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Abstract

Stenotrophomonas maltophilia MfsA (Smlit1083) is an efflux pump in the major facilitator su-
perfamily (MFS). Deletion of mfsA renders the strain more susceptible to paraquat, but no
alteration in the susceptibility levels of other oxidants is observed. The expression of mfsA
is inducible upon challenge with redox cycling/superoxide-generating drug (paraquat, men-
adione and plumbagin) treatments and is directly regulated by SoxR, which is a transcription
regulator and sensor of superoxide-generating agents. Analysis of mfsA expression pat-
terns in wild-type and a soxR mutant suggests that oxidized SoxR functions as a transcrip-
tion activator of the gene. soxR (smlt1084) is located in a head-to-head fashion with mfsA,
and these genes share the -10 motif of their promoter sequences. Purified SoxR specifically
binds to the putative mfsA promoter motifs that contain a region that is highly homologous
to the consensus SoxR binding site, and mutation of the SoxR binding site abolishes bind-
ing of purified SoxR protein. The SoxR box is located between the putative -35 and -10 pro-
moter motifs of mfsA; and this position is typical for a promoter in which SoxR acts as a
transcriptional activator. At the soxR promoter, the SoxR binding site covers the transcrip-
tion start site of the soxR transcript; thus, binding of SoxR auto-represses its own transcrip-
tion. Taken together, our results reveal for the first time that mfsA is a novel member of the
SoxR regulon and that SoxR binds and directly regulates its expression.

Introduction

Stenotrophomonas maltophilia is an aerobic, Gram-negative, opportunistic pathogen that is
ubiquitous in the environment. This microorganism is of great interest because it is considered
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to be an emerging nosocomial pathogen with intrinsic antimicrobial resistance to a variety of
antibiotics. S. maltophilia is reported to be associated with infections of cystic fibrosis patients
and immunocompromised individuals, particularly those who have been admitted in hospitals
for a long period. This pathogen causes meningitis, endocarditis, bacteremia and infections of
the respiratory, urinary and gastrointestinal tracts. Blood stream infection of S. maltophilia
usually results in a substantially high mortality rate [1,2].

The major facilitator superfamily (MES) consists of membrane transport proteins that are
attributed to active efflux of compounds, including antibiotics, toxins and xenobiotics through
a cation/substrate antiport mechanism [3]. The prokaryotic MES encompass at least 58 families
[4], and MFS efflux pumps contribute to multidrug resistance in several Gram-positive and
Gram-negative pathogenic bacteria [5,6,7,8]. The most well-characterized MFS in term of func-
tion and gene regulation is a tetracycline efflux protein (TetA) [9,10,11]. The expression of tetA
is regulated by the TetR transcription repressor. In the absence of tetracycline, TetR binds the
tetA operator and represses its transcript. Once exposed to tetracycline, the drug-Mg** com-
plex binds the TetR repressor and changes the conformation of TetR, leading to a release of
TetR from the tetA operator, and thereby allowing the transcription process of tetA.

SoxR, which is a MerR-type transcription factor, is a [2Fe-2S] cluster-containing transcrip-
tional regulator that senses and responds to superoxide stress, redox cycling drugs/superoxide
generators and reactive nitrogen species through one-electron oxidation of its [2Fe-2S]"* reac-
tive center to [2Fe-2S]** [12,13]. In E. coli, the SoxR homodimer binds to a dyad-symmetric se-
quence that is located between the -35 and -10 elements of the soxS promoter. Under normal
physiological conditions, binding of reduced SoxR represses soxS transcription, while, under
redox stress, binding of oxidized SoxR activates soxS gene expression [14]. The synthesized
SoxS$ then up-regulates other genes in the regulon that are involved in stress alleviation and
damage repair. While SoxR is highly conserved in diverse bacteria, SoxS is absent from most
non-enteric bacteria, and SoxR directly regulates genes in the regulon [15,16,17,18,19,20,21].

Several drug resistance determinants in S. maltophilia have been investigated and reported,
but, to our knowledge, none belong to the MFS family. Here, we report the contribution of
mfsA, which encodes a MES protein, to the drug resistance of S. maltophilia. The transcription
of mfsA is controlled by SoxR, which is a redox cycling drug/superoxide sensor and transcrip-
tional regulator. Redox cycling drugs such as paraquat, plumbagin and menadione are com-
pounds capable of undergoing enzymatic one-electron reduction to form a transient radical
that can be reoxidized by molecular oxygen (O,) to produce superoxide anion [22]. Thus, mfsA
expression is increased in response to the presence of redox cycling drugs. Because mfsA and
soxR have overlapping promoter sequences, binding of SoxR to a single SoxR binding site con-
trols the gene expression of mfsA and soxR, but in different manners.

Results and Discussion

MfsA belongs to a 14 transmembrane domain subfamily of the major
facilitator superfamily

At least 37 putative MFS are identified in the annotated genomes of S. maltophilia [23,24].
Among these coding DNA sequences (CDS), Smlt1083 (hereafter referred to as mfsA) is of par-
ticular interest because it is located next to a divergent gene, smlt1084, encoding a SoxR homo-
log, which is a superoxide sensor and transcriptional regulator. A linkage between mfs and
soxR has been previously reported in Xanthomonas campestris pv. campestris [18]. Analysis of
the available bacterial genomes unveiled that the mfs and soxR gene organization is found in
some proteobacteria (including Xanthomonas axonopodis and Agrobacterium vitis) and actino-
bacteria (including Gordonia bronchialis, Mycobacterium abscessus, Rhodococcus erythropolis,
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Fig 1. Two-dimensional model of MfsA. The secondary structure of MfsA was predicted using the SOSUI algorithm [43].
doi:10.1371/journal.pone.0123699.g001

Rhodococcus opacus, Renibacterium salmoninarum and Nocardia farcinica). Thus far, no func-
tional connection between mfs and soxR has been reported.

The putative mfsA encodes a 473-amino-acid protein [23,24]. Our primer extension results
(in the promoter analysis section) strongly suggest that a starting codon (ATG) should be lo-
cated 51 bp downstream of the original ATG that is annotated in the genome sequence data-
base. Thus, mfsA encodes a 456-amino-acid protein with a theoretical molecular mass of 49.4
kDa. Analysis of its deduced amino acid sequence using several algorithms for protein topology
prediction, viz. TMPred, TMHMM 2.0, SOSUI and TopPred II, strongly suggest that S. malto-
philia MfsA possesses 14 helical transmembrane domains (L28-T50, R59-R81, P91-G113,
R119-Y141, V149-1171, W179-R201, N216-Q237, A242-G264, S274-1296, S306-L325,
T343-V365, W370-L391, A403-1425 and T433-A453) and exposes its N- and C-termini to the
cytoplasm (Fig 1). Generally, transmembrane transport through a MFS is energized by the elec-
trochemical gradient of protons in an antiport process [25]. Most prokaryotic MES proteins
typically contain either 12 or, to a lesser extent, 14 transmembrane o-helical domains [4].
Based on the classification of MFS proteins that was proposed by Pao et al. [26] and phylogenic
tree analysis, S. maltophilia MfsA is suggested to be an efflux pump that belongs to a subfamily
of the drug:H" antiporter with 14 transmembrane domain subfamily (DHA14). The represen-
tative example of this group is the drug efflux pump QacA, which is an MFS that mediates re-
sistance to antiseptics and disinfectants of Gram-positive Staphylococcus aureus [27]. However,
the MfsA primary structure shares only 17.0% identity with S. aureus QacA and 16.1 and
14.4% identity with the methyl viologen resistance protein, SmvA, from Salmonella enterica
serovar Typhimurium [28] and Acinetobacter baumannii [29], respectively. Furthermore, indi-
vidual members of the MFS subfamily commonly share low amino acid sequence identity and
similarity [4].

The mfsA mutant showed increased susceptibility to paraquat

To evaluate the function of mfsA in S. maltophilia, the AmfsA mutant was constructed by gene
deletion using double crossover and the Cre-loxP system [30]. We determined the
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susceptibility of the AmfsA mutant against methyl viologen (paraquat), and, as illustrated in
Fig 2, the AmfsA mutant showed increased sensitivity to paraquat. The mutant was 10°-fold
more susceptible to paraquat when cells were grown in the presence of 400 uM paraquat com-
pared with the wild-type control. The altered phenotype of the AmfsA mutant was fully re-
stored in the complemented strain (the AmfsA mutant containing a transposed mini-Tn7-
mfsA for the single-copy expression of mfsA (AmfsA::msrA)). Because paraquat is a redox cy-
cling drug that generates intracellular superoxide anions in the presence of O,, we tested
whether increased paraquat susceptibility was due to lowering of superoxide dismutase (SOD)
activities, as SOD is a group of enzymes that is responsible for dismutation of superoxide an-
ions to H,0,. Total SOD activity was monitored as previously described [18], and the results
showed that SOD activity in the AmfsA mutant (98.8 + 7.4 U mg™' protein) was comparable to
that of wild-type K279a (95.5 + 6.3 U mg ' protein) and the mfsA complemented strain

(96.5 + 8.0 U mg ™" protein). Thus, increased susceptibility of the AmfsA mutant to paraquat is
not due to alteration of total SOD activity.

Next, the sensitivity levels of the AmfsA mutant against other redox cycling drugs, i.e., men-
adione and plumbagin, were determined. Fig 2 illustrates that no significant changes in the sen-
sitivity levels against menadione and plumbagin were observed in the AmfsA mutant relative to
wild-type K279a. The fact that the phenotype of the AmfsA mutant that was sensitive to redox
cycling drugs was specific to paraquat indicates that MfsA-mediated protection against para-
quat toxicity does not involve superoxide anions. Together with its topology analysis, we pro-
posed that MfsA functions as an efflux pump for paraquat. MfsA shares relatively low identity
(14-16%) with the previously characterized paraquat resistance protein SmvA [28,29] in other
Gram-negative bacteria. Thus, MfsA is likely a new paraquat resistance MES protein. Indeed, S.
maltophilia possesses an open reading frame, Smlt2678, that shares 33.9% identity with SmvA
from Salmonella Typhimurium [28]. The contribution of Smlt2678 to paraquat resistance war-
rants further investigations.

Experiments were extended to test if deletion of mfsA affected the sensitivity levels to other
oxidants, such as a disinfectant, H,O,, or organic hydroperoxides. The results revealed no
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Fig 2. The resistance levels of the S. maltophilia AmfsA mutant toward redox cycling drugs. A plate
sensitivity assay was conducted to determine the resistance levels to oxidants. Ten-fold serially diluted,
exponential-phase S. maltophilia K279a wild-type, AmfsA mutant and complemented (AmfsA::mfsA) cells
were spotted onto plates containing 400 uM paraquat, 3 mM menadione or 400 uM plumbagin. The percent
survival was defined as the percentage of CFUs on plates containing oxidant over the CFUs on control plates
without oxidant.

doi:10.1371/journal.pone.0123699.9002
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significant differences in the sensitivity levels to H,O,, cumene hydroperoxide or ¢-butyl hy-
droperoxide in the AmfsA mutant relative to wild-type K279a (data not shown). MfsA clearly
has a major role in paraquat resistance, but not in general oxidative stress protection of S.
maltophilia.

The expression of mfsA is induced upon challenge with redox cycling
drugs

Real-time reverse transcription polymerase chain reaction (QRT-PCR) was performed to mea-
sure the expression of mfsA in response to stresses. As illustrated in Fig 3, exposure to sublethal
concentrations of redox cycling drugs, i.e., menadione, paraquat and plumbagin, enhanced the
mfsA transcriptional level by 4.4 + 0.5, 4.0 + 0.2 and 3.9 + 0.2-fold, respectively. Challenging
the bacteria with H,0, or organic hydroperoxides did not induce mfsA transcription (Fig 3).
The pattern of mfsA gene expression clearly shows that superoxide generators/redox cycling
drugs are potent inducers of gene expression; and this result couples with the gene organization
of mfsA, which is located immediately upstream and in the reverse orientation to soxR
(smlt1984), and strongly suggests a contribution of SoxR in the regulation mfsA expression.

SoxR regulates mfsA gene expression

SoxR can either repress or activate transcription of its target gene depending on the redox sta-
tus of the protein. In many bacteria, SoxR functions as a sensor for superoxide anions/redox cy-
cling drugs or a transcription regulator. Based on phylogenetic tree analysis in a recent report,
S. maltophila SoxR is evolutionarily closely related to SoxR from Xanthomonas campestris
(with 70.1% identity) [31] and shares 63.8, 61.8 and 59.7% identity with SoxR from Pseudomo-
nas aeruginosa, Streptomyces coelicolor and E. coli, respectively. The four cysteine residues that
anchor the [2Fe-2S] cluster are conserved (data not shown).

To test whether SoxR regulates the expression of mfsA, the AsoxR mutant was constructed
as described in the Methods and its expression profile was determined. Fig 3 illustrates that the

6

5 |

5 ..

il

Relative expression (fold)

1 e O (R — -

SEIFLRE SEILLRL s L L
K279a AsoxR ASsoxR::soxR

Fig 3. Expression analysis of mfsA. The expression levels of mfsA in S. maltophilia K279a wild-type,
AsoxR mutant and complemented strain (AsoxR::soxR) grown under uninduced (UN) conditions and induced
with 100 uM H»0,, 50 uM cumene hydroperoxide (CHP), 200 uM menadione (MD), 100 uM plumbagin (PB)
or 100 uM paraquat (PQ) were determined using qRT-PCR. The 16S rRNA gene was used as the
normalizing gene. Relative expression was expressed as the fold expression over the level in uninduced
K279a.

doi:10.1371/journal.pone.0123699.g003
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basal level of the mfsA transcript in the AsoxR mutant increased moderately (1.3 + 0.1-fold) rel-
ative to the wild-type level. Moreover, expression of soxR in the complemented strain (AsoxR::
soxR), in which a single copy of soxR was transposed into the mutant using a mini-Tn7 vector
and expressed under the lac promoter, led to a small repression of mfsA basal levels
(0.8 = 0.1-fold, Fig 3). The degree of repression of mfsA by SoxR was fairly low, suggesting that
reduced SoxR only has minor role in regulating the basal level of mfsA. The major difference
between mfsA expression in the soxR mutant and K279a wild-type was the inability of superox-
ide generators to induce mfsA expression in the mutant. The superoxide generator-induced ex-
pression of mfsA could be recovered in the complemented soxR mutant (AsoxR::soxR). The
results clearly indicate that oxidized SoxR acts as transcription activator of mfsA expression.
SoxR mediates gene regulation as a transcriptional regulator through binding to the SoxR
binding site of target gene promoters. This feature is conserved in all SoxRs that have been
studied in enterobacteria, in which SoxR regulates a single gene, soxS (encoding transcriptional
activator), or non-enteric bacteria, where SoxR directly controls genes in its regulon
[15,17,18,20,21,32]. The promoter of mfsA was then experimentally determined. Primer exten-
sion experiments were conducted to map the 5" end of mfsA transcripts. Total RNA samples
were prepared from uninduced and paraquat-induced cultures, and primer extension was per-
formed using the **P-labeled BT2833 primer. A primer extension product of 53-bp that corre-
sponded to a transcription start site (+1) at a T residue located 39 nucleotides upstream of the
translational start codon (ATG) was observed (Fig 4A and 4B). The putative -35 and -10 pro-
moter motifs were identified as TTGACC and CATGCT, respectively, and were separated by
19 bp. The SoxR binding site sequence and its location in relation to the target promoter motifs
are remarkably well conserved in diverse groups of Gram-negative bacteria

a
(a) cC T A G UN PB MD
-
" —-—
22 &
-" - v 441
; -
- ->
- PN,
(b)
) CCTCAAGTTAACTTGAGG +1 (mfsA)
3Okt &k skokokaokk -10 v

CATTGCTTGACCTCAACTGCAGTTGAGGTGTCATGCTGCTATCTTCGCCG
GTAACGAACTGGAGTTGACGTCAACTCCACAGTACGACGATAGAAGCGGC
Met (SoxR) A 10
+1 (soxFR) Met (MfsA)
TCGGTTGACAAGCGCGGCCCGCATCTGACCCGTATGACCCCGACCCT

AGCCAACTGTTICGCGCCGGGCGTAGACTGGGCATACTGGGGCTGGGA
-35

Fig 4. Characterization of the mfsA-soxR promoter. (a) Primer extension experiments were performed
using RNA isolated from uninduced (UN), plumbagin-induced (PB) or menadione-induced (MD) cultures of S.
maltophilia K279a using the **P-labeled BT2833 primer. Extension products were sized on sequencing gels
next to DNA sequence ladders (G, A, T, and C) that were generated using the same labeled primer, BT2833.
The arrowhead indicates the putative transcription start site (position +1). (b) The nucleotide sequences of
both strands of the mfsA-soxR promoter region are shown. Upper and lower strands represent the mfsA and
soxR promoters, respectively. The putative -35 and -10 elements are underlined, and the start codon (ATG) is
in bold type. The consensus sequence of the E. coli SoxR binding site is aligned above the sequence line in
corresponding letters (gray box), and the homologous nucleotides are marked by asterisks. The arrowhead
indicates the putative transcriptional start site (+1).

doi:10.1371/journal.pone.0123699.9004
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Fig 5. Electrophoretic mobility shift assay. Gel shift experiments were carried out using increasing concentrations of purified reduced SoxR protein (0—
800 nM) and a ®2P-labeled, 258-bp wild-type (a) or mutagenized (b) mfsA-soxR promoter fragment. BSA represents an unrelated protein (1 mM BSA). CP
and UD signify the cold probe (100 ng unlabeled promoter fragment) and unrelated DNA (1 pg of pUC18 plasmid), respectively, that were added to the
binding reaction mixture containing 800 nM SoxR. F and B represent the free and bound probes, respectively.

doi:10.1371/journal.pone.0123699.9005

[14,15,17,18,19,20,21] [32]. Analysis of the nucleotide sequence in the vicinity of the mfsA pro-
moter revealed an inverted repeat sequence, ’ACCTCAACTGCAGTTGAGGT?3’, that shared
high identity (14 of 18 nucleotides) with the consensus sequence for an E. coli SoxR

box (5’CCTCAAGTTAACTTGAGG) [14]. The SoxR box is normally located in the interven-
ing sequence between the -35 and -10 promoter motifs with a slightly imperfect spacer length.
Binding of oxidized SoxR to the box leads to alteration in the DNA structure and subsequent
activation of transcription of the target gene by RNA polymerases [12,15,18,32]. The mfsA pro-
moter architecture fits well with a typical SoxR-regulated promoter, which has an imperfect
spacer length and the SoxR box between the -35 and -10 regions.

Gel electrophoretic mobility shift assays with purified S. maltophilia SoxR and a mfsA pro-
moter fragment was performed to test the ability of the transcription regulator to bind specifi-
cally to a putative mfsA promoter region. SoxR was purified as described in the Methods
section. The results in Fig 5 illustrate that purified SoxR was able to bind the mfsA promoter se-
quence. The specificity of SoxR binding was revealed by the ability of unlabeled mfsA promoter
sequence (cold probe, CP) to compete and prevent the binding between the purified SoxR pro-
tein and labeled probe, while an excess amount of unrelated, unlabeled DNA (pUC18, UD) did
not compete with the labeled probe in the SoxR-mfsA promoter complex (Fig 5A). Additional-
ly, excess of the unrelated protein bovine serum albumin (BSA) was unable to bind the labeled
probe. To examine the role of the putative SoxR binding sequences that span the -35 and -10
motifs of the mfsA promoter, site-directed mutagenesis was performed to convert the putative
SoxR box, ’CCTCAACTGCAGTTGAGG3’, to ’AAGACCAGTACTGTGAGG3’, and gel
mobility shift experiments were repeated using the mutagenized mfsA promoter as a probe. As
illustrated in Fig 5B, no binding complexes were detected at any of the SoxR concentrations
that were tested, indicating that mutation of the putative SoxR binding site severely affected the
binding ability of purified SoxR to the mfsA promoter. Thus, the putative SoxR binding site on
the mfsA promoter is required for SoxR-mediated regulation of mfsA. Generally, SoxR in Apo-,
reduced, or oxidized form binds to the target promoter sequence with a similar affinity. How-
ever, only the oxidized SoxR can activate the transcription of the regulated genes [33,34].

Examination of the mfsA promoter/translation initiation site revealed an atypical arrange-
ment. The transcription start site is located 42 bp from the translation initiation site; thus, the
mfsA mRNA contains a relatively long 5" untranslated region (UTR). The role of this 5 UTR in
the translational control of mfsA is unknown. Furthermore, mfsA has a poor ribosome-binding
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site that precedes the translation initiation codon, ATG, which suggests that the mfsA mRNA
could be poorly translated.

soxR is autoregulated but constitutively expressed

SoxR typically regulates its own expression, and two types of soxR gene expression patterns
have been reported. In E. coli as well as xanthomonads, reduced and oxidized forms of SoxR
bind to their promoters and repress their own expression; therefore, soxR is constitutively ex-
pressed at low levels [14,18]. However, in some bacteria, the expression of soxR is inducible
upon exposure to redox cycling drugs [15,16]. In S. maltophilia, soxR is located divergently to
mfsA and shares the same promoter region; and the putative SoxR box is situated 7 bp up-
stream of the ATG initiation codon (Fig 4). This structure suggests that soxR expression is
auto-regulated. The expression level of soxR was determined in the K279a wild-type, a AsoxR
mutant and a AsoxR complemented strain (AsoxR::s0xR). Total RNA was extracted from expo-
nential-phase cultures that were induced with oxidants. QRT-PCR was conducted using
BT2787 and BT3713, and the results are shown in Fig 6. soxR was constitutively expressed, and
exposure of K279a cultures to redox cycling drugs (menadione, plumbagin and paraquat) and
peroxides (H,O, and cumene hydroperoxide) failed to induce high-level transcription of soxR.
A lack of functional SoxR in the AsoxR mutant increased its expression by 15.0 + 4.6-fold rela-
tive to the wild-type level (Fig 6), and challenge with oxidants caused no significant alteration
in the soxR expression levels. The constitutively high expression of soxR in the AsoxR mutant
was abolished in the complemented AsoxR strain. Thus, the expression pattern of soxR together
with the gel mobility shift results in which purified SoxR bound to a putative SoxR box suggest
that SoxR in its reduced and oxidized forms acts as a transcriptional repressor. Because the pro-
moter architecture of its target genes is critical for SoxR function, the soxR promoter was char-
acterized. We attempted to map the putative transcriptional start site (+1) of soxR using
primer extension. However, no extension product was detected. Therefore, ’RACE was

20

Relative expression (fold)

S i I i =T
0
S ngc;zg e s ngc*}g L & ngolg e
K279a AsoxR ASsoxR::soxR

Fig 6. Expression analysis of soxR. The expression levels of soxR in S. maltophilia K279a wild-type, the
AsoxR mutant and the complemented strain (AsoxR::soxR) cultivated under uninduced (UN) conditions and
induced with 100 uM H»0,, 50 yM cumene hydroperoxide (CHP), 200 uM menadione (MD), 100 uM
plumbagin (PB) or 100 uM paraquat (PQ) were determined using qRT-PCR. The 16S rRNA gene was used
as the normalizing gene. Relative expression was expressed as the fold expression over the level in
uninduced K279a.

doi:10.1371/journal.pone.0123699.g006
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employed to determine the 5’ end of the soxR transcript. The RACE-PCR products were cloned
and sequenced, and the majority of the sequences from 7 independent clones mapped the 5’
end of the soxR transcript to an A residue located 21 bp upstream of its ATG codon (Fig 4B).
The putative -35 and -10 elements were identified as TTGTCA and CAGCAT, respectively,
and they were separated by 17 bp (Fig 4B). The putative SoxR binding site was positioned at -4
to +14 of the soxR promoter. The structure of the soxR promoter and the SoxR box fit well with
the observed expression studies of soxR expression (Fig 6). The binding of either reduced or ox-
idized SoxR to the SoxR box interferes with RNA polymerase binding to the promoter, leading
to transcription repression.

SoxR differentially controls mfsA and soxR gene expression

E. coli SoxR is a homodimer protein containing a pair of [2Fe-2S] clusters. This feature is be-
lieved to be completely conserved in other SoxRs from various bacteria, including S. maltophi-
lia, because the [2Fe-2S] anchor motif is highly conserved [20] (data not shown). Altogether,
our results suggest that, under physiological conditions, reduced SoxR binds to the single SoxR
binding site that is located on the mfsA-soxR promoter and represses the expression of mfsA
and soxR. Expression analysis of mfsA and soxR in the AsoxR mutant indicates that SoxR re-
presses its own expression to a greater extent than that of mfsA. The promoter architecture of
mfsA, in which the SoxR-binding site is located between the -35 and -10 promoter elements
with a 19-bp spacer, is similar to typical, SoxR-regulated promoters, where binding of reduced
SoxR impairs the interaction between RNA polymerase (RNAP) and promoters: binding of ox-
idized SoxR distorts the promoter to a configuration that facilitates initiation of transcription
by RNAP, thereby activating transcription [14,35]. However, binding of reduced and oxidized
SoxR to the sequence covering the +1 site that corresponds to the soxR promoter occludes its
own transcription by interfering with RNAP binding [14]. The scenario of SoxR-mediated acti-
vation and repression of two genes from a single binding site is analogous to that reported in E.
coli, in which soxR and a divergently transcribed soxS share a promoter sequence that contains
a single SoxR binding site. Therefore, oxidized SoxR functions as activator for soxS transcrip-
tion and as an autorepressor [14]. A similar scenario was observed for S. maltophilia SoxR
where it acts as an autorepressor, but as an activator for mfsA expression, which is dependent
on oxidized SoxR to increase its low basal level of expression.

Conclusion

We show here that MfsA (Smlt1083), which belongs to a DHA14 subfamily of MFS efflux
pumps, plays an important role in mediating resistance to paraquat. In vitro and in vivo evi-
dence indicate that mfsA expression is under the control of SoxR, a transcriptional regulator
that is activated by exposure to redox cycling drugs including paraquat, plumbagin and mena-
dione. Paraquat is among the redox cycling drugs that potently induce mfsA transcription,
most likely through oxidation of SoxR [2Fe-2S]. Paraquat is also recognized as a herbicide that
is widely used in agricultural fields to control unneeded weeds. Because the usual habitat of S.
maltophilia is soil, the soxR-mfsA system would directly benefit the survival of this bacterium
in paraquat-contaminated environments. In addition, it is likely that plumbagin and menadi-
one are gratuitous inducers of SoxR with regard to mfsA since MfsA does not increase resis-
tance to these oxidative agents. In several bacteria, superoxide dismutases are involved in
redox-cycling drug resistance by catalyzing dismutation of superoxide anion. There are reports
reveal that SoxR plays a role in sod regulation [15,32,36]. S. maltophilia also contains sod genes,
thus the contribution of SoxR to regulation of sod gene expression and the role of sod genes in
conferring to redox cycling drug resistance is being investigated.
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Methods
Bacterial growth conditions

The Stenotrophomonas maltophilia wild-type K279a [24] and mutant strains were grown aero-
bically in LB medium at 35°C with continuous shaking at 150 rpm. Overnight cultures were in-
oculated into fresh LB medium to give an optical density at 600 nm (ODgq0) of approximately
0.1. Exponential phase (ODgq of 0.5, after 4 h of growth) cells were used in all experiments, as
indicated. Bacterial strains and plasmids used in this study were listed in Table 1.

Molecular biology techniques

General molecular genetics techniques, including bacterial genomic DNA preparation, plasmid
preparation, PCR, gene cloning, transformation into E. coli and agarose electrophoresis were
performed using standard protocols [37]. S. maltophilia was transformed by electroporation
using a 0.2-cm electrode gap cuvette with a Gene Pulser electroporator (BioRad) set at 2.5 kV,
200 Q and 25 pF.

Determination of resistance levels to oxidants

The resistance levels against oxidants were determined using a plate sensitivity assay, as previ-
ously described [38]. Briefly, exponential-phase cells were 10-fold serially diluted in fresh LB

medium before 10 pl of each dilution was spotted onto LB plates containing 400 uM paraquat,
3 mM menadione or 400 M plumbagin. The plates were incubated at 30°C for 18 h before the

Table 1. Bacterial strains and plasmids used in this study.

Strain or Plasmid Relevant characteristic(s) Source

S. maltophilia

K279a Wild-type strain [24]

K279a::Tn7T K279a transposed with pUC18-mini-Tn7T-LAC This
study

AmfsA K279a AmfsA mutant This
study

AmfsA::mfsA AmfsA mutant transposed with pTn7TmfsA This
study

AsoxR K279a AsoxR mutant This
study

AsoxR::soxR AsoxR mutant transposed with pTn7TsoxR This
study

Plasmid
pUC18-mini- pUC18 containing mini-Tn7T::P, site, Ap", Gm" [30]
Tn7T-LAC

pTn7TmfsA pUC18-mini-Tn7T-LAC containing mfsA This
study

pTn7TsoxR pUC18-mini-Tn7T-LAC containing soxR This
study

pTNS2 Helper plasmid encoding the TnsABCD transposase, Ap" [30]

pDrivePmfsA pDrive cloning vector (Qiagen) containing mfsA-soxR promoter This
sequence, Ap", Km" study

pGemP*mfsA pGemT-easy cloning vector (Promega) containing mutagenized mfsA-  This
soxR promoter sequence, Ap" study

pETsoxRsm pET-blue2 vector (Novagen) containing soxR for high expression of This
SoxR, Ap" study

doi:10.1371/journal.pone.0123699.t001
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Table 2. List of oligonucleotide primers.

Primer Sequence (5’ — 3’)

BT2643 CGCGACCACGTTGCCACG
BT2644 AGCTACCCGCAGCACATG
BT2646 CGATGCAGCCGGTGAGCTC
BT2781 GCCCGCACAAGCGGTGGAG
BT2782 ACGTCATCCCCACCTTCCT
BT2787 GTTGAGGTCAAGCAATGGT
BT2788 TTCGCGGTTCACTCCCAGC
BT2832 GCGGATCACCGCCAGCCG
BT2833 GAGGGTCGGGGTCATACG
BT2835 GCGGCGCTACACCCGTCG
BT3246 GCCATGGTGTCCCAGGAACTGA
BT3247 TCTCGAGTCACTCCCAGCGCATC
BT3713 CCTTGCGCTGCTAGAAGTG
BT3766 ACGACAGCCTGCTGGAGAA
BT3767 CACAGCATAACTGGACTGATT
BT3817 GTAGCAGCAGGGGCAGATA
BT3818 GGGATGTGCTTGGCGAAC
BT3819 GGATGTACTTGCCGACCATC
BT4081 AAGACCAGTACTGTGAGGTGTCATGCTGCT
BT4082 CAGTACTGGTCTTTCAAGCAATGGTGTCCC

doi:10.1371/journal.pone.0123699.t002

numbers of colony forming units (CFUs) were scored. The resistance level to oxidant was ex-
pressed as the percent survival, which was defined as the percentage of CFUs on the plates con-
taining oxidant over the CFUs on control plates without oxidant.

Construction of mfsA and soxR mutants

The unmarked gene deletion of mfsA was constructed using the allelic exchange method with
the cre-lox marker recycling system [39]. The 3.6-kb DNA fragment spanning the mfsA coding
sequence plus the sequences flanking both mfsA termini was PCR amplified from S. maltophi-
lia K279a genomic DNA using primers BT2897 and BT2898 (Table 2) before being cloned into
pDrive (Qiagen). The recombinant plasmid was digested with Ncol and SacII to excise the
928-bp sequence of the mfsA coding region prior to ligation with a Ncol-SaclI-cut loxP-flanked
Gm’" cassette (from pUC18Gm [40]), which generated pDrive-AmfsA:Gm. This suicide plas-
mid was introduced into S. maltophilia K279a using electroporation. Putative mutants generat-
ed from a double-crossover event were selected from colonies with the Gm" phenotype and
negative PCR results using primers located on the deleted sequence of mfsA. The unmarked
AmfsA mutant was generated using Cre-mediated loxP recombination to excise the Gm" mark-
er and was confirmed using PCR with primers flanking the deletion sequence.

The AsoxR mutant was constructed. The 978-bp downstream region of soxR was PCR am-
plified from K279a genomic DNA using primers BT3818 and BT3819 (Table 2). The PCR
product was cloned into pGem-T (Promega, USA) before the NcoI-Notl fragment was sub-
cloned into pUC18Gm, giving pASoxR-GmDown. Then, the 1,155-bp upstream sequence of
soxR was amplified from K279a genomic DNA using primers BT3817 and BT3713 (Table 2)
and cloned into pGem-T prior to subcloning the SacI-Apal fragment into pASoxR-GmDown,
which generated pASoxR-UpGmDown. This plasmid was introduced into K279a, and the
AsoxR mutant was selected from colonies with carbenicillin-susceptible (Cb®) and Gm"
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phenotypes. Excision of the Gm" cassette from the AsoxR mutant was attained through Cre-
loxP recombination, and the unmarked AsoxR mutant was confirmed using PCR with two
primers that flanked the deletion site.

Construction of the AmfsA mutant complemented strain (AmfsA::
mfsA)

A single copy of mfsA was inserted into the chromosome of the S. maltophilia mfsA mutant
using a Mini-Tn7 transposon vector. A DNA sequence spanning the full-length mfsA gene and
its putative promoter was PCR amplified using the BT3713 and BT2835 primers (see Table 2),
and the PCR product was cloned into pGemT-easy (Promega). The inserted DNA was se-
quenced to assure that no mutation had occurred before the Apal-Sacl fragment containing
mfsA was cloned into pUC18 mini-Tn7T-LAC [30] that was cut with the same restriction en-
zymes. The resulting plasmid pTn7TmfsA and pTNS2 [30], which encoded the TnsABCD pro-
teins that are required for atfTn7 site-specific transposition, were transferred into the mfsA
mutant. The transformants were selected on plates containing gentamicin. Integration of the
mini-Tn7 transposon generally takes place at attTn7, which is located downstream of glmS,
which encodes glucosamine-fructose-6-phosphate aminotransferase, an enzyme that catalyzes
the formation of glucosamine 6-phosphate. S. maltophilia K279a contains a single glmS
(smlt4099) gene and a sequence that shares high identity with the atfTn7-associated sequence
[41] was identified near the 3’ end of the putative glmS gene. Integration of the mini-Tn7 con-
taining mfsA into the mutant genome was assured by PCR amplification of the genomic DNA
using a primer pair; one that annealed to the glmS gene (BT3766) and another that annealed to
Tn7R (BT3767), as previously described for Xanthomonas campestris [41].

Construction of the AsoxR mutant complemented strain (AsoxR::
soxR)

Single copy complementation of the AsoxR mutant was achieved using a mini-Tn7 transposon
vector. The full-length soxR gene was PCR amplified using primers BT2787 and BT2788 and
K279a genomic DNA as template. The blunt-end PCR product (435 bp) was cloned into
pUC18-mini-Tn7T-LAC [30] at the EcoICRI site, the resulting plasmid pTn7TsoxR and
PTNS2 were transferred into the AsoxR mutant, and the transformants were selected and con-
firmed, as described for the construction of the AmfsA mutant complemented strains.

Real-time reverse transcription PCR (gRT-PCR)

Exponential S. maltophilia cultures were induced with sub-lethal concentrations of oxidants
(100 uM hydrogen peroxide [H,0,], 50 uM cumene hydroperoxide [CHP], 200 uM menadi-
one [MD], 100 pM plumbagin [PB], 100 pM paraquat [PQ]) for 15 min before harvesting for
total RNA preparation. qRT-PCR was performed as previously described [42]. The reverse
transcription reaction was conducted using 5 pg of total RNA, the RevertAid M-MuLV Reverse
transcriptase kit (Fermentas) and random hexamers, according to the manufacturer’s recom-
mendation. The specific primer pairs that were used included BT2787-BT3713 for soxR,
BT2643-BT2644 for mfsA and BT2781-BT2782 for the 16S rRNA gene, which was used as the
normalizing gene. The BT2787 and BT3713 primers are located within the 5 region of the
soxR transcript and upstream of the deletion site of the AsoxR mutant. gPCR was performed
using 20 ng of cDNA, a specific primer pair and SYBR green PCR Master Mix (Applied Biosys-
tems). The PCRs were run on an Applied Biosystems StepOne Plus under the following condi-
tions: denaturation at 95 °C for 30 s, annealing at 58 °C for 45 s and extension at 72 °C for 45 s,
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for 40 cycles. Relative expression was calculated using the STEPONE software v2.1 and ex-
pressed as fold expression over the level of K279a wild-type that was cultivated under unin-
duced conditions. Experiments were independently repeated three times.

Purification of the S. maltophilia SoxR protein

The untagged SoxR protein was highly expressed using the pET-blue2 expression vector and E.
coli system (Novagen). The soxR full-length gene was PCR amplified from K279a chromosomal
DNA using primers BT3246 and BT3247, and the PCR products were digested with Ncol and
Xhol and cloned into the pET-Blue-2 that was cut with the same enzymes, which generated
PETsoxRgy. Purification of untagged SoxR was conducted as previously described [15]. Essen-
tially, exponential-phase cultures of E. coli BL21 (DE3)/pLacI harboring pETsoxRgsy were in-
duced with 1 mM isopropyl-B-D-thiogalactopyranoside (IPTG) for 2 h. SoxR was then purified
aerobically using a Whatman P-11 phosphocellulose ion exchange column. Oxidized SoxR
protein was eluted with a linear gradient of 0.2 to 1.0 M KCl, and the purity of the SoxR protein
was estimated by SDS-PAGE analysis.

Cloning of the mfsA promoter and site-directed mutagenesis

A 258-bp DNA fragment spanning the putative mfsA-soxR promoter was PCR amplified from
K279a genomic DNA using primers BT2832 and BT2833 and subsequently cloned into the
pDrive vector (Qiagen, Germany), which generated pDrivePmfsA. Two-step, PCR-based, site-
directed mutagenesis [18] was performed to change the putative SoxR binding site sequence
(5CCTCAACTGCAGTTGAGG3’) to ’AAGACCAGTACTGTGAGG3’ using two mutagenic
primers, BT4081 and BT4082 (Table 2), and pDrivePmfsA as a DNA template. The PCR prod-
uct was cloned into pGemT-easy (Promega, USA), generating pGemP*mfsA. To ensure that
no unexpected mutation occurred, the nucleotide sequences of the insert DNA in pDri-
vePmfsA and pGemP*mfsA were determined.

Primer extension

Total RNA was extracted from exponential-phase cultures grown under induction with

200 uM menadione or 100 uM plumbagin or uninduced conditions. The **P-labeled primer
BT2833 (Table 2) was mixed with 10 pg of DNase I-treated RNA, and reverse transcription
was performed using Superscript III reverse transcriptase (Invitrogen) at 60°C for 60 min. Ex-
tension products were sized on sequencing gels (9% polyacrylamide-7M urea) next to dideoxy
sequencing ladders that were generated using a PCR sequencing kit (Applied Biosystems) with
labeled BT2833 and pDrivePmfsA plasmid containing a putative mfsA promoter fragment

as templates.

Electrophoretic mobility shift assay

The putative mfsA promoter was amplified using the BT2832 and **P-labeled BT2833 primers
and pDrivePmfsA or pGemP*mfsA (for the mutagenized promoter) as a DNA template. Elec-
trophoretic mobility shift assays were then performed by adding 20 ng of **P-labeled, 258-bp
mfsA promoter to a 25-pl reaction mixture (12 mM HEPES-NaOH buffer [pH 7.9], 10 mM
KCl, 1 mM dithiothreitol [DTT], 12% glycerol, 50 ug ml™* bovine serum albumin, 5 pug ml™" calf
thymus DNA, 0.5 mg ml™" poly(dI/dC)] containing increasing concentrations of purified, oxi-
dized SoxR (0 to 800 nM). The binding reactions were incubated at 25°C for 30 min, and the
protein-DNA complexes were analyzed by electrophoresis on a 7% native polyacrylamide gel
in 0.5xTris-borate-EDTA buffer at 4°C.
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5’ rapid amplification of cDNA ends (RACE)

5" RACE was performed using a 5°/3’ RACE kit per the manufacturer’s recommendation
(Roche, Germany). Essentially, DNase I-treated total RNA was reversed transcribed using a
specific primer BT2646 (SP1). The first-strand DNA (cDNA) was purified, and poly(A) was
added to the 5’-terminus of the cDNA using terminal transferase enzyme. Next, poly(A)-tailed
c¢DNA was PCR amplified using the specific BT3713 (SP2) primer and an anchored oligo(dT)
primer. The purified PCR product was cloned into the pGemT vector, and the +1 site was iden-
tified from the DNA sequences.

Acknowledgments

The authors thank Dr. James M. Dubbs for a critical reading of the revised manuscript.

Author Contributions

Conceived and designed the experiments: NC PV SM. Performed the experiments: KS NC PN
SC SG. Analyzed the data: NC PV. Contributed reagents/materials/analysis tools: PV SM.
Wrote the paper: NC PV SM.

References

1. Falagas ME, Kastoris AC, Vouloumanou EK, Rafailidis Pl, Kapaskelis AM, Dimopoulos G (2009) Attrib-
utable mortality of Stenotrophomonas maltophilia infections: a systematic review of the literature. Fu-
ture Microbiol 4:1103-1109. doi: 10.2217/fmb.09.84 PMID: 19895214

2. WuPS, LuCY, ChangLY, Hsueh PR, Lee PI, Chen JM, et al. (2006) Stenotrophomonas maltophilia
bacteremia in pediatric patients—a 10-year analysis. J Microbiol Immunol Infect 39: 144-149. PMID:
16604247

3. Ward A, Hoyle C, Palmer S, O'Reilly J, Griffith J, Pos M, et al. (2001) Prokaryote multidrug efflux pro-
teins of the major facilitator superfamily: amplified expression, purification and characterisation. J Mol
Microbiol Biotechnol 3: 193—200. PMID: 11321573

4. Law CJ, Maloney PC, Wang DN (2008) Ins and outs of major facilitator superfamily antiporters. Annu
Rev Microbiol 62: 289-305. doi: 10.1146/annurev.micro.61.080706.093329 PMID: 18537473

5. Rocal, Marti S, Espinal P, Martinez P, Gibert |, Vila J (2009) CraA, a major facilitator superfamily efflux
pump associated with chloramphenicol resistance in Acinetobacter baumannii. Antimicrob Agents Che-
mother 53: 4013-4014. doi: 10.1128/AAC.00584-09 PMID: 19581458

6. VilaJ, Marti S, Sanchez-Cespedes J (2007) Porins, efflux pumps and multidrug resistance in Acineto-
bacter baumannii. J Antimicrob Chemother 59: 1210-1215. PMID: 17324960

7. Godreuil S, Galimand M, Gerbaud G, Jacquet C, Courvalin P (2003) Efflux pump Lde is associated with
fluoroquinolone resistance in Listeria monocytogenes. Antimicrob Agents Chemother 47: 704—708.
PMID: 12543681

8. May, Patel J, Parry RJ (2000) A novel valanimycin-resistance determinant (vimF) from Streptomyces
viridifaciens MG456-hF10. Microbiology 146 (Pt 2): 345-352. PMID: 11001850

9. Levy SB (1992) Active efflux mechanisms for antimicrobial resistance. Antimicrob Agents Chemother
36: 695-703. PMID: 1503431

10. Alekshun MN, Levy SB (2007) Molecular mechanisms of antibacterial multidrug resistance. Cell 128:
1037-1050. PMID: 17382878

11.  Hinrichs W, Kisker C, Duvel M, Muller A, Tovar K, Hillen W, et al. (1994) Structure of the Tet repressor-
tetracycline complex and regulation of antibiotic resistance. Science 264: 418—-420. PMID: 8153629

12. Hidalgo E, Ding H, Demple B (1997) Redox signal transduction via iron-sulfur clusters in the SoxR tran-
scription activator. Trends Biochem Sci 22: 207-210. PMID: 9204707

13. Singh AK, Shin JH, Lee KL, Imlay JA, Roe JH (2013) Comparative study of SoxR activation by redox-
active compounds. Mol Microbiol 90: 983-996. doi: 10.1111/mmi.12410 PMID: 24112649

14. Hidalgo E, Leautaud V, Demple B (1998) The redox-regulated SoxR protein acts from a single DNA
site as a repressor and an allosteric activator. EMBO J 17: 2629-2636. PMID: 9564045

PLOS ONE | DOI:10.1371/journal.pone.0123699  April 27,2015 14/16


http://dx.doi.org/10.2217/fmb.09.84
http://www.ncbi.nlm.nih.gov/pubmed/19895214
http://www.ncbi.nlm.nih.gov/pubmed/16604247
http://www.ncbi.nlm.nih.gov/pubmed/11321573
http://dx.doi.org/10.1146/annurev.micro.61.080706.093329
http://www.ncbi.nlm.nih.gov/pubmed/18537473
http://dx.doi.org/10.1128/AAC.00584-09
http://www.ncbi.nlm.nih.gov/pubmed/19581458
http://www.ncbi.nlm.nih.gov/pubmed/17324960
http://www.ncbi.nlm.nih.gov/pubmed/12543681
http://www.ncbi.nlm.nih.gov/pubmed/11001850
http://www.ncbi.nlm.nih.gov/pubmed/1503431
http://www.ncbi.nlm.nih.gov/pubmed/17382878
http://www.ncbi.nlm.nih.gov/pubmed/8153629
http://www.ncbi.nlm.nih.gov/pubmed/9204707
http://dx.doi.org/10.1111/mmi.12410
http://www.ncbi.nlm.nih.gov/pubmed/24112649
http://www.ncbi.nlm.nih.gov/pubmed/9564045

@’PLOS | ONE

Regulation by SoxR of Stenotrophomonas maltophilia mfsA

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Eiamphungporn W, Charoenlap N, Vattanaviboon P, Mongkolsuk S (2006) Agrobacterium tumefaciens
soxR is involved in superoxide stress protection and also directly regulates superoxide-inducible ex-
pression of itself and a target gene. J Bacteriol 188: 8669-8673. PMID: 17041041

Ha U, Jin S (1999) Expression of the soxR gene of Pseudomonas aeruginosa is inducible during infec-
tion of burn wounds in mice and is required to cause efficient bacteremia. Infect Immun 67: 5324—
5331. PMID: 10496912

Kobayashi K, Tagawa S (2004) Activation of SoxR-dependent transcription in Pseudomonas aerugi-
nosa. J Biochem 136: 607-615. PMID: 15632300

Mahavihakanont A, Charoenlap N, Namchaiw P, Eiamphungporn W, Chattrakarn S, Vattanaviboon P,
etal. (2012) Novel roles of SoxR, a transcriptional regulator from Xanthomonas campestris, in sensing
redox-cycling drugs and regulating a protective gene that have overall implications for bacterial stress
physiology and virulence on a host plant. J Bacteriol 194:209-217. doi: 10.1128/JB.05603-11 PMID:

22056938

Palma M, Zurita J, Ferreras JA, Worgall S, Larone DH, Shi L, et al. (2005) Pseudomonas aeruginosa
SoxR does not conform to the archetypal paradigm for SoxR-dependent regulation of the bacterial oxi-
dative stress adaptive response. Infect Immun 73: 2958-2966. PMID: 15845502

Dela Cruz R, Gao Y, Penumetcha S, Sheplock R, Weng K, Chander M (2010) Expression of the Strep-
tomyces coelicolor SoxR regulon is intimately linked with actinorhodin production. J Bacteriol 192:
6428-6438. doi: 10.1128/JB.00916-10 PMID: 20952574

Shin JH, Singh AK, Cheon DJ, Roe JH (2011) Activation of the SoxR regulon in Streptomyces coelico-
lor by the extracellular form of the pigmented antibiotic actinorhodin. J Bacteriol 193: 75-81. doi: 10.
1128/JB.00965-10 PMID: 21037009

Josephy PD, Mannervik B (2006) Molecular Toxicology, 2nd ed. Oxford University Press, New York,
N.Y.

Kanehisa M, Goto S, Kawashima S, Nakaya A (2002) The KEGG databases at GenomeNet. Nucleic
Acids Res 30: 42—46. PMID: 11752249

Crossman LC, Gould VC, Dow JM, Vernikos GS, Okazaki A, Sebaihia M, et al. (2008) The complete ge-
nome, comparative and functional analysis of Stenotrophomonas maltophilia reveals an organism
heavily shielded by drug resistance determinants. Genome Biol 9: R74. doi: 10.1186/gb-2008-9-4-r74
PMID: 18419807

Saidijam M, Benedetti G, Ren Q, Xu Z, Hoyle CJ, Palmer SL, et al. (2006) Microbial drug efflux proteins
of the major facilitator superfamily. Curr Drug Targets 7: 793-811. PMID: 16842212

Pao SS, Paulsen IT, Saier MH Jr. (1998) Major facilitator superfamily. Microbiol Mol Biol Rev 62: 1-34.
PMID: 9529885

Tennent JM, Lyon BR, Midgley M, Jones IG, Purewal AS, Skurray RA (1989) Physical and biochemical
characterization of the gacA gene encoding antiseptic and disinfectant resistance in Staphylococcus
aureus. J Gen Microbiol 135: 1-10. PMID: 2778425

Santiviago CA, Fuentes JA, Bueno SM, Trombert AN, Hildago AA, Socias LT, et al. (2002) The Salmo-
nella enterica sv. Typhimurium smvA, yddG and ompD (porin) genes are required for the efficient efflux
of methyl viologen. Mol Microbiol 46: 687—-698. PMID: 12410826

Rajamohan G, Srinivasan VB, Gebreyes WA (2010) Molecular and functional characterization of a
novel efflux pump, AmvA, mediating antimicrobial and disinfectant resistance in Acinetobacter bau-
mannii. J Antimicrob Chemother 65: 1919—1925. doi: 10.1093/jac/dkq195 PMID: 20573661

Choi KH, Schweizer HP (2006) mini-Tn7 insertion in bacteria with single attTn7 sites: example Pseudo-
monas aeruginosa. Nat Protoc 1: 153—161. PMID: 17406227

Sheplock R, Recinos DA, Mackow N, Dietrich LE, Chander M (2013) Species-specific residues cali-
brate SoxR sensitivity to redox-active molecules. Mol Microbiol 87: 368—381. doi: 10.1111/mmi.12101
PMID: 23205737

Saenkham P, Eiamphungporn W, Farrand SK, Vattanaviboon P, Mongkolsuk S (2007) Multiple super-
oxide dismutases in Agrobacterium tumefaciens: functional analysis, gene regulation, and influence on
tumorigenesis. J Bacteriol 189: 8807-8817. PMID: 17921294

Hidalgo E, Demple B (1994) An iron-sulfur center essential for transcriptional activation by the redox-
sensing SoxR protein. EMBO J 13: 138—146. PMID: 8306957

Watanabe S, Kita A, Kobayashi K, Miki K (2008) Crystal structure of the [2Fe-2S] oxidative-stress sen-
sor SoxR bound to DNA. Proc Natl Acad Sci U S A 105: 4121-4126. doi: 10.1073/pnas.0709188105
PMID: 18334645

Hidalgo E, Demple B (1997) Spacing of promoter elements regulates the basal expression of the soxS
gene and converts SoxR from a transcriptional activator into a repressor. EMBO J 16: 1056—1065.
PMID: 9118944

PLOS ONE | DOI:10.1371/journal.pone.0123699  April 27,2015 15/16


http://www.ncbi.nlm.nih.gov/pubmed/17041041
http://www.ncbi.nlm.nih.gov/pubmed/10496912
http://www.ncbi.nlm.nih.gov/pubmed/15632300
http://dx.doi.org/10.1128/JB.05603-11
http://www.ncbi.nlm.nih.gov/pubmed/22056938
http://www.ncbi.nlm.nih.gov/pubmed/15845502
http://dx.doi.org/10.1128/JB.00916-10
http://www.ncbi.nlm.nih.gov/pubmed/20952574
http://dx.doi.org/10.1128/JB.00965-10
http://dx.doi.org/10.1128/JB.00965-10
http://www.ncbi.nlm.nih.gov/pubmed/21037009
http://www.ncbi.nlm.nih.gov/pubmed/11752249
http://dx.doi.org/10.1186/gb-2008-9-4-r74
http://www.ncbi.nlm.nih.gov/pubmed/18419807
http://www.ncbi.nlm.nih.gov/pubmed/16842212
http://www.ncbi.nlm.nih.gov/pubmed/9529885
http://www.ncbi.nlm.nih.gov/pubmed/2778425
http://www.ncbi.nlm.nih.gov/pubmed/12410826
http://dx.doi.org/10.1093/jac/dkq195
http://www.ncbi.nlm.nih.gov/pubmed/20573661
http://www.ncbi.nlm.nih.gov/pubmed/17406227
http://dx.doi.org/10.1111/mmi.12101
http://www.ncbi.nlm.nih.gov/pubmed/23205737
http://www.ncbi.nlm.nih.gov/pubmed/17921294
http://www.ncbi.nlm.nih.gov/pubmed/8306957
http://dx.doi.org/10.1073/pnas.0709188105
http://www.ncbi.nlm.nih.gov/pubmed/18334645
http://www.ncbi.nlm.nih.gov/pubmed/9118944

@’PLOS | ONE

Regulation by SoxR of Stenotrophomonas maltophilia mfsA

36.

37.

38.

39.

40.

41.

42,

43.

Pomposiello PJ, Demple B (2001) Redox-operated genetic switches: the SoxR and OxyR transcription
factors. Trends Biotechnol 19: 109—114. PMID: 11179804

Sambrook J, Russell DW (2001) Molecular Cloning: A Laboratory Manual, 3rd ed. Cold Spring Harbor
Laboratory, Cold Spring Harbor, N.Y.

Prapagdee B, Vattanaviboon P, Mongkolsuk S (2004) The role of a bifunctional catalase-peroxidase
KatA in protection of Agrobacterium tumefaciens from menadione toxicity. FEMS Microbiol Lett 232:
217-223. PMID: 15033242

Marx CJ, Lidstrom ME (2002) Broad-host-range cre-lox system for antibiotic marker recycling in gram-
negative bacteria. Biotechniques 33: 1062—1067. PMID: 12449384

Somprasong N, Jittawuttipoka T, Duang-Nkern J, Romsang A, Chaiyen P, Schweizer HP, et al. (2012)
Pseudomonas aeruginosa thiol peroxidase protects against hydrogen peroxide toxicity and displays
atypical patterns of gene regulation. J Bacteriol 194: 3904—-3912. doi: 10.1128/JB.00347-12 PMID:
22609922

Jittawuttipoka T, Buranajitpakorn S, Fuangthong M, Schweizer HP, Vattanaviboon P, Mongkolsuk S
(2009) Mini-Tn7 vectors as genetic tools for gene cloning at a single copy number in an industrially im-
portant and phytopathogenic bacteria, Xanthomonas spp. FEMS Microbiol Lett 298: 111-117. doi: 10.
1111/j.1574-6968.2009.01707.x PMID: 19659730

Jittawuttipoka T, Sallabhan R, Vattanaviboon P, Fuangthong M, Mongkolsuk S (2010) Mutations of fer-
ric uptake regulator (fur) impair iron homeostasis, growth, oxidative stress survival, and virulence of
Xanthomonas campestris pv. campestris. Arch Microbiol 192: 331-339. doi: 10.1007/s00203-010-
0558-8 PMID: 20237769

Hirokawa T, Boon-Chieng S, Mitaku S (1998) SOSUI: classification and secondary structure prediction
system for membrane proteins. Bioinformatics 14: 378-379. PMID: 9632836

PLOS ONE | DOI:10.1371/journal.pone.0123699  April 27,2015 16/16


http://www.ncbi.nlm.nih.gov/pubmed/11179804
http://www.ncbi.nlm.nih.gov/pubmed/15033242
http://www.ncbi.nlm.nih.gov/pubmed/12449384
http://dx.doi.org/10.1128/JB.00347-12
http://www.ncbi.nlm.nih.gov/pubmed/22609922
http://dx.doi.org/10.1111/j.1574-6968.2009.01707.x
http://dx.doi.org/10.1111/j.1574-6968.2009.01707.x
http://www.ncbi.nlm.nih.gov/pubmed/19659730
http://dx.doi.org/10.1007/s00203-010-0558-8
http://dx.doi.org/10.1007/s00203-010-0558-8
http://www.ncbi.nlm.nih.gov/pubmed/20237769
http://www.ncbi.nlm.nih.gov/pubmed/9632836


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


