhibitors that have been
found to be potent M. tuberculosis antibiotics [27] and target trans-
translation protein degradation pathways in bacteria [35]. Many of
these compounds also inhibited the structurally related DinB/YfiT-
like M. smegmatis MST. Given the low K; for some of these inhibitors,
specifically compound 3, they might be structurally more similar to
the natural BstA substrates than the model compounds mBCl and
CDNB.

We were able to estimate the endogenous abundance of BstA activ-
ity in the absence of stress or potential exogenous substrates using cell-
free extracts of wild type S. aureus USA 300 LAC. The wild type extract
exhibited low bacillithiol transferase activity but accounted for >90%
of the activity in this extract, while the bstA mutant extract displayed
a rate similar to the chemical reaction rate. This indicates that BstA
was the major mBCl utilizing bacillithiol transferase detected in
S. aureus. Adding known quantities of purified enzyme allowed us to es-
timate the relative abundance of BstA to be about 0.007% of the total sol-
uble protein. Thus, our observations with cell-free extracts indicate that
BstA is a low abundance protein when S. aureus is growing in nutrient
rich medium.

Although the relative abundance of BstA is low in rich medium, prior
transcriptomic studies have demonstrated induction of bstA expression
during treatment with natural products and oxidants. Treatment of
S. aureus MW?2 with the neutrophil microbicides hypochlorous acid,
hydrogen peroxide, and azurophilic granule proteins increased bstA ex-
pression 2-, 3-, and 2-fold, respectively [36], and treatment of S. aureus
COL with the growth inhibitor orange essential oil increased bstA
expression 3-fold [37]. These conditions also induced additional
bacillithol-related detoxification genes, including the S. aureus
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MW?2 ortholog of B. subtilis bacilliredoxin brxB, whose product functions
analogously to glutaredoxins by removing BSH from protein mixed
disulfides [38] formed under conditions causing cytoplasmic oxidation.
This S. aureus brxB ortholog was upregulated 2-, 6-, and 2-fold during
treatment with hypochlorous acid, hydrogen peroxide, and azurophilic
granule proteins. S. aureus MW?2 encodes an ortholog of B. subtilis gixA,
which encodes a glyoxylase that catalyzes the formation of S-lactoyl
bacillithiol during methylglyoxal detoxification. This gene was upregu-
lated 3-fold and 2-fold during hypochlorous acid and hydrogen perox-
ide stress [36]. Treatment of S. aureus COL with orange essential oil
induced a 10-fold increase in gene expression of the gixA ortholog and
the BSH biosynthesis genes bshB2 and bshC were each induced 2-fold
[37]. Importantly, the fosB gene was not upregulated in these studies,
demonstrating the specificity of this bacillithiol dependent enzyme for
fosfomycin detoxification. These microarray studies display a concerted
induction of bstA and other bacillithiol-related detoxification compo-
nents during a variety of stressful conditions.

Examination of the genomic context of bstA in S. aureus revealed that
itis adjacent to genes encoding proteins that could be involved in detox-
ification or BSH synthesis (Fig. 7B). The gene downstream of bstA
encodes a 2-oxoglutarate/malate translocator, which is significant
because L-malate is a substrate of in the first step of BSH biosynthesis.
It is conceivable that when bstA expression is upregulated, there
is a need for additional BSH and its biosynthetic substrates such
as L-malate. Also in the region is a gene encoding a protein with high
sequence similarity to the GNAT family of N-acetyltransferases, which
could acetylate the Cys-adduct cleavage product of the bacillithol conju-
gate amidase, and a protein in the RarD efflux transporter family, which
could export acetylated Cys-adducts (mercapturic acids). Products of
these reactions have been previously observed during detoxification
of electrophiles in S. aureus Newman in culture [21]. Finally, the up-
stream and divergently transcribed gene encodes PadR, a protein that
negatively regulates the phenolic acid stress response and that in
many species governs expression of efflux pumps and phenolic acid
decarboxylases that convert toxic phenolic acids to their vinyl phenol
derivatives [39]. Further experiments are necessary to determine if
the other genes in this region encode proteins involved in detoxification
reactions.

As previously noted [12,40], despite the DinB name, the DinB/YfiT-
like Superfamily of proteins is not related to the type IV DNA polymer-
ases of which E. coli DinB is the prototype [41,42]. Of the eight proteins
studied in this superfamily thus far, all have been verified to be
bacillithiol transferases ([12,43], unpublished data, and this study).
Thus, we propose renaming the DinB/YfiT-like Superfamily as the S-
transferase-like (STL) Superfamily to avoid confusion between the
two distinct types of DinB proteins, which could lead to the improper
assignment of enzyme function. Furthermore, we propose a naming
system in which proteins are named based on the organism of origin,
function, and order of discovery. B. subtilis YfiT is the only experimental-
ly validated bacillithiol transferase from the STL Superfamily from this
organism, so we propose renaming this protein BstA (gene name
bstA). The number of STL superfamily proteins encoded by each genome
varies greatly, but in the case of B. subtilis eight are encoded. In such
cases we suggest that the second protein whose activity is demonstrat-
ed would be named BstB, the third BstC, etc. This nomenclature does not
depend on sequence homology, because our phylogenetic analysis re-
vealed an extraordinary diversity in these enzymes, so homologs of
each enzyme often fail to exist in closely related organisms let alone dis-
tantly related ones. The diversity in these enzymes is remarkable, and
might reflect a strong selective pressure to cope with an equally diverse
array of endogenous or exogenous toxic metabolites and oxidants.

5. Conclusions

We have here verified the bacillithiol transferase activity of BstA
and determined that the enzyme specifically uses bacillithiol as a

co-substrate. The genomic context of BstA along with the low Ky,
value of BSH point toward a detoxification function of this enzyme in
the cell, although so far we demonstrated only relatively slow reaction
rates with one antibiotic (cerulenin) and higher reaction rates with
the model substrates mBCl and CDNB. While additional BstA substrates
were not identified, a number of substrates were found to react directly
with BSH in an enzyme-independent manner. One proposed function of
thiol transferases is to lower the thiol pKa of the co-substrate during
catalysis [44]. However, the thiol pKa of BSH is more acidic [32] than
the pKa values of the other major endogenous LMWTs from S. aureus
(cysteine pKa = 8.6; coenzyme A pKa = 9.6) [45]. Thiol transferases
can also function to bring the thiol cofactor in close proximity to the
substrate [44], and it is possible that this is the major role played by
BstA. Thus, further studies are needed to fully understand the physio-
logical role of BstA in S. aureus.
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