UC San Diego
UC San Diego Previously Published Works

Title

Identification of the S-transferase like superfamily bacillithiol transferases encoded by
Bacillus subtilis

Permalink

https://escholarship.org/uc/item/1tn9d974

Journal
PLOS ONE, 13(2)

ISSN
1932-6203

Authors

Perera, Varahenage R
Lapek, John D
Newton, Gerald L

Publication Date
2018

DOI
10.1371/journal.pone.0192977

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/1tn9d97t
https://escholarship.org/uc/item/1tn9d97t#author
https://escholarship.org
http://www.cdlib.org/

@° PLOS | ONE

Check for
updates

E OPENACCESS

Citation: Perera VR, Lapek JD, Jr., Newton GL,
Gonzalez DJ, Pogliano K (2018) Identification of the
S-transferase like superfamily bacillithiol
transferases encoded by Bacillus subtilis. PLoS
ONE 13(2): e0192977. https://doi.org/10.1371/
journal.pone.0192977

Editor: Eric Cascales, Centre National de la
Recherche Scientifique, Aix-Marseille Université,
FRANCE

Received: September 25, 2017
Accepted: February 1,2018
Published: February 16, 2018

Copyright: © 2018 Perera et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Data Availability Statement: All relevant data are
within the paper and its Supporting Information
files.

Funding: This work was supported by the National
Institutes of Health grant number Al113295 to Kit
Pogliano.

Competing interests: The authors have read the
journal’s policy and declare the following
competing interests: Kit Pogliano has an equity
interest in Linnaeus Bioscience Inc., a

RESEARCH ARTICLE

|dentification of the S-transferase like
superfamily bacillithiol transferases encoded
by Bacillus subtilis

Varahenage R. Perera’, John D. Lapek, Jr.2, Gerald L. Newton', David J. Gonzalez?,
Kit Pogliano *

1 Division of Biological Sciences, University of California, San Diego, La Jolla, CA, United States of America,
2 Department of Pharmacology and Pharmacy, School of Medicine, University of California, San Diego, La
Jolla, CA, United States of America

* kpogliano@ucsd.edu

Abstract

Bacillithiol is a low molecular weight thiol found in Firmicutes that is analogous to glutathi-
one, which is absent in these bacteria. Bacillithiol transferases catalyze the transfer of bacil-
lithiol to various substrates. The S-transferase-like (STL) superfamily contains over 30,000
putative members, including bacillithiol transferases. Proteins in this family are extremely
divergent and are related by structural rather than sequence similarity, leaving it unclear if all
share the same biochemical activity. Bacillus subtilis encodes eight predicted STL super-
family members, only one of which has been shown to be a bacillithiol transferase. Here we
find that the seven remaining proteins show varying levels of metal dependent bacillithiol
transferase activity. We have renamed the eight enzymes BstA-H. Mass spectrometry and
gene expression studies revealed that all of the enzymes are produced to varying levels dur-
ing growth and sporulation, with BstB and BstE being the most abundant and BstF and BstH
being the least abundant. Interestingly, several bacillithiol transferases are induced in the
mother cell during sporulation. A strain lacking all eight bacillithiol transferases showed nor-
mal growth in the presence of stressors that adversely affect growth of bacillithiol-deficient
strains, such as paraquat and CdCl,. Thus, the STL bacillithiol transferases represent a new
group of proteins that play currently unknown, but potentially significant roles in bacillithiol-
dependent reactions. We conclude that these enzymes are highly divergent, perhaps to
cope with an equally diverse array of endogenous or exogenous toxic metabolites and
oxidants.

Introduction

Low molecular weight thiols (LMWTSs) are small, non-protein organosulfur molecules that play
many roles in the cell. Notably, they serve as cytoplasmic redox buffers, protect cysteine residues
from overoxidation, and they can detoxify harmful molecules that are either produced intracel-
lularly and/or encountered from the extracellular environment[1,2]. The major LMWT pro-
duced in both eukaryotes and Gram-negative bacteria is glutathione, and the enzymes that
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catalyze the nucleophilic attack of glutathione to target substrates are glutathione transferases
(GSTs,[3]). Thiol transferases are usually associated with conjugating thiols to small molecules
in detoxification reactions. However, some thiol transferases have been found to add thiols to
protein substrates. GST Pj, a class of cytosolic human GSTs, have been shown to glutathionylate
proteins in vivo in humans(4], and in vitro[5]. Eukaryotic GSTs have garnered much attention
due to their implications in mammalian disease states such as Parkinson’s and Alzheimer’s dis-
ease[3,6,7] and their ability to detoxify electrophilic toxins such as carcinogens[8] and cancer
drugs[9], while bacterial GSTs have been implicated in antibiotic resistance, isomerization reac-
tions, and bioremediation[10]. Thus, glutathione and GSTs play a number of physiological roles
and are central to several biochemical pathways.

It has recently been recognized that some bacteria use alternate low molecular weight thiols
rather than glutathione, including mycothiol, which is produced by Actinobacteria such as
Mycobacterium smegmatis, and bacillithiol, which is produced by Firmicutes such as Bacillus
subtilis and Staphylococcus aureus. The roles of these thiols are less well understood than those
of glutathione. Mycothiol buffers the cytoplasm, detoxifies electrophiles[11], and, via dedicated
mycothiol transferases, it participates in the isomerization of malylpyruvate to fumarylpyru-
vate[12] and forming new sulfur-carbon bonds during biosynthesis of the secondary metabo-
lites lincomycin A[13] and ergothioneine[14]. Bacillithiol been found to detoxify the cell wall
biogenesis inhibitor fosfomycin[15], to protect cysteine residues during NaOCl stress [16,17],
and to be involved in Fe(S) cluster metabolism[18,19].

Thus far, two families of bacillithiol transferases that lack sequence and structural similarity
have been identified in the Firmicutes. The first bacillithiol transferase identified in B. subtilis
was FosB, which belongs the vicinal oxygen chelate (VOC) superfamily [15,20]. The FosB
bacillithiol transferase catalyzes bacillithiol-dependent detoxification of fosfomycin, and
mutants in fosB and bacillithiol biosynthesis genes are sensitive to the antibiotic[15,21]. The
second bacillithiol transferase to be identified in B. subtilis was BstA (YfiT; [22]), which is a
member of the S-transferase-like (STL, formerly DinB/YfiT) superfamily;[23]). The STL super-
family is large, containing more than 30,000 predicted enzymes from both Gram-negative and
Gram-positive bacteria. It is a remarkably diverse family, with membership defined not by pri-
mary sequence similarity, but rather by the ability to fold into similar structures as predicted
by hidden Markov models ([24], http://supfam.org/SUPERFAMILY/). There is wide variation
in the number of STL family members per genome: while some species encode only a single
STL family member, others encode as many as 30. For example, S. aureus encodes one bacil-
lithiol transferase, while B. subtilis encodes eight distantly related family members, with only
two of the enzymes sharing >30% sequence similarity and the rest sharing only predicted
structural similarity. However, it remains unclear if all the members of the STL superfamily
are bacillithiol transferases, because thus far, only two of the STL proteins have been character-
ized and confirmed to be active bacillithiol transferases: B. subtilis BstA[22] and S. aureus BstA
[23].

Given the critical role of glutathione transferases in eukaryotic cells[3] and the role of FosB
in detoxification of the antibiotic fosfomycin[15,21], we hypothesized that characterization of
this new family of proteins might provide insight into the role of bacillithiol in the Firmicutes
and potentially allow identification of novel antibiotic and oxidative stress resistance pathways
and possibly even new drug targets. This is especially important for pathogenic bacteria, such
as B. anthracis, and industrially relevant bacteria, such as B. subtilis, that encode several puta-
tive STL bacillithiol transferases. However, identifying the physiological roles and natural sub-
strates of the STL bacillithiol transferases will be difficult without additional information about
these enzymes.
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To address this limitation, we chose to characterize the seven remaining putative bacillithiol
transferases in B. subtilis, reasoning that they would provide an ideal system for testing if all
the members of this diverse protein family in this species are bacillithiol transferases, and if so,
that B. subtilis might be an ideal organism for investigating their role. B. subtilis is genetically
and biochemically tractable soil-dwelling organism with several well characterized develop-
mental states, such as sporulation. It lives in complex, mixed species communities, in an envi-
ronment awash with antimicrobial toxins and metabolic byproducts, and it also produces a
variety of secondary metabolites such as the polyketide bacillaene, which arrests protein trans-
lation in E. coli [25]. B. subtilis is also used in industrial applications as a biological control
agent for agricultural applications[26-28] and as a host for the overproduction of secreted pro-
teins[29,30]. It is plausible that bacillithiol transferases might be necessary for survival in these
complex conditions, either by directly contributing to antibiotic resistance mechanisms or bio-
synthetic pathways, or to other resistance mechanisms necessary to survive in harsh environ-
ments. Indeed conjugates of the analogous low molecular weight thiol from Actinobacteria,
mycothiol, to natural products and antibiotics have been isolated from industrial fermentation
cultures of actinomycetes[11].

In this study, we describe the activity and expression of the B. subtilis STL bacillithiol trans-
ferases. Bioinformatic studies of the eight B. subtilis STL proteins revealed that most are con-
served in related Bacillus spp, and that all but one is also found in the pathogen Bacillus
anthracis, indicating evolutionary pressure to retain the proteins. We have confirmed that the
seven previously uncharacterized STL proteins encoded by B. subtilis are active bacillithiol
transferases. We characterized the expression patterns of the proteins during different phases
of growth and sporulation, and identified proteins that are S-bacillithiolated during growth.
We constructed a strain lacking all eight bacillithiol transferases but thus far, have been unable
to find a clear phenotype associated with this strain. Indeed, the strain lacks the phenotypes
found in mutants that cannot synthesize bacillithiol, indicating that the bacillithiol transferases
are not involved in the detoxification of those molecules. Thus, our studies demonstrate that
all eight of the STL proteins encoded by B. subtilis are active bacillithiol transferases, but their
role remains unclear.

Materials and methods
Strains and culture conditions

All the strains used in this study (Table G in S1 File) are derivatives of B. subtilis PY79, with
the exception of the CU1065-derived strains obtained from the John Helmann lab. Heat resis-
tant spore titers were assayed on cultures grown and sporulated in DSM broth [31] for 24 h at
37°C. Cultures were heated at 80°C for 20 min, serially diluted, and plated on LB. Spore titers
were calculated based on colony counts. Sporulation for microscopy and mass spectrometry
experiments were induced by growing cells in % LB and re-suspension [32,33] at 37°C. Plas-
mid constructions were performed in E. coli Top10. The B. subtilis strain KP1302 was used for
cloning purposes only. All cultures were grown in LB medium or Spizizen’s minimal medium
at 37°C. Spizizen’s minimal medium was supplemented 0.05% casamino acids (Difco) and 1x
trace metal solution was added (100x trace metal solution contains 62 mM MgCl,, 5 mM
CaCl,, 1.3 mM ZnCl,, 500 uM MnCl,, 250 uM CuCl,, 460 uM CoCl,, 250uM Na,MoO,). Met-
als were purchased from Sigma Aldrich and Fisher Scientific.

Plasmid and strain construction

A list of plasmids, strains and oligonucleotides used in this study can be found in Tables
F-H in S1 File. All strains were constructed using either NEBuilder (New England Biolabs,
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Inc) or Gibson Assembly (Synthetic Genomics, Inc, [34,35]). Either Velocity (Bioline) or
Phusion (New England Biolabs, Inc) DNA polymerase was used to PCR amplify all frag-
ments. The integration vector pDG1730 [36] was used to insert the promoter region
(>400 base pairs upstream of the gene) of each bst fused to the sfGFP gene at the amyE
locus for the bacillithiol transferase promoter fusion strains. After strain construction, the
amyE insert was amplified and sequenced to ensure that mutations had not been intro-
duced into the fragments.

For the single bstA-H deletion strains, an antibiotic cassette, the region upstream of the
gene and the region downstream of the gene were assembled to form the final plasmid. The
antibiotic cassette was amplified from pJLG38[37], which contains a kanamycin cassette
flanked by loxP sites. Different versions of this plasmid replacing the kanamycin cassette with
chloramphenicol, erythromycin, tetracycline, and spectinomycin were constructed (Table F,
Table G and Table H in S1 File). The chloramphenicol, spectinomycin, and erythromycin anti-
biotic markers for the deletion strains were amplified from integration vectors obtained from
the Bacillus Genetic Stock Center (http://bgsc.org), while the tetracycline marker was amplified
from the Bacillus megaterium vector pWH1520 (http://www.mobitec.com). The loxP sites
flanking each antibiotic resistance gene were arranged so that after insertion into the chromo-
some at the bst genes, they would be in the same orientation around the genome to avoid Cre-
mediated inversions (yfiT, yuaE, and ykkA are in the opposite orientation of the other bst
genes). Single mutations were confirmed by sequencing to ensure that mutations had not been
introduced into the genome.

The AbstA-H octuple mutant was constructed by consecutively transforming single bst
mutants, each with their antibiotic marker flanked by loxP sites, into PY79 derivative EBS42.
This strain contains cre under the control of the spolIR promoter, allowing removing If the
antibiotic resistance markers. Marker removal was performed by sporulating cells overnight at
37°C in DSM, heating the culture for 20 min at 80°C to kill vegetative cells, and plating cells
out on LB. Cells were patched on antibiotic plates to check for the loss of antibiotic resistance,
and each strain was tested by PCR to confirm the absence of the markers. After deleting dinB,
yizA, yrdA, yuaE, yfiT, and ykkA, the sacA locus containing Py, z-cre was restored by trans-
forming a plasmid containing the intact sacA gene linked to a tet marker. We selected on tetra-
cycline plates the next day and patched cells on spectinomycin plates to check for the loss of
spectinomycin resistance. The final two bst mutants AyisT::loxP-cm-loxP and AyjoA::loxP-spec-
loxP were transformed to construct the final AbstA-H mutant.

Phylogenetic analysis

The first phylogenetic tree (Fig 1A) contains STL superfamily members from five different
strains of Bacillus subtilis: the parent strain of PY79 B. subtilis 168 (NC_000964.3), B. subtilis
subsp. natto BEST195 (NC_017196.2), B. subtilis subsp. spizizenii TU-B-10 (NC_016047.1), B.
subtilis subsp. spizizenii str. W23 (NC_014479.1), B. subtilis subsp. subtilis str. RO-NN-1
(NC_017195.1). See Table A in S1 File for additional information on the individual proteins
found in each strain. The second tree contains STL superfamily members from other Bacillus
species, including B. subtilis 168 FosB, B. subtilis 168 proteins B. megaterium QM B1551 pro-
teins, B. amyloliquefaciens subsp. plantarum str. FZB42 proteins, Bacillus halodurans C-125
proteins, Bacillus anthracis str. Ames, Bacillus thuringiensis str. Al Hakam. See Table B in S1
File for additional information.

ClustalX was used to align sequences using the PAM series and to construct phylogenetic
trees. Trees were generated by the neighbor-joining clustering method with 1000 bootstrap tri-
als and were visualized using FigTree v1.4.0 (http://tree.bio.ed.ac.uk/software/figtree/). B.
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Fig 1. Phylogenetic analysis of STL bacillithiol transferases in Bacillus subtilis strains and Bacillus spp. Proteins are listed
using NCBI locus tags. Bootstrap values are shown for selected branches and correspond to confidence levels. A) Black: B.
subtilis 168 FosB (outgroup), green: Bacillus subtilis 168 proteins, orange: Bacillus subtilis subsp. natto BEST195 proteins,
magenta: Bacillus subtilis subsp. spizizenii TU-B-10 proteins, cyan: Bacillus subtilis subsp. spizizenii str. W23 proteins, red:
Bacillus subtilis subsp. subtilis str. RO-NN-1 proteins See Table A in S1 File for additional information. B) Black: B. subtilis 168
FosB (outgroup), green: Bacillus subtilis 168 proteins, orange: Bacillus megaterium QM B1551 proteins, purple: Bacillus
amyloliquefaciens subsp. plantarum str. FZB42 proteins, cyan: Bacillus halodurans C-125 proteins, red: Bacillus anthracis str.
Ames, blue: Bacillus thuringiensis str. Al Hakam. See Table B in S1 File for additional information.

https://doi.org/10.1371/journal.pone.0192977.9001

subtilis FosB was used as an outgroup in both trees. Similar trees were obtained regardless of
the method used.

Bacillithiol transferase recombinant protein cloning, purification, and
assessment of biochemical activity

The protein sequences of the putative B. subtilis bacillithiol transferases YuaE, YisT, YjoA, YrdA,
YkkA, DinB, and YizA were codon optimized for expression in E. coli and synthesized by Gen-
Script (Piscataway, New Jersey, USA) and cloned into the pET28a+ expression vector to append
the N-terminal Hisg tag sequence to the bst sequences, giving a total of 20 additional amino acids
at the N-terminus (Genscript, New Jersey). As was the case for S. aureus BstA, the recombinant
proteins appeared to be toxic to many commercial E. coli expression hosts, including BL21(DE3),
and it produced inclusion bodies after induction with IPTG. We therefore expressed the proteins
in E. coli strain C41(DE3), which was selected to allow expression of toxic proteins[38]. One liter
of Luria Broth containing kanamycin (50 ug/mL) was inoculated with cells and grown to late
exponential phase. Cells were induced with 1 mM IPTG for 3 hours at 30°C, and cells were lysed
and the proteins were purified on a Zn®" resin as previously described[23]. Protein concentration
was estimated using the following extinction coefficients (assuming all cysteine residues are
reduced): BstB = 0.776 mg mL™ ', BstC = 1.334 mg mL™ ', BstD = 0.373 mg mL™ ', BstE = 1.517
mg mL~ ', BstF = 1.608 mg mL~ ', BstG = 1.106 mg mL™ ', and BstH = 2.0 mg mL~ ' (ExPASy
ProtParam tool; http://ca.expasy.org). The purified proteins were analyzed on an SDS PAGE gel
(Figure B in S1 File). Proteins were analyzed on BOLT 4-12% Bis-Tris SDS PAGE gels using
BOLT MES SDS running buffer (Invitrogen; Figure B in S1 File). The protein standard used was
SeeBlue Plus 2 Pre-stained ladder (Thermo Fisher Scientific, myosin: 198 kDa, phosphorylase: 98
kDa, BSA: 62 kDa, glutamic dehydrogenase: 49 kDa, alcohol dehydrogenase: 38 kDa, carbonic
anhydrase: 28 kDa, myoglobin red: 17 kDa, lysozyme 14, aprotinin: 6 kDa, and insulin, B chain: 3
kDa). Purified proteins were sequenced by the University of California, San Diego Biomolecular
and Proteomics Mass Spectrometry Facility (Table C in S1 File).

Biochemical activity (Table 1) was determined with the model substrate monochlorobi-
mane (Thermo Fisher Scientific) as previously described [22,23,39]. Briefly, reactions were
performed in 0.1 M NaCl, 25 mM NaPOy, 5% glycerol, pH = 7.0 at 23°C with 50 uM thiol and
50 uM monochlorobimane. The following amounts of protein were used for assays with bacil-
lithiol alone: with the following amounts of protein: BstB: 0.1 pg, BstC: 0.1 pg, BstD: 0.2 g,
BstE: 0.5 pg, BstF: 0.8 pg, BstG: 0.5 pg, BstH: 0.8 pg. Reactions with cysteine, CoA, and bacil-
lithiol + EDTA were performed with 1 mg of each enzyme. Samples were taken every 5, 10,
and 20 minutes, and 15 uL samples were quenched in 55 pL 40 mM methanesulfonic acid.
HPLC analysis was performed using a 4.6 x 250 mm Beckman Ultrasphere IP C18 column
with a linear gradient of 0% of solvent A (0.25% acetic acid, pH = 4.0) to 100% of solvent B
(MeOH) over 35 minutes. To determine the metal ion dependence of the enzymes, a solution
of enzyme and 1 mM EDTA was incubated in assay buffer for 5 minutes prior to the addition
of bacillithiol and monochlorobimane.
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Table 1. Specific activities of the Bacillus subtilis bacillithiol transferases.

B. subtilis
bacillithiol
transferase

BstA (YfiT)
BstB (YuaE)
BstC (YisT)
BstD (YjoA)
BstE (YrdA)
BstF (YkkA)
BstG (DinB)
BstH (YizA)

No enzymed

Specific activity with
bacillithiol® (nmol min™
mg™)
2.5+0.4°
170 £ 13
49+9
113 +6
58+0.7
1.3+0.2
25+03
1.8+04

Rate of bacillithiol-mB Rate of cysteine-mB Rate of Co-mB adduct | Rate of bacillithiol-mB adduct
adduct formation (pmol | adduct formation (pmol | formation (pmol min™") | formation + EDTA® (pmol

min') min') min™")

N/A 2.5%0.2 0.3+0.2 8.7+0.2
26+ 1.1 2.5+0.4 0.3+0.1 8.7+0.1
14+ 1.0 22+0.1 0.3+0.2 89+0.3
31+0.8 22+04 0.3+0.3 8.9+0.2
12+0.9 24+04 0.3+0.1 8.9+0.2
10 + 0.4 26+£0.1 0.3+0.2 8.7+0.1
10£0.5 22+03 0.3+0.3 8.6+0.0
10+ 0.4 25+04 0.3+0.2 8.5+0.2
8.7+0.2 26+0.1 0.3+0.3 8.7+0.1

Reactions consisted of 50 pM monochlorobimane and 50 pM thiol, and were conducted at pH = 7.0 at 23°C for a total of 20 min. For reactions with bacillithiol, the

following amounts of protein: BstA: 0.1 pg, BstB: 0.1 pg, BstC: 0.1 pg, BstD: 0.2 pg, BstE: 0.5 ug, BstF: 0.8 ug, BstG: 0.5 pg, BstH: 0.8 pg. For reactions with cysteine, CoA,

and bacillithiol +EDTA, 1 mg of protein was used. All values represent mean =+ standard deviation (n = 3).

"Rate of chemical reaction was subtracted from the total rate to give net enzymatic rate.

“Enzymes were incubated with 1 mM EDTA in assay buffer for 5 minutes prior to the addition of bacillithiol and monochlorobimane.
“Data from Newton et al 2011 [22].

4“No enzyme” rate is the background chemical reaction rate of 8.7 % 0.1 pmol min".

https://doi.org/10.1371/journal.pone.0192977.t001

Minimal inhibitory concentration (MIC) determination and growth curves

Minimum inhibitory concentration (MIC) assays in LB were performed by growing cultures to
an ODgg of 0.35-0.5 and diluting cells to 5 x 10’ CFU/mL in LB. Either LB medium or Spizizen’s
minimal medium supplemented with 0.5% casamino acids and 1x trace metals were used in MIC
assays, while growth curves were performed in Spizizen’s minimal medium only. For MIC assays
in LB medium media, cells were grown in LB to ODgg of 0.35-0.5, diluted 1:10, and 10 pL of cells
were diluted 1:10 into a 96-well plate containing different concentrations of each antibiotic. For
MIC and growth curve assays in minimal medium, cells were grown in LB to ODgj of 0.35-0.5,
washed in minimal medium twice, and re-suspended to ODgq, = 1.0, diluted 1:10, and 10 pL of
cells were diluted 1:10 into a 96-well plate containing different concentrations of each antibiotic.
MIC results were obtained after 24 h incubation at 30°C for LB and 37°C for minimal medium.
Plates for growth curves were incubated at 37°C with rotatory shaking and growth was monitored
at ODggo using an Infinite 200 plate reader from Tecan. Dilutions showing hindered AbshC
mutant growth were selected for further analysis in growth curves. MIC values reported and
growth curves shown were calculated from the mean of triplicates (n = 3).

Fluorescence microscopy data acquisition and analysis

Samples of sporulating cultures were taken for imaging at the initiation of sporulation (t,), and 3
hours (t3), and six hours (t;) after the induction of sporulation. Eight microliters of cells were
added to 2 microliters of a stain mix containing 30 pg ml~' FM 4-64 and 5 pg ml™" DAPI pre-
pared in 1xT-base. Cells were immobilized on an agarose pad (1/10 LB in 1x sporulation
medium) and imaged on visualized on an Applied Precision DV Elite optical sectioning micro-
scope equipped with a Photometrics CoolSNAP-HQ? camera. Pictures were deconvolved using
SoftWoRx v5.5.1 (Applied Precision) and the medial focal planes are shown. Exposure times for
FM 4-64 and GFP were kept constant throughout all experiments. For all images, the phase con-
trast and FM 4-64 images were adjusted for best visualization. For Fig 2A, the GFP intensity was

PLOS ONE | https://doi.org/10.1371/journal.pone.0192977  February 16, 2018 7/24


https://doi.org/10.1371/journal.pone.0192977.t001
https://doi.org/10.1371/journal.pone.0192977

@° PLOS | ONE

Identification of STL enzymes encoded by B. subtilis

>

bos” T pa”
ﬁ ﬁ

P

P -
ﬁ

Poso
SIGFP SfGFP

PbstE

bstF
SIGFP

P

bstH

P

Posc
SIGFP SIGFP

adjusted for best visualization, and for Fig 2B GFP intensities were normalized between all images
to allow for comparisons between strains. To quantify GFP intensity, we manually drew a Region
of Interest (ROI) that contains the mother cell and measured the average GFP pixel intensity in
Image]J, and divided by the average GFP pixel intensity of the background (areas in the field that
do not contain cells) to calculate fold changes in intensity similar to previous methods[40]. The
average of 20 cells is reported here.

SIGFP sfGFP

PbstF PbstE
SIGFP SfGFP sfGFP sfGFP SfGFP

Fig 2. Expression patterns of the bst genes during sporulation. Fluorescence microscopy of the eight bst promoter fusions to sfGFP during exponential growth (t,), 3
hours (#3) and 6 hours (f5) after induction of sporulation by re-suspension. Cell membranes are stained with FM 4-64 (red). Phase images are shown to visualize cells
that are late in the sporulation pathway and contain phase bright forespores. A) Micrographs of the 8 promoters fusions. GFP intensities for each strain and timepoint
were adjusted individually to determine which genes were expressed under all conditions. Arrowheads show Pp,g-SfGFP and Pj,q-sfGFP expression in vegetative cells.
B) Micrographs from Fig 2A with the GFP intensity at each panel adjusted to the brightest GFP (P,,yp sfGFP at t4) to illustrate the relative levels of gene expression. Phase
images are shown for t5 images to allow visualization of phase bright intracellular spores at late stages of development.

https://doi.org/10.1371/journal.pone.0192977.9002

PLOS ONE | https://doi.org/10.1371/journal.pone.0192977  February 16, 2018 8/24


https://doi.org/10.1371/journal.pone.0192977.g002
https://doi.org/10.1371/journal.pone.0192977

o @
@ : PLOS | ONE Identification of STL enzymes encoded by B. subtilis

Preparation of lysate for mass spectrometry analysis

Growing cells and sporulating cells were harvested at ODggg = 0.4, ODggo = 4.0, tp and ¢ of
sporulation by centrifugation, suspended in HMS buffer (20 mM HEPES-NaOH, 20 mM
MgCl, and 20% sucrose, pH 7.6) containing 100 mM iodoacetamide and treated with 1 mg
ml™" lysozyme at 37°C in the dark for 30 min. Spheroplasts were harvested by centrifugation
and re-suspended in ice-cold buffer A (20 mM HEPES-NaOH, 150 mM NaCl and 1 mM
EDTA, pH 7.6) containing a 1:1000 dilution of protease inhibitor VI, EDTA free (AG Scien-
tific), 10 ug each of DNAse RNAse I, and then treated with 0.5% octylthioglucoside (Thermo
Fisher Scientific) on ice for 40 min. The insoluble fraction was removed by centrifugation for
30 minutes at 13,000 RPM at 4°C. Protein amounts were quantified using the Pierce BCA pro-
tein assay kit (Thermo Fisher Scientific).

Mass spectrometry spectral counting

Sample preparation and mass spectrometry methods. Lysates were prepared as
described above in the presence of alkylating agent iodoacetamide to prevent various reactions
of reduced cysteine. Mass spectrometry samples in Table 2 were prepared and analyzed by the
University of California, San Diego Biomolecular and Proteomics Mass Spectrometry Facility
(http://bpmsf.ucsd.edu/). For in solution digest methods, samples were diluted in TNE (50
mM Tris pH 8.0, 100 mM NaCl, 1 mM EDTA) buffer. RapiGest SF reagent (Waters) was
added to the mix to a final concentration of 0.1% and samples were boiled for 5 min. Proteins
samples were digested with trypsin (trypsin:protein ratio—1:50) overnight at 37°C. RapiGest
was degraded and removed by treating the samples with 250 mM HCl at 37°C for 1 h followed
by centrifugation at 14000 rpm for 30 min at 4°C. The soluble fraction was then added to a
new tube and the peptides were extracted and desalted using Aspire RP30 desalting columns
(Thermo Fisher Scientific). Trypsin-digested peptides were analyzed by HPLC coupled with
tandem mass spectroscopy (LC-MS/MS) using nanospray ionization as previously described

Table 2. Adjusted spectral counts of the expression of the bacillithiol transferases and bacillithiol-related proteins during growth and sporulation.

Adjusted spectral counts®

B. subtilis protein Exponential phase Stationary phase ty t3
BstA NDP NDP NDP NDP
BstB 15 3.6 10.4 30.2
BstC ND® ND® ND ND®
BstD 3.8 ND 7.1 4.0
BstE ND® ND® ND® ND®
BstF NDP ND® ND® ND®
BstG NDP NDP NDP ND°
BstH NDP NDP NDP ND®
BrxA 4.5 2.0 5.1 8.1
Yix] 1.1 12.0 14.9 34.0

CotE® ND NDP NDP 2.8
SpolIQ® NDP ND" NDP 10.6

LC-MS/MS analysis using a TripleTOF 5600 (ABSCIEX) was performed on samples collected during exponential phase (OD600 = 0.4), stationary phase (OD600 = 4.0),
at the initiation of sporulation (t0), and 3h after the induction of sporulation (t3). Adjusted spectral counts were calculated by counting the number of peptides with at
least 95% confidence that were identified divided by the total amino acid length of the protein.

*Total spectral counts for all proteins sum to 1; spectral counts for proteins were multiplied by 10*.

"ND: not detected.

“Sporulation-specific proteins.

https://doi.org/10.1371/journal.pone.0192977.t1002
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[41]. Briefly, the nanospray ionization experiments were performed using a TripleTOF 5600
hybrid mass spectrometer (ABSCIEX) interfaced with nano-scale reversed-phase HPLC
(Tempo). Peptides were eluted from the C18 column into the mass spectrometer using a linear
gradient at a flow rate of 250 pl/min for 3h. MS/MS data were acquired in a data-dependent
manner. The collected data were analyzed using MASCOT (Matrix Sciences) and Protein Pilot
4.0 (ABSCIEX) for peptide identifications.

Spectral counting. Spectral counting was performed as previously described[42]. Spectral
counting counts the number of spectra identified peptide in a sample and then integrates the
results for all measured peptides of the proteins. For each sample, the adjusted spectral count
was calculated for the proteins by counting the number of peptides with at least 95% confi-
dence that were identified, divided by the total amino acid length of the protein. This calcula-
tion takes into account that longer proteins generate more peptides and are identified more
often because of protein length rather than abundance. Spectral counts were also normalized
to the total number of peptides detected in the four growth phases to permit comparisons
between samples. The normalized spectral counts were then adjusted by multiplying counts by
10" to allow for ease of visualization.

Tandem mass tag (TMT) methods and analysis

Sample preparation and mass spectrometry methods. Lysate samples in Table 3 were
prepared as described above in the presence of alkylating agent iodoacetamide to prevent

Table 3. Normalized summed signal to noise values of the bacillithiol transferases and bacillithiol-related pro-
teins during growth and sporulation.

Normalized summed signal to noise values

B. subtilis protein to t3
BstA 165.1 388.9
BstB 226.4 192.2
BstC 104.5 243.6
BstD 59.2 36.7
BstE 30.4 97.4
BstF NDP NDP
BstG 180.0 122.2
BstH NDP NDP
BshA 131.0 1173

BshB1 202.3 186.5
BshB2 196.5 165.5
BshC 338.4 220.0
BrxA 62.6 22.4
BrxB 219.2 113.9
YtxJ 154.9 137.4
YpdA 149.7 154.3
CotE? 113.9 334.3
SpollQ* 9.9 1335

LC-MS/MS analysis using a Thermo Orbitrap Fusion (Thermo Fisher Scientific) was performed on samples collected
at the initiation of sporulation (t0), and 3h after the induction of sporulation (t3). Peptides prepared from PY79 was
separated by high pH reverse phase HPLC, fractionated and recombined to produce 10 individual injections of
tandem mass tag (TMT, isobaric tag analysis). Normalized summed signal to noise values of the reporter ions were
used for quantitation.

*Sporulation-specific proteins.

°ND: not detected.

https://doi.org/10.1371/journal.pone.0192977.1003
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various reactions of reduced cysteine. Samples were TCA precipitated then re-solubilized in
1M urea and digested with LysC and then trypsin digested. Peptides were desalted using C18
Sep-Paks. Samples were labeled with 10-plex tandem mass tag (TMT) reagents (Thermo Fisher
Scientific[43,44]), which are amine-reactive chemical tags, as previously described [45]. This
labeling method utilizes tags that are identical in chemical structure, however each tag contains
isotopes substituted at various positions resulting in mass reporter and mass normalization
regions that have different molecular masses. During MS/MS fragmentation, the reporter ion
is released from the labeled peptide and can be used for quantitation. Labeled peptides were
fractionated by basic pH reverse-phase liquid chromatography [46] with fraction combining
as previously described [47]. Briefly, samples were separated into 96 fractions, pooled into 24
fractions, and 12 fractions were selected for analysis. Fractions were dried and analyzed by
LC-MS2/MS3 for identification and quantitation. LC-MS2/MS3 experiments were conducted
on an Orbitrap Fusion (Thermo Fisher Scientific) with an in-line Easy-nLC 1000 (Thermo
Fisher Scientific).

TMT analysis. Resultant data files were processed using Proteome Discoverer 2.1
(Thermo Fisher Scientific). Reporter ion intensities from TMT reagents were extracted from
MS3 spectra for quantitative analysis, and signal to noise values were used for quantitation. See
S1 File for details and additional information. Protein level quantitation values were calculated
by summing signal to noise values for all peptides per protein meeting the specified filters.
Data were normalized and final values are reported as normalized summed signal to noise per
protein per sample.

Results

Phylogenetic analysis shows the distribution of STL bacillithiol transferase
homologs in Bacillus species

Previously, we showed that the STL superfamily is extremely divergent, with family members
sharing structural rather than sequence similarity[23]. Using the previously described B. subtils
YAiT S-transferase[22] as a query for structural similarity using the Superfamily website[24],
we showed that whereas S. aureus encodes only one STL family member, the bacillithiol trans-
ferase BstA, Bacillus subtilis encodes a total of eight STL family members, seven of which are
putative bacillithiol transferases. Notably the pathogen Bacillus anthracis AMES encodes a
total of 16 STL family members [22]. To understand the evolutionary relationships between
these proteins, we first performed alignments with the primary amino acid sequences of the B.
subtilis enzymes (Figure A in S1 File). This analysis showed that B. subtilis BstA (formerly
YfiT;[23]) and the remaining seven putative B. subtilis bacillithiol transferases share very low
sequence identity: BstA showed between 9-23% identity to the remaining transferases, and the
most closely related pair (YisT and DinB) showed just 37% sequence identity. Thus, B. subtilis
168 encodes eight STL family members distantly related to one another.

To further understand the diversity of these enzymes and their distribution across other B. subti-
lis strains, we next constructed a phylogenetic tree that contains STL superfamily members from B.
subtilis strain 168 and four other B. subtilis strains. Due to its lack of sequence or structural similari-
ties to the STL superfamily bacillithiol transferases, B. subtilis FosB bacillithiol transferase served as
outgroup for this analysis (black, Fig 1). BstG/DinB and BstC/YisT are more closely related to each
other than to any other putative bacillithiol transferase and therefore cluster closely together on a
phylogenetic tree (green, Fig 1). We found that seven STL homologs are conserved in all five strains,
shown as proteins that branch and cluster together (Fig 1A), and share >88% sequence similarity
with the B. subtilis 168 protein sequences (Table A in S1 File). The eighth branch (defined by BstH/
YizA) is found in B. subtilis 168 as well as the two B. subtilis spizizenii strains analyzed. Interestingly,
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B. subtilis subsp. spizizenii TU-B-10 encodes an extra STL enzyme (AEP87498.1) that even its closest
relative, B. subtilis subsp. spizizenii W23, does not encode. This protein, AEP87498.1, does not clus-
ter with any of the STL enzymes encoded in the five B. subtilis strains (Fig 1A). In addition, a
BLAST search shows that the same protein (100% sequence identity and coverage) is found in Jeot-
galibacillus marinus. Thus, the B. subtilis strains we examined encode seven of the eight STL-related
proteins found in the B. subtilis 168 genome, and two of these proteins (BstH/YizA from 168, and
AEP87498.1 from TU-B-10) show a more limited distribution, perhaps indicating that they per-
form a specialized function. This demonstrates that even within a single species, individual strains
show a degree of variability in their repertoire of STL-family members.

To study the conservation of STL proteins different Bacillus species, we performed a phylo-
genetic analysis on the proteins encoded by B. subtilis 168, Bacillus megaterium QMB1551,
Bacillus amyloliquefaciens subsp. plantarum str. FZB42, Bacillus halodurans C-125, Bacillus
anthracis str. Ames, and Bacillus thuringiensis str. Al Hakam (Fig 1B). We find that most of the
STL proteins are found in all six species analyzed, with some species even encoding more than
one copy of the same STL homolog with >30% sequence identity, while some homologs are
missing (Fig 1B, Table B in S1 File). For example, a B. subtilis BstC/YisT homolog is not pres-
ent in Bacillus anthracis Ames. Additionally, there are a number of homologs that are encoded
in other species but are not in B. subtilis 168. For example B. anthracis Ames and B. thuringien-
sis str. Al Hakam encode eight and eleven STL homologs, respectively, not encoded in B. subti-
lis. Thus, there is substantial variability in the STL superfamily of proteins between related
species, indicating that there is evolutionary pressure to retain and diversify the STL superfam-
ily of enzymes.

The diversity of the STL-superfamily members encoded in different strains and species sug-
gests that these enzymes might be part of the dispensable genome of Bacillus species, rather
than the core genome. Indeed, a recent genomic study of the genomes of 20 Bacillus species
identified 814 conserved genes that comprise the core genome of Bacillus species[48]. This
study revealed that the bacillithiol biosynthesis genes bshA, bshB2, and bshC, but none of the
eight B. subtilis bacillithiol transferases, are part of the core genome[48]. However, we note
that each of the specific strains included in this study encode STL-family proteins, suggesting
that the function may be required. Indeed, the published study included B. coahuilensis
(NZ_ABFU00000000), which has the smallest genome reported for a Bacillus species. BLAST
searches revealed that the B. coahuilensis genome encoded homologs of just two of the eight B.
subtilis proteins, BstA (for which WP_010173769.1 showed 97% coverage and 51% sequence
identity) and BstB/YuaE (for which WP_010173272.1 showed 85% coverage and 32% sequence
identity). BstA and/or BstB/YuaE homologs were found in all the species we analyzed, except
Bacillus clausii KSM-K16 (NC_006582) and Oceanobacillus iheyensis HTE831 (NC_004193),
which encoded other members of the STL superfamily that were identified by the PEAM anal-
ysis. Thus, all of the genomes we analyzed encode at least one putative bacillithiol transferase,
suggesting that this activity is conserved, although none of the B. subtilis enzymes are con-
served across all twenty species.

Biochemical activity of the putative bacillithiol transferases

In order to test if all the STL-related proteins encoded by B. subtilis strain 168 were active bacil-
lithiol transferases, we overexpressed and purified the Hiss-tagged proteins (Figure B in S1 File
and “Materials and Methods”). We assessed the specific activities of the purified putative bacil-
lithiol transferases using the electrophile monochlorobimane. Monochlorobimane reacts
slowly with thiols, and upon addition of a bacillithiol transferase, the rate of product formation
increases[23]. Accumulation of the product (bacillithiol-bimane) can be monitored over time
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using reverse phase HPLC and fluorescence detection. This analysis showed that all seven
enzymes were active to varying degrees with bacillithiol and monochlorobimane, with all
showing specific activities that are above the chemical rate background (Table 1). We therefore
renamed the proteins BstB-H, replacing their provisional ORF names with bstB (yuaE), bstC
(yisT), bstD (yjoA), bstE (yrdA), bstF (ykkA), bstG (dinB), bstH (yizA). Four of these enzymes
(BstB, BstC, BstD, and BstE) have specific activities significantly higher than B. subtilis BstA
[22]. These high activity enzymes (Table 1) have rates that compare well with those found for
bacterial glutathione transferases (160-5000 nmole min'lmg'1 [49]). After subtracting the
chemical rate (8.7 + 0.1 pmol min™"), the specific activity of BstG is comparable to the specific
activity reported for B. subtilis BstA, while that of BstF and BstH are lower than that of BstA
[22]. The low activity of these enzymes could be due either to the His-tags, which could
adversely affect enzyme activity of these purported metalloenzymes, or it could be due to a
poor fit between the active site and monochlorobimame, which is unlikely to be the natural
substrate for any of these enzymes.

We next tested the specificity of these enzymes for its co-substrate bacillithiol versus two
other major low molecular weight thiols found in B. subtilis cells, cysteine and coenzyme A
(CoA). The bacillithiol transferases were unable to catalyze formation of cysteine-bimane or
CoA-bimane above the background chemical rates (Table 1). Thus, the B. subtilis bacillithiol
transferases are inactive with either cysteine or CoA. Together, these data indicate that despite
the low sequence similarity to each other or to S. aureus BstA, all eight of the putative bacil-
lithiol transferases encoded by the B. subtilis 168 genome are active and that they use bacil-
lithiol as a co-substrate. These results demonstrate that widely divergent members of the STL-
superfamily retain a common enzymatic activity.

BstA-H activity is metal dependent

The crystal structure of B. subtilis BstA has been shown to have an active site geometry consis-
tent with those of metalloenzymes, with three conserved histidines (H67, H160, and H164)
that might coordinate an active site metal[50]. The authors of this study therefore predicted
that the proteins might be metal dependent, and indeed, we previously determined that the
activity of bacillithiol transferase from S. aureus is metal dependent [23]. An alignment of the
eight bacillithiol transferases of B. subtilis 168 (Figure A in S1 File) revealed that these three
histidines were the only completely conserved amino acids. The His-tagged bacillithiol trans-
ferases were presumed to be in the zinc form due to the use of zinc affinity columns during
purification. To determine the metal ion requirement of the eight purified bacillithiol transfer-
ases, we added the divalent cation-chelating agent EDTA to the monochlorobimane enzyme
assay to establish whether addition of this chelating agent would decrease enzyme activity.
Upon addition of EDTA, the activity of all eight enzymes was decreased to a rate comparable
to the chemical rate, which represents a >99% reduction in rate (Table 1). These data suggest
that the activity of all eight bacillithiol transferases is metal-dependent, although further stud-
ies are required to determine which metal is normally used by the enzymes in vivo. Such meta-
lation studies of thiol transferases have revealed the substrate specificity and enzymatic rate
may vary with metal ion[21,51].

Phenotypic analysis of the AbshC and AbstA-H mutants against select
oxidants and stressors
Bacillithiol is implicated in a number of protective as well as physiological roles. It has been

found to detoxify fosfomycin [15,21], to serve as a buffer for cytoplasmic zinc [52], to protect
cysteine residues from oxidative reactions during NaOCl stress [16,17], and to contribute to
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the assembly of Fe(S) clusters [18] in B. subtilis. Bacillithiol-deficient mutants of B. subtilis
have been reported to grow slowly in minimal media and to be sensitive to NaOCl, paraquat,
CdCl,, and CuCl, which all cause oxidative stress in minimal media [18] and to high concen-
trations of NaCl[15]. It is possible that bacillithiol-dependent protective reactions are catalyzed
by bacillithiol transferases, so we tested the sensitivity of bst mutants to fosfomycin, paraquat,
CdCl,, CuCl, and NaCl in both nutrient-rich LB and minimal media. We first constructed in
frame deletions of all eight bst genes (as described in Materials and Methods). To account for
potential functional redundancy among the proteins, we then combined these eight mutations
into a single strain, generating a strain containing AbstA, AbstB, AbstC, AbstD, AbstE, AbstF,
AbstG and AbstH (hereafter referred to as AbstA-H). This strain was compared to the bacil-
lithiol deficient AbshC strain and the wild type strain PY79. The minimum inhibitory concen-
tration (MIC) was determined 24 hours after inoculation with the stressor. As expected, the
AbshC, but not the AbstA-H mutant, was more sensitive to fosfomycin, which is detoxified by
the FosB transferase, than PY79 in both minimal and rich media. However, the wild type
PY79, the AbshC and AbstA-H strains shared the same MIC in both types of media against all
of the other stressors (Table D in S1 File), suggesting that these strains were not sensitized to
any of the stressors. However, the MIC is an endpoint assay that could miss decrease in growth
rate and longer lag phases, so we also performed growth curves for all three strains in the pres-
ence of stressors. The AbstA-H strain showed growth that was identical to the wild type strain
under all conditions, demonstrating that the proteins are not involved in resistance to these
agents. The AbshC mutant showed a slightly increased lag in growth with CdCl,, NaOCl and
paraquat (Figure C in S1 File), although the growth defects we observed were less severe than
previously reported[16,53]. Thus, the strain lacking all eight of the bacillithiol transferases
identified so far shows normal growth in the presence of a variety of stressors.

Mass spectrometry analysis and fluorescence microscopy show that
bacillithiol transferases and bacilliredoxins are expressed during growth
and sporulation

We reasoned that studying the regulation of the bacillithiol transferases might help reveal their
endogenous functions. For example, the four genes required for bacillithiol biosynthesis, bshA,
bshB1, bshB2, and bshC, are under the control of the Spx transcription factor[54], which is acti-
vated by stressors such as oxidants, electrophiles, and heat. In addition, bshA and bshB1 have
been reported to be under the control of the sporulation-specific transcription factor sigma E,
which controls early mother cell-specific transcription[55]. However, there is very little docu-
mentation in the literature about the expression of the bacillithiol transferases. We first used
mass spectrometry analysis to examine the expression of bacillithiol transferase during differ-
ent stages of growth. To do so, we used spectral counting of native peptides from a B. subtilis
PY79 extract to assess the total number of spectra identified for a peptide to quantify the rela-
tive abundance of each bacillithiol transferase[42,56,57]. Using a single injection of extract sep-
arated using a low pH capillary HPLC separation online with QTOF mass spectrometer we
were able to detect a total of 762 proteins, with 390, 238, 521 and 690 proteins (S1 Dataset)
detected in exponential phase, stationary phase, ¢, and t; of sporulation, respectively. We
detected BstB expression during exponential phase (ODggo = 0.4), stationary phase (ODgp =
4.0), ty, and 5 of sporulation, while BstD expression was detected during exponential phase, t,
and ¢; of sporulation (Table 2). BstD was expressed constitutively whereas BstB appeared to
increase 2.9-fold between #, and f; of sporulation. Interestingly, the confirmed bacilliredoxin
BrxA [58] and the putative bacilliredoxin YtxJ[15] are also expressed during growth and
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sporulation, with Ytx]J increasing 2.3-fold during sporulation, following a pattern similar to
that of BstB (Table 2).

It is possible that we failed to detect other bacillithiol transferases because high abundance
peptides masked those from lower abundance proteins of interest in these complex extracts.
To remedy this and allow for increased protein and peptide identification, we used a high-pH
reversed-phase fractionation method where single samples were separated offline into 96 frac-
tions, pooled, dried, and injected at low pH as 12 individual samples as previously described
[46,59]. These methods complemented the low pH, single injection method used in Table 2.
We also utilized a more sensitive instrument, a Thermo Orbitrap Fusion, to gain greater cover-
age of the B. subtilis proteome [60,61]. For quantitation purposes, samples were labeled with
tandem mass tag (TMT) reagents as previously described[45]. We chose to examine cells at the
initiation of sporulation (#,), and three hours after the initiation of sporulation (¢;) because this
would give us information about stationary phase as well as sporulation. Indeed, using these
methods we identified 2837 proteins (S2 Dataset), a large proportion of the 4100 theoretical B.
subtilis proteins, as compared to the 762 proteins identified in Table 2. We detected all of the
bacillithiol transferases except for BstF and BstH during both time points (Table 3). We also
detected all four bacillithiol biosynthesis genes, the three confirmed and putative bacilliredox-
ins, and the putative bacilliredoxin reductase YpdA. Notably, BstA and BstE expression
increased almost 3-fold during sporulation.

We further examined expression of the bacillithiol transferases by using GFP reporter con-
structs to determine if the proteins were expressed uniformly in cells within the population
and to see if we could detect expression of BstF and BstH. Our mass spectrometry analysis sug-
gested that some of these proteins were induced during sporulation, and we were therefore
also interested in determining if they were expressed in the vegetative or the sporulating cells
in these cultures, and if the latter, if induction was occurring in a cell specific manner. We
therefore constructed strains containing fusions of the promoters for each of the eight bacil-
lithiol transferase genes (bstA-H), to superfolder green fluorescent protein (sfGFP) and moni-
tored the cells during growth and sporulation using fluorescence microscopy. We were able to
detect expression of all of the bst genes except bstF and bstH immediately after the initiation of
sporulation by resuspension (t,, Fig 2A) at levels similar to that seen in stationary phase cells.
The bstB and bstE genes were expressed at the highest levels, and most cells showed similar lev-
els of expression. The other genes were expressed at lower levels, with substantial cell-to-cell
variability. Many bst genes were also expressed during sporulation, and several appeared to be
substantially upregulated in the larger mother cell during sporulation, including bstB, bstD,
bstE, and bstF. In some of these strains, low levels of GFP expression were also seen in some
vegetative cells (Fig 2A bstB and bstE, arrowheads). Some genes, such as bstA, bstC, bstG, and
bstH, were expressed in both vegetative and sporulating cells, in most cases with substantial
heterogeneity in expression levels in both cell types.

To more readily compare GFP intensity and gene expression across strains and time points,
the GFP intensity was adjusted in an identical manner relative to the brightest strain and time-
point (bstB at t) for images collected with the same exposure time (Fig 2B). This indicated that
of the eight genes, bstB and bstE showed the highest expression, and that they were induced in
the mother cells of sporangia at t; and t, of sporulation. Using these adjustment methods, GFP
from the other genes could not be detected. Quantification of bstB and bstE expression at t; (as
described in Materials and Methods) revealed that expression of Pg-GFP and Py, p-GFP was
30-50x higher in the mother cell than background. Similar results were obtained with
BstB-GFP and BstE-GFP protein fusions. Thus, of the eight bst genes, low and often heteroge-
neous levels of expression was detected in vegetative cells and in the mother cell of sporulating
cells for several proteins, with high mother cell specific expression observed for the two most
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highly expressed bst genes, bstB and bstE. Together, our mass spectrometry and microscopy
data show that all of the bacillithiol transferases are produced to variable levels under at least
one condition during growth and sporulation, although most are expressed at substantially
lower levels than bstB and bstE.

Bacillithiol, bacillithiol transferases, and bacilliredoxins are not essential
for sporulation

We next tested if bacillithiol and the bacillithiol transferases are required for sporulation, as
suggested by the above results and as reported by a previous study, which reported that the
bshA deletion of B. subtilis CU1065 shows a ~100-fold reduction in spore titer [15]. To test this
hypothesis, spore titers were determined by enumerating the number of heat resistant colony
forming units per mL after 24 hours growth in DSM for PY79, derivatives with the AbshA,
AbshC, AbstA-H, and AspoOA mutations and the AbshA mutant in a CU1065 background. We
also constructed a strain deficient in the confirmed bacilliredoxins brxA and brxB and the
putative bacilliredoxin ytxJ, hereafter referred to as AbrxAAbrxBAytx], to assess the role of
bacilliredoxins in spore formation and germination. The AbshA and AbshC mutants were
included to assess the role of bacillithiol in sporulation. We included two sporulation defective
control strains, Aspo0A which is defective in biofilm formation and early sporulation specific
gene expression, and AsigH, an alternative sigma factor that directs the transcription of genes
that function during the transition from exponential growth to stationary phase.

We found no difference in the spore titer in B. subtilis PY79, and strains with AbshA,
AbshC, AbstA-H, or AbrxAAbrxBAytx] mutations: each produced similar number of heat resis-
tant spores (Table 4). We therefore tested the impact of the bstA mutation in B. subtilis strain
CU1065, and observed a ~14-fold reduction in spore titer in the AbshA strain, smaller than the
previously observed ~100-fold reduction previously reported, which might be attributed to dif-
ferences in the media, or assay method used [15].

Differences in the spore titers of the bacillithiol-deficient mutants can be attributed to dif-
ferences between the PY79 and CU1065 parental strains utilized. We also used microscopy to
monitor the timing of engulfment [62] and germination [63] for the B. subtilis PY79 AbshA,
AbshC and AbstA-H strains, and both processes appeared to occur normally. To test for more
subtle defects in spore assembly or function, we tested the AbshC and AbstA-H spores for resis-
tance to oxidants, lysozyme, and ethanol, finding them to be as resistant as wild type (Table E

Table 4. Spore titers of relevant strains.

Strain Relevant genotype Spore titer
(cfumL™)?
CU1065 Parental strain 3.8x10°
HB11002 AbshA 2.6x 107
PY79 Parental strain 1.6x 10°
KP648 AspoOA <10?
BER657 AsigH <10?
AD3303 AbshA 1.7 x10°
RP82 AbshC 1.3x10°
RP238 AbstA-H 1.2x10°
RP259 AbrxA, AbrxB, Aytx] 1.9x10°

*Titers were determined as described in the “Materials and Methods.” The values shown are averages of at least two

experiments.

https://doi.org/10.1371/journal.pone.0192977 1004
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in S1 File). Thus, in our studies we were unable to detect any change in the durability of the
mutant AbshC and AbstA-H spores, indicating that the integrity of the spore coat and the dehy-
dration of the spore appear to remain uncompromised in the absence of bacillithiol and all
eight identified bacillithiol transferases in the STL superfamily. Thus, it remains unclear what
function these proteins serve in sporulating cells.

Discussion

The STL superfamily of thiol transferases is a large, divergent family of enzymes that are
related by structural rather than sequence similarity. Most of the STL bacillithiol transferases
encoded in Bacillus subtilis share less than 30% sequence similarity and would not be consid-
ered to be part of the same protein family. Yet, we here demonstrate that each of the predicted
STL enzymes[22] is active to varying degrees with the model substrate monochlorobimane.
Our data indicates that like S. aureus BstA[23], these enzymes are active with bacillithiol, but
not with cysteine or Coenzyme A, and that they are metalloenzymes. The lowest activity was
observed for BstF, BstG and BstH, while BstB and BstD showed a very high enzymatic activity
under the conditions used here. We have therefore renamed the enzymes according to the STL
nomenclature used previously (bstA-H [23])in order to avoid confusion with the old DinB/
YfiT-like nomenclature. It is possible that the lower activity of some of these enzymes is due to
the use of the incorrect metal cofactor, inclusion of the Hisg tag [64], or a low binding affinity
between the active site and the model substrate monochlorobimane.

Phylogenetic analysis shows that none of the eight bacillithiol transferases encoded by B.
subtilis 168 are part of the core genome [48], although seven are found in all four B. subtilis
strains that we here investigated in more detail. Two strains do not encode BstH/YizA, while
Bacillus subtilis subsp. spizizenii TU-B-10 which is an environmental strain isolated from
Nefta, Tunisia[65], encodes an additional bacillithiol transferase that is not encoded in the
other B. subtilis strains. Interestingly, an identical protein is found in Jeotgalibacillus marinus,
which is a marine strain that is found in the traditional Korean food jeotgal[66,67]. When the
phylogenetic analysis is expanded to include other Bacillus species, we find an even greater
diversity of STL enzymes, with different species encoding additional homologs. Like B. subtilis,
B. amyloliquefaciens encodes a total of eight STL enzymes, but one enzyme does not share
homology with any of the B. subtilis STL bacillithiol transferases. B. halodurans, B. anthracis, B.
thuringiensis, and B. megaterium encode four, eight, eleven, and six additional STL enzymes,
respectively. Thus, different strains and species show variability in their suite of putative bacil-
litiol transferases.

Currently the natural substrates of any of the B. subtilis bacillithiol transferases are
unknown. However, recent studies show two mycothiol transferases in the STL family are
involved in the biosynthesis [13], rather than the detoxification, of secondary metabolites,
which is a new and interesting role for thiol transferases. The STL superfamily member LmbV
transfers mycothiol to a precursor molecule during lincomycin A biosynthesis in Streptomyces
lincolnensis, incorporating the sulfur of mycothiol into the final Lincomycin A molecule [13].
Additionally, the STL superfamily enzyme EgtB was determined to catalyze the transfer of y-
glutamyl cysteine to N-o-trimethyl histidine during ergothioneine biosynthesis in Mycobacte-
rium thermoresistibile[14]. In both cases, the authors note that the STL mycothiol transferases
contain two Pfam domains: the first being the DinB domain responsible for thiol transfer, the
second being a domain with a different function. This second domain most likely drives the
specificity toward the non-thiol co-substrate. Characterization of the second domain could aid
in the quest to find the natural substrates of multi-domain thiol transferses. In the case of the
eight B. subtilis STL bacillithiol transferases, however, each enzyme contains only a single
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domain, the DinB domain. Thus, a different strategy must be used to identify the natural sub-
strates of these enzymes.

We took two different approaches to begin the task of identifying the physiological roles
and natural substrates of the bacillithiol transferases. First, we took a candidate approach in
which we tested the sensitivity of the AbstA-H mutant lacking all members of the STL family
to molecules that bacillithiol-deficient strains are sensitive to in nutrient rich and nutrient
limiting media. We assessed sensitivity in MIC format, where growth is assessed 24 hours
after inoculation, and in growth curves, where growth is monitored from the time of inocu-
lation through stationary phase. In both cases we found no molecules that AbstA-H is sensi-
tive to and in fact, determined that growth of the AbshC mutant was not as severely reduced
by stressors as previously reported [16,53], with the sole exception of fosfomycin. The rea-
sons for this discrepancy might be due to the different strains used or differences in the lev-
els of trace metals or other components in the media. Thus, we were unable to find a growth
defect associated with the absence of the bacillithiol transferases, in the presence or absence
of various stressors.

In the second approach, we monitored bst gene expression during different phases of B.
subtilis growth and development, hypothesizing that the enzymes might be involved in
either morphogenesis or in resistance to endogenous toxins and oxidants. We used GFP
fusions and two complementary mass spectrometry methods to assess expression of bacil-
lithiol transferases during vegetative growth and sporulation. Using mass spectrometry, we
were able to demonstrate expression of all bacillithiol transferases except BstF and BstH, as
well as the bacillithiol biosynthesis proteins, and the confirmed and putative bacilliredoxins
during growth and sporulation. We also used GFP reporter strains to visualize the spatial
and temporal expression of bst promoter fusions to GFP during growth and sporulation.
Using this method, we determined that six of the bst genes are expressed at variable and low
levels at during growth, and that all eight bst genes are expressed during sporulation. Several
of the promoters are induced in the mother cell, with very high mother cell specific expres-
sion of bstB and bstE. However, we found that mutants lacking bacillithiol or all eight bacil-
lithiol transferases have no impact on sporulation in PY79, although we found a ~14 fold
reduction in spore titer of bacillithiol-deficient mutants in one B. subitlis strain. Further
studies are necessary to determine the role that the bacillithiol transferases might play in
sporulation and to understand the strain specificity of the impact. It is possible that bacil-
lithiol transferases contribute to mother cell specific processes, such as assembly or modifi-
cation of the proteinaceous spore coat, or that they protect the developing spore from
exogenous toxins and oxidants.

The genomic context of the genes encoding the bacillithiol transferases may also provide
information about the physiological roles and the natural substrates for these enzymes. Many
of the genes in the vicinity of the bacillithiol transferases are involved in efflux and transcrip-
tion, suggesting a possible role for some enzymes in detoxification of specific molecules (Fig
3). Prior studies have demonstrated that after bacillithiol is conjugated to the target substrate, a
bacillithiol conjugate amidase hydrolyzes the bacillithiol, and that an N-acetyltransferase in the
GNAT family transfers acetyl to the resulting cysteine to form a mercapturic acid adduct,
which exits the cell via passive diffusion or transport[22,53,68-70]. BshB2 has been shown to
have bacillithiol conjugate amidase activity in B. anthracis and S. aureus [23,53,70], but the N-
acetyltransferases and efflux pumps have yet to be identified. Interestingly, several genes
encoding proteins with sequence similarity to the GNAT family of N-acetyltransferases and
efflux transporters are found in close proximity to bst genes, including yisL and vimR, which
are found next to each other. Other interesting genes in the vicinity include a wide array of
transcription factors that might provide insight into bacillithiol expression and yisP, which
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https://doi.org/10.1371/journal.pone.0192977.9003

encodes a farnesyl diphosphate phosphatase involved in the synthesis of squalene. Farnesol,
the product of YisP contributes to biofilm formation in B. subtilis and modifies lipid bilayer
structure to convey oxidative resistance much like the S. aureus virulence factor staphylox-
anthin[71]. Staphyloxanthin biosynthetic genes are upregulated during thiol stress in a bacil-
lithiol deficient mutant of S. aureus, although staphyloxanthin levels are the same in the
different strains[72]. Thus, it would be interesting to see if bacillithiol affects biofilm formation
and membrane integrity in Bacillus subtilis.

Our studies have confirmed the activity of a new superfamily of bacillithiol transferases
encoded in Bacillus subtilis. We show that these enzymes are extremely divergent in sequence
and display a wide range of biochemical activity. The high level of divergence among the B.
subtilis bacillithiol transferases suggests that they are under selective pressure, perhaps to cope
with an equally diverse array of endogenous and/or exogenous toxic metabolites and oxidants.
Indeed, additional studies of the enzymes are needed to determine the physiological roles of
these enzymes. Given the data presented here, we believe stationary phase and sporulation
might be appropriate places to start.

PLOS ONE | https://doi.org/10.1371/journal.pone.0192977  February 16, 2018 19/24


https://doi.org/10.1371/journal.pone.0192977.g003
https://doi.org/10.1371/journal.pone.0192977

@° PLOS | ONE

Identification of STL enzymes encoded by B. subtilis

Supporting information

S1 File. Supporting information file. Figures and tables containing supporting data.
(DOCX)

S1 Dataset. Mass spectrometry data. Spectral counts for Table 2.
(XLSB)

S2 Dataset. Mass spectrometry data. Normalized summed signal to noise for Table 3.
(XLSX)

Acknowledgments

We thank John Helmann and Ahmed Gaballa for the AbshA and CU1065 strains. We thank
Majid Ghassemian, Director of the University of California, San Diego Biomolecular and Pro-
teomics Mass Spectrometry Facility for performing the mass spectrometry experiments and
analysis in Table 2, Eammon Riley for providing the AsigH::erm strain, Alan Derman for pro-
viding the AbshA::mls strain in a PY79 background, and Javier Lopez-Garrido for helpful dis-
cussions. We would also like to thank Christelle Tamby and Victoria Su for their aid in strain
construction.

Author Contributions

Conceptualization: Varahenage R. Perera, John D. Lapek, Jr., Gerald L. Newton, David J.
Gonzalez, Kit Pogliano.

Formal analysis: Varahenage R. Perera, John D. Lapek, Jr., Gerald L. Newton.
Funding acquisition: David ]. Gonzalez, Kit Pogliano.

Investigation: Varahenage R. Perera, John D. Lapek, Jr., Gerald L. Newton.

Writing - original draft: Varahenage R. Perera, John D. Lapek, Jr., Gerald L. Newton.

Writing - review & editing: Varahenage R. Perera, John D. Lapek, Jr., Gerald L. Newton,
David J. Gonzalez, Kit Pogliano.

References

1. Fahey RC (2013) Glutathione analogs in prokaryotes. Biochim Biophys Acta 1830: 3182-3198. https://
doi.org/10.1016/j.bbagen.2012.10.006 PMID: 23075826

2. Pivato M, Fabrega-Prats M, Masi A (2014) Low-molecular-weight thiols in plants: functional and analyti-
cal implications. Arch Biochem Biophys 560: 83-99. https://doi.org/10.1016/j.abb.2014.07.018 PMID:
25057770

3. Mannervik B (2012) Five decades with glutathione and the GSTome. J Biol Chem 287: 6072—6083.
https://doi.org/10.1074/jbc.X112.342675 PMID: 22247548

4. Townsend DM, Manevich Y, He L, Hutchens S, Pazoles CJ, Tew KD (2009) Novel role for glutathione
S-transferase pi. Regulator of protein S-Glutathionylation following oxidative and nitrosative stress. J
Biol Chem 284: 436—445. https://doi.org/10.1074/jbc.M805586200 PMID: 18990698

5. Klaus A, Zorman S, Berthier A, Polge C, Ramirez S, Michelland S, et al. (2013) Glutathione S-transfer-
ases interact with AMP-activated protein kinase: evidence for S-glutathionylation and activation in vitro.
PLoS One 8: €62497. https://doi.org/10.1371/journal.pone.0062497 PMID: 23741294

6. ShiM, Bradner J, Bammler TK, Eaton DL, Zhang J, Ye Z, et al. (2009) Identification of glutathione S-
transferase pi as a protein involved in Parkinson disease progression. Am J Pathol 175: 54-65. https://
doi.org/10.2353/ajpath.2009.081019 PMID: 19498008

7. Mazzetti AP, Fiorile MC, Primavera A, Lo Bello M (2015) Glutathione transferases and neurodegenera-
tive diseases. Neurochem Int 82: 10-18. https://doi.org/10.1016/j.neuint.2015.01.008 PMID: 25661512

PLOS ONE | https://doi.org/10.1371/journal.pone.0192977  February 16, 2018 20/24


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0192977.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0192977.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0192977.s003
https://doi.org/10.1016/j.bbagen.2012.10.006
https://doi.org/10.1016/j.bbagen.2012.10.006
http://www.ncbi.nlm.nih.gov/pubmed/23075826
https://doi.org/10.1016/j.abb.2014.07.018
http://www.ncbi.nlm.nih.gov/pubmed/25057770
https://doi.org/10.1074/jbc.X112.342675
http://www.ncbi.nlm.nih.gov/pubmed/22247548
https://doi.org/10.1074/jbc.M805586200
http://www.ncbi.nlm.nih.gov/pubmed/18990698
https://doi.org/10.1371/journal.pone.0062497
http://www.ncbi.nlm.nih.gov/pubmed/23741294
https://doi.org/10.2353/ajpath.2009.081019
https://doi.org/10.2353/ajpath.2009.081019
http://www.ncbi.nlm.nih.gov/pubmed/19498008
https://doi.org/10.1016/j.neuint.2015.01.008
http://www.ncbi.nlm.nih.gov/pubmed/25661512
https://doi.org/10.1371/journal.pone.0192977

@° PLOS | ONE

Identification of STL enzymes encoded by B. subtilis

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

Coles BF, Kadlubar FF (2003) Detoxification of electrophilic compounds by glutathione S-transferase
catalysis: determinants of individual response to chemical carcinogens and chemotherapeutic drugs?
Biofactors 17: 115-130. PMID: 12897434

Townsend DM, Tew KD (2003) The role of glutathione-S-transferase in anti-cancer drug resistance.
Oncogene 22: 7369-7375. https://doi.org/10.1038/sj.onc.1206940 PMID: 14576844

Allocati N, Federici L, Masulli M, Di llio C (2009) Glutathione transferases in bacteria. FEBS J 276: 58—
75. https://doi.org/10.1111/j.1742-4658.2008.06743.x PMID: 19016852

Newton GL, Fahey RC (2002) Mycothiol biochemistry. Arch Microbiol 178: 388—394. https://doi.org/10.
1007/s00203-002-0469-4 PMID: 12420157

Feng J, Che Y, Milse J, Yin YJ, Liu L, Ruckert C, et al. (2006) The gene ncgl2918 encodes a novel mal-
eylpyruvate isomerase that needs mycothiol as cofactor and links mycothiol biosynthesis and gentisate
assimilation in Corynebacterium glutamicum. J Biol Chem 281: 10778-10785. https://doi.org/10.1074/
jbc.M513192200 PMID: 16481315

Zhao Q, Wang M, Xu D, Zhang Q, Liu W (2015) Metabolic coupling of two small-molecule thiols pro-
grams the biosynthesis of lincomycin A. Nature 518: 115-119. https://doi.org/10.1038/nature14137
PMID: 25607359

Goncharenko KV, Vit A, Blankenfeldt W, Seebeck FP (2015) Structure of the sulfoxide synthase EgtB
from the ergothioneine biosynthetic pathway. Angew Chem Int Ed Engl 54: 2821-2824. https://doi.org/
10.1002/anie.201410045 PMID: 25597398

Gaballa A, Newton GL, Antelmann H, Parsonage D, Upton H, Rawat M, et al. (2010) Biosynthesis and
functions of bacillithiol, a major low-molecular-weight thiol in Bacilli. Proc Natl Acad SciU S A 107:
6482—6486. https://doi.org/10.1073/pnas.1000928107 PMID: 20308541

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

Chi BK, Roberts AA, Huyen TT, Basell K, Becher D, Albrecht D, et al. (2013) S-bacillithiolation protects
conserved and essential proteins against hypochlorite stress in firmicutes bacteria. Antioxid Redox Sig-
nal 18: 1273-1295. https://doi.org/10.1089/ars.2012.4686 PMID: 22938038

Fang Z, Dos Santos PC (2015) Protective role of bacillithiol in superoxide stress and Fe-S metabolism
in Bacillus subtilis. Microbiologyopen 4: 616—631. https://doi.org/10.1002/mbo3.267 PMID: 25988368

Rosario-Cruz Z, Chahal HK, Mike LA, Skaar EP, Boyd JM (2015) Bacillithiol has a role in Fe-S cluster
biogenesis in Staphylococcus aureus. Mol Microbiol 98: 218-242. https://doi.org/10.1111/mmi.13115
PMID: 26135358

He P, Moran GR (2011) Structural and mechanistic comparisons of the metal-binding members of the
vicinal oxygen chelate (VOC) superfamily. J Inorg Biochem 105: 1259-1272. https://doi.org/10.1016/].
jinorgbio.2011.06.006 PMID: 21820381

Roberts AA, Sharma SV, Strankman AW, Duran SR, Rawat M, Hamilton CJ (2013) Mechanistic studies
of FosB: a divalent-metal-dependent bacillithiol-S-transferase that mediates fosfomycin resistance in
Staphylococcus aureus. Biochem J 451: 69-79. https://doi.org/10.1042/BJ20121541 PMID: 23256780

Newton GL, Leung SS, Wakabayashi JI, Rawat M, Fahey RC (2011) The DinB superfamily includes
novel mycothiol, bacillithiol, and glutathione S-transferases. Biochemistry 50: 10751-10760. https:/
doi.org/10.1021/bi201460j PMID: 22059487

Perera VR, Newton GL, Parnell JM, Komives EA, Pogliano K (2014) Purification and characterization of
the Staphylococcus aureus bacillithiol transferase BstA. Biochim Biophys Acta 1840: 2851-2861.
https://doi.org/10.1016/j.bbagen.2014.05.001 PMID: 24821014

Gough J, Karplus K, Hughey R, Chothia C (2001) Assignment of homology to genome sequences using
a library of hidden Markov models that represent all proteins of known structure. J Mol Biol 313: 903—
919. PMID: 11697912

Nonejuie P, Trial RM, Newton GL, Lamsa A, Ranmali Perera V, Aguilar J, et al. (2016) Application of
bacterial cytological profiling to crude natural product extracts reveals the antibacterial arsenal of Bacil-
lus subtilis. J Antibiot (Tokyo) 69: 353-361.

Bais HP, Fall R, Vivanco JM (2004) Biocontrol of Bacillus subtilis against infection of Arabidopsis roots
by Pseudomonas syringae is facilitated by biofilm formation and surfactin production. Plant Physiol
134: 307-319. https://doi.org/10.1104/pp.103.028712 PMID: 14684838

ChenY, YanF, ChaiY, Liu H, Kolter R, Losick R, et al. (2013) Biocontrol of tomato wilt disease by Bacil-
lus subtilis isolates from natural environments depends on conserved genes mediating biofilm forma-
tion. Environ Microbiol 15: 848—864. https://doi.org/10.1111/j.1462-2920.2012.02860.x PMID:
22934631

PLOS ONE | https://doi.org/10.1371/journal.pone.0192977  February 16, 2018 21/24


http://www.ncbi.nlm.nih.gov/pubmed/12897434
https://doi.org/10.1038/sj.onc.1206940
http://www.ncbi.nlm.nih.gov/pubmed/14576844
https://doi.org/10.1111/j.1742-4658.2008.06743.x
http://www.ncbi.nlm.nih.gov/pubmed/19016852
https://doi.org/10.1007/s00203-002-0469-4
https://doi.org/10.1007/s00203-002-0469-4
http://www.ncbi.nlm.nih.gov/pubmed/12420157
https://doi.org/10.1074/jbc.M513192200
https://doi.org/10.1074/jbc.M513192200
http://www.ncbi.nlm.nih.gov/pubmed/16481315
https://doi.org/10.1038/nature14137
http://www.ncbi.nlm.nih.gov/pubmed/25607359
https://doi.org/10.1002/anie.201410045
https://doi.org/10.1002/anie.201410045
http://www.ncbi.nlm.nih.gov/pubmed/25597398
https://doi.org/10.1073/pnas.1000928107
http://www.ncbi.nlm.nih.gov/pubmed/20308541
https://doi.org/10.1089/ars.2012.4686
http://www.ncbi.nlm.nih.gov/pubmed/22938038
https://doi.org/10.1002/mbo3.267
http://www.ncbi.nlm.nih.gov/pubmed/25988368
https://doi.org/10.1111/mmi.13115
http://www.ncbi.nlm.nih.gov/pubmed/26135358
https://doi.org/10.1016/j.jinorgbio.2011.06.006
https://doi.org/10.1016/j.jinorgbio.2011.06.006
http://www.ncbi.nlm.nih.gov/pubmed/21820381
https://doi.org/10.1042/BJ20121541
http://www.ncbi.nlm.nih.gov/pubmed/23256780
https://doi.org/10.1021/bi201460j
https://doi.org/10.1021/bi201460j
http://www.ncbi.nlm.nih.gov/pubmed/22059487
https://doi.org/10.1016/j.bbagen.2014.05.001
http://www.ncbi.nlm.nih.gov/pubmed/24821014
http://www.ncbi.nlm.nih.gov/pubmed/11697912
https://doi.org/10.1104/pp.103.028712
http://www.ncbi.nlm.nih.gov/pubmed/14684838
https://doi.org/10.1111/j.1462-2920.2012.02860.x
http://www.ncbi.nlm.nih.gov/pubmed/22934631
https://doi.org/10.1371/journal.pone.0192977

@° PLOS | ONE

Identification of STL enzymes encoded by B. subtilis

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

4.

42,

43.

44,

45.

46.

47.

48.

49.

Perez-Garcia A, Romero D, de Vicente A (2011) Plant protection and growth stimulation by microorgan-
isms: biotechnological applications of Bacilli in agriculture. Curr Opin Biotechnol 22: 187—193. https://
doi.org/10.1016/j.copbio.2010.12.003 PMID: 21211960

Palva I (1982) Molecular cloning of alpha-amylase gene from Bacillus amyloliquefaciens and its expres-
sion in B. subtilis. Gene 19: 81-87. PMID: 6183169

Simonen M, Palva | (1993) Protein secretion in Bacillus species. Microbiol Rev 57: 109-137. PMID:
8464403

Schaeffer P, Millet J, Aubert JP (1965) Catabolic repression of bacterial sporulation. Proc Natl Acad Sci
U S A 54:704-711. PMID: 4956288

Sterlini JM, Mandelstam J (1969) Commitment to sporulation in Bacillus subtilis and its relationship to
development of actinomycin resistance. Biochem J 113: 29-37. PMID: 4185146

Becker EC, Pogliano K (2007) Cell-specific SpolllE assembly and DNA translocation polarity are dic-
tated by chromosome orientation. Mol Microbiol 66: 1066—1079. https://doi.org/10.1111/j.1365-2958.
2007.05992.x PMID: 18001347

Gibson DG, Young L, Chuang RY, Venter JC, Hutchison CA 3rd, Smith HO (2009) Enzymatic assembly
of DNA molecules up to several hundred kilobases. Nat Methods 6: 343—345. https://doi.org/10.1038/
nmeth.1318 PMID: 19363495

Gibson DG, Smith HO, Hutchison CA 3rd, Venter JC, Merryman C (2010) Chemical synthesis of the
mouse mitochondrial genome. Nat Methods 7: 901-9083. https://doi.org/10.1038/nmeth.1515 PMID:
20935651

Guerout-Fleury AM, Frandsen N, Stragier P (1996) Plasmids for ectopic integration in Bacillus subtilis.
Gene 180: 57-61. PMID: 8973347

Yen Shin J, Lopez-Garrido J, Lee SH, Diaz-Celis C, Fleming T, Bustamante C, et al. (2015) Visualiza-
tion and functional dissection of coaxial paired SpolllE channels across the sporulation septum. Elife 4:
e06474. https://doi.org/10.7554/eLife.06474 PMID: 25950186

Miroux B, Walker JE (1996) Over-production of proteins in Escherichia coli: mutant hosts that allow syn-
thesis of some membrane proteins and globular proteins at high levels. J Mol Biol 260: 289-298. PMID:
8757792

Eklund BI, Edalat M, Stenberg G, Mannervik B (2002) Screening for recombinant glutathione transfer-
ases active with monochlorobimane. Anal Biochem 309: 102—108. PMID: 12381368

Ojkic N, Lopez-Garrido J, Pogliano K, Endres RG (2016) Cell wall remodeling drives engulfment during
Bacillus subtilis sporulation. Elife 5.

McCormack AL, Schieltz DM, Goode B, Yang S, Barnes G, Drubin D, et al. (1997) Direct analysis and
identification of proteins in mixtures by LC/MS/MS and database searching at the low-femtomole level.
Anal Chem 69: 767-776. PMID: 9043199

Paoletti AC, Parmely TJ, Tomomori-Sato C, Sato S, Zhu D, Conaway RC, et al. (2006) Quantitative
proteomic analysis of distinct mammalian Mediator complexes using normalized spectral abundance
factors. Proc Natl Acad Sci U S A 103: 18928-18933. https://doi.org/10.1073/pnas.0606379103 PMID:
17138671

McAlister GC, Nusinow DP, Jedrychowski MP, Wuhr M, Huttlin EL, Erickson BK, et al. (2014) Multi-
Notch MS3 enables accurate, sensitive, and multiplexed detection of differential expression across can-
cer cell line proteomes. Anal Chem 86: 7150—-7158. https://doi.org/10.1021/ac502040v PMID:
24927332

Thompson A, Schafer J, Kuhn K, Kienle S, Schwarz J, Schmidt G, et al. (2003) Tandem mass tags: a
novel quantification strategy for comparative analysis of complex protein mixtures by MS/MS. Anal
Chem 75: 1895-1904. PMID: 12713048

Ting L, Rad R, Gygi SP, Haas W (2011) MS3 eliminates ratio distortion in isobaric multiplexed quantita-
tive proteomics. Nat Methods 8: 937-940. https://doi.org/10.1038/nmeth.1714 PMID: 21963607

WangY, Yang F, Gritsenko MA, Wang Y, Clauss T, Liu T, et al. (2011) Reversed-phase chromatogra-
phy with multiple fraction concatenation strategy for proteome profiling of human MCF10A cells. Proteo-
mics 11:2019-2026. https://doi.org/10.1002/pmic.201000722 PMID: 21500348

Tolonen AC, Haas W (2014) Quantitative proteomics using reductive dimethylation for stable isotope
labeling. J Vis Exp.

Alcaraz LD, Moreno-Hagelsieb G, Eguiarte LE, Souza V, Herrera-Estrella L, Olmedo G (2010) Under-
standing the evolutionary relationships and major traits of Bacillus through comparative genomics. BMC
Genomics 11: 332. https://doi.org/10.1186/1471-2164-11-332 PMID: 20504335

Vuilleumier S (1997) Bacterial glutathione S-transferases: what are they good for? J Bacteriol 179:
1431-1441. PMID: 9045797

PLOS ONE | https://doi.org/10.1371/journal.pone.0192977  February 16, 2018 22/24


https://doi.org/10.1016/j.copbio.2010.12.003
https://doi.org/10.1016/j.copbio.2010.12.003
http://www.ncbi.nlm.nih.gov/pubmed/21211960
http://www.ncbi.nlm.nih.gov/pubmed/6183169
http://www.ncbi.nlm.nih.gov/pubmed/8464403
http://www.ncbi.nlm.nih.gov/pubmed/4956288
http://www.ncbi.nlm.nih.gov/pubmed/4185146
https://doi.org/10.1111/j.1365-2958.2007.05992.x
https://doi.org/10.1111/j.1365-2958.2007.05992.x
http://www.ncbi.nlm.nih.gov/pubmed/18001347
https://doi.org/10.1038/nmeth.1318
https://doi.org/10.1038/nmeth.1318
http://www.ncbi.nlm.nih.gov/pubmed/19363495
https://doi.org/10.1038/nmeth.1515
http://www.ncbi.nlm.nih.gov/pubmed/20935651
http://www.ncbi.nlm.nih.gov/pubmed/8973347
https://doi.org/10.7554/eLife.06474
http://www.ncbi.nlm.nih.gov/pubmed/25950186
http://www.ncbi.nlm.nih.gov/pubmed/8757792
http://www.ncbi.nlm.nih.gov/pubmed/12381368
http://www.ncbi.nlm.nih.gov/pubmed/9043199
https://doi.org/10.1073/pnas.0606379103
http://www.ncbi.nlm.nih.gov/pubmed/17138671
https://doi.org/10.1021/ac502040v
http://www.ncbi.nlm.nih.gov/pubmed/24927332
http://www.ncbi.nlm.nih.gov/pubmed/12713048
https://doi.org/10.1038/nmeth.1714
http://www.ncbi.nlm.nih.gov/pubmed/21963607
https://doi.org/10.1002/pmic.201000722
http://www.ncbi.nlm.nih.gov/pubmed/21500348
https://doi.org/10.1186/1471-2164-11-332
http://www.ncbi.nlm.nih.gov/pubmed/20504335
http://www.ncbi.nlm.nih.gov/pubmed/9045797
https://doi.org/10.1371/journal.pone.0192977

@° PLOS | ONE

Identification of STL enzymes encoded by B. subtilis

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Rajan SS, Yang X, Shuvalova L, Collart F, Anderson WF (2004) YfiT from Bacillus subtilis is a probable
metal-dependent hydrolase with an unusual four-helix bundle topology. Biochemistry 43: 15472—
15479. https://doi.org/10.1021/bi048665r PMID: 15581359

Hernick M (2013) Mycothiol: a target for potentiation of rifampin and other antibiotics against Mycobac-
terium tuberculosis. Expert Rev Anti Infect Ther 11: 49-67. https://doi.org/10.1586/eri.12.152 PMID:
23428102

Ma Z, Chandrangsu P, Helmann TC, Romsang A, Gaballa A, Helmann JD (2014) Bacillithiol is a major
buffer of the labile zinc pool in Bacillus subtilis. Mol Microbiol.

Fang Z, Roberts AA, Weidman K, Sharma SV, Claiborne A, Hamilton CJ, et al. (2013) Cross-functionali-
ties of Bacillus deacetylases involved in bacillithiol biosynthesis and bacillithiol-S-conjugate detoxifica-
tion pathways. Biochem J 454: 239-247. https://doi.org/10.1042/BJ20130415 PMID: 23758290

Gaballa A, Chi BK, Roberts AA, Becher D, Hamilton CJ, Antelmann H, et al. (2013) Redox regulation in
Bacillus subitilis: the bacilliredoxins BrxA (YphP) and BrxB (YqiW) function in de-bacillithiolation of S-
bacillithiolated OhrR and MetE. Antioxid Redox Signal.

Eichenberger P, Jensen ST, Conlon EM, van Ooij C, Silvaggi J, Gonzalez-Pastor JE, et al. (2003) The
sigmakE regulon and the identification of additional sporulation genes in Bacillus subtilis. J Mol Biol 327:
945-972. PMID: 12662922

Hendrickson EL, Xia Q, Wang T, Leigh JA, Hackett M (2006) Comparison of spectral counting and met-
abolic stable isotope labeling for use with quantitative microbial proteomics. Analyst 131: 1335-1341.
https://doi.org/10.1039/b610957h PMID: 17124542

Zybailov B, Coleman MK, Florens L, Washburn MP (2005) Correlation of relative abundance ratios
derived from peptide ion chromatograms and spectrum counting for quantitative proteomic analysis
using stable isotope labeling. Anal Chem 77: 6218-6224. https://doi.org/10.1021/ac050846r PMID:
16194081

Gaballa A, Chi BK, Roberts AA, Becher D, Hamilton CJ, Antelmann H, et al. (2014) Redox regulation in
Bacillus subtilis: The bacilliredoxins BrxA(YphP) and BrxB(YqiW) function in de-bacillithiolation of S-
bacillithiolated OhrR and MetE. Antioxid Redox Signal 21: 357-367. https://doi.org/10.1089/ars.2013.
5327 PMID: 24313874

Edwards A, Haas W (2016) Multiplexed Quantitative Proteomics for High-Throughput Comprehensive
Proteome Comparisons of Human Cell Lines. Methods Mol Biol 1394: 1—13. https://doi.org/10.1007/
978-1-4939-3341-9_1 PMID: 26700037

Eliuk S, Makarov A (2015) Evolution of Orbitrap Mass Spectrometry Instrumentation. Annu Rev Anal
Chem (Palo Alto Calif) 8:61-80.

Hebert AS, Richards AL, Bailey DJ, Ulbrich A, Coughlin EE, Westphall MS, et al. (2014) The one hour
yeast proteome. Mol Cell Proteomics 13: 339-347. https://doi.org/10.1074/mcp.M113.034769 PMID:
24143002

Pogliano J, Osborne N, Sharp MD, Abanes-De Mello A, Perez A, Sun YL, et al. (1999) A vital stain for
studying membrane dynamics in bacteria: a novel mechanism controlling septation during Bacillus sub-
tilis sporulation. Mol Microbiol 31: 1149—1159. PMID: 10096082

Harwood CR, Cutting SM (1990) Molecular biological methods for Bacillus. Chichester; New York:
Wiley. xxxv, 581 p. p.

Dickson JM, Lee WJ, Shepherd PR, Buchanan CM (2013) Enzyme activity effects of N-terminal His-tag
attached to catalytic sub-unit of phosphoinositide-3-kinase. Biosci Rep 33.

Earl AM, Eppinger M, Fricke WF, Rosovitz MJ, Rasko DA, Daugherty S, et al. (2012) Whole-genome
sequences of Bacillus subtilis and close relatives. J Bacteriol 194: 2378-2379. https://doi.org/10.1128/
JB.05675-11 PMID: 22493193

Ruger H-JaR G. (1979) Bacillus globisporus subsp. marinus subsp. nov. International Journal of Sys-
tematic Bacteriology 29: 196—203.

Yoon JH, Kang SJ, Schumann P, Oh TK (2010) Jeotgalibacillus salarius sp. nov., isolated from a marine
saltern, and reclassification of Marinibacillus marinus and Marinibacillus campisalis as Jeotgalibacillus
marinus comb. nov. and Jeotgalibacillus campisalis comb. nov., respectively. Int J Syst Evol Microbiol
60: 15—20. https://doi.org/10.1099/ijs.0.008318-0 PMID: 19643870

Newton GL, Rawat M, La Clair JJ, Jothivasan VK, Budiarto T, Hamilton CJ, et al. (2009) Bacillithiol is an
antioxidant thiol produced in Bacilli. Nat Chem Biol 5: 625-627. https://doi.org/10.1038/nchembio.189
PMID: 19578333

Newton GL, Fahey RC, Rawat M (2012) Detoxification of toxins by bacillithiol in Staphylococcus aureus.
Microbiology 158: 1117-1126. https://doi.org/10.1099/mic.0.055715-0 PMID: 22262099

PLOS ONE | https://doi.org/10.1371/journal.pone.0192977  February 16, 2018 23/24


https://doi.org/10.1021/bi048665r
http://www.ncbi.nlm.nih.gov/pubmed/15581359
https://doi.org/10.1586/eri.12.152
http://www.ncbi.nlm.nih.gov/pubmed/23428102
https://doi.org/10.1042/BJ20130415
http://www.ncbi.nlm.nih.gov/pubmed/23758290
http://www.ncbi.nlm.nih.gov/pubmed/12662922
https://doi.org/10.1039/b610957h
http://www.ncbi.nlm.nih.gov/pubmed/17124542
https://doi.org/10.1021/ac050846r
http://www.ncbi.nlm.nih.gov/pubmed/16194081
https://doi.org/10.1089/ars.2013.5327
https://doi.org/10.1089/ars.2013.5327
http://www.ncbi.nlm.nih.gov/pubmed/24313874
https://doi.org/10.1007/978-1-4939-3341-9_1
https://doi.org/10.1007/978-1-4939-3341-9_1
http://www.ncbi.nlm.nih.gov/pubmed/26700037
https://doi.org/10.1074/mcp.M113.034769
http://www.ncbi.nlm.nih.gov/pubmed/24143002
http://www.ncbi.nlm.nih.gov/pubmed/10096082
https://doi.org/10.1128/JB.05675-11
https://doi.org/10.1128/JB.05675-11
http://www.ncbi.nlm.nih.gov/pubmed/22493193
https://doi.org/10.1099/ijs.0.008318-0
http://www.ncbi.nlm.nih.gov/pubmed/19643870
https://doi.org/10.1038/nchembio.189
http://www.ncbi.nlm.nih.gov/pubmed/19578333
https://doi.org/10.1099/mic.0.055715-0
http://www.ncbi.nlm.nih.gov/pubmed/22262099
https://doi.org/10.1371/journal.pone.0192977

o @
@ : PLOS | ONE Identification of STL enzymes encoded by B. subtilis

70. Rajkarnikar A, Strankman A, Duran S, Vargas D, Roberts AA, Barretto K, et al. (2013) Analysis of
mutants disrupted in bacillithiol metabolism in Staphylococcus aureus. Biochem Biophys Res Commun
436: 128—133. https://doi.org/10.1016/j.bbrc.2013.04.027 PMID: 23618856

71. Feng X,HuY, ZhengY, Zhu W, Li K, Huang CH, et al. (2014) Structural and functional analysis of Bacil-
lus subtilis YisP reveals a role of its product in biofilm production. Chem Biol 21: 1557—-1563. https://doi.
org/10.1016/j.chembiol.2014.08.018 PMID: 25308276

72. Posada AC, Kolar SL, Dusi RG, Francois P, Roberts AA, Hamilton CJ, et al. (2014) Importance of bacil-
lithiol in the oxidative stress response of Staphylococcus aureus. Infect Immun 82: 316-332. https:/
doi.org/10.1128/IA1.01074-13 PMID: 24166956

PLOS ONE | https://doi.org/10.1371/journal.pone.0192977  February 16, 2018 24/24


https://doi.org/10.1016/j.bbrc.2013.04.027
http://www.ncbi.nlm.nih.gov/pubmed/23618856
https://doi.org/10.1016/j.chembiol.2014.08.018
https://doi.org/10.1016/j.chembiol.2014.08.018
http://www.ncbi.nlm.nih.gov/pubmed/25308276
https://doi.org/10.1128/IAI.01074-13
https://doi.org/10.1128/IAI.01074-13
http://www.ncbi.nlm.nih.gov/pubmed/24166956
https://doi.org/10.1371/journal.pone.0192977



