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Using comparative genome sequencing analysis, we identified a novel mutation in Bacillus subtilis that
confers a low level of resistance to fusidic acid. This mutation was located in the mdfR (formerly yusO) gene,
which encodes a MarR-type transcriptional regulator, and conferred a low level of resistance to several
antibiotics, including novobiocin, streptomycin, and actinomycin D. Transformation experiments showed that
this mdtR mutation was responsible for multidrug resistance. Northern blot analysis revealed that the down-
stream gene mdtP (formerly yusP), which encodes a multidrug efflux transporter, is cotranscribed with mdtR as
an operon. Disruption of the mdtP gene completely abolished the multidrug resistance phenotype observed in
the mdfR mutant. DNase I footprinting and primer extension analyses demonstrated that the MdtR protein
binds directly to the mdfRP promoter, thus leading to repression of its transcription. Moreover, gel mobility
shift analysis indicated that an Arg83 — Lys or Ala67 — Thr substitution in MdtR significantly reduces
binding affinity to DNA, resulting in derepression of mdfRP transcription. Low concentrations of fusidic acid
induced the expression of mdtP, although the level of mdtP expression was much lower than that in the mdtR
disruptant. These findings indicate that the MdtR protein is a repressor of the mdtRP operon and that the

MdtP protein functions as a multidrug efflux transporter in B. subtilis.

The bacterial ribosome is a major target for antibiotics. For
example, the steroid-like antibiotic fusidic acid is characterized
by its ability to interfere with the translation factor elongation
factor G (EF-G), thus inhibiting protein synthesis (5, 21). Bac-
terial cells often mutate spontaneously, producing cells that are
resistant to various antibiotics. The mechanisms of antibiotic
resistance can be classified into four major classes: (i) alter-
ation or modification of the target of the antibiotic, leading to
a loss or reduction of the interaction of the target with the
antibiotic; (ii) acquisition of impermeability or increased efflux
of antibiotic, decreasing its intracellular concentration; (iii)
enzymatic detoxification of antibiotic; and (iv) target bypass (6,
35). High-level resistance to fusidic acid is often due to alter-
ations in its target molecule, EF-G, a protein encoded by fusA
(4, 18). In contrast, mutations that confer a low-level resistance
to antibiotics, including fusidic acid, have been largely over-
looked due to their reduced significance in antibiotic chemo-
therapy. However, the importance of studying low-level resis-
tance to antibiotics has increased in both medical and
industrial microbiology. For example, we recently found that
low-level resistance to streptomycin was due to a mutation in
the rsmG gene, which encodes a 16S rRNA methyltransferase,
and that low-level resistance to kasugamycin was due to a
mutation in the speD gene, which encodes S-adenosylmethio-
nine decarboxylase (25, 26, 29). These findings provided clues
to study the mechanism of high-frequency appearance of high-
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level streptomycin resistance in Mycobacterium tuberculosis
(30) and the overproduction of antibiotics by Streptomyces
coelicolor (25). Similarly, our laboratory has focused on strain
improvement for antibiotic overproduction and has developed
a new method to activate or enhance antibiotic production in
bacteria. In this method, a specific mutation is introduced, by
isolating spontaneously developed drug-resistant mutants, into
the rpsL gene (encoding the ribosomal protein S12) or the
rpoB gene (encoding the RNA polymerase 8 subunit), confer-
ring resistance to a drug such as streptomycin, gentamicin, or
rifampin (rifampicin). These findings indicated that bacterial
gene expression can be altered dramatically by modulating
ribosomal proteins and/or RNA polymerase (12, 16). The rpsL
mutant ribosomes carrying an amino acid substitution in S12,
which confers a high level of resistance to streptomycin, are
more stable than those of wild-type controls at low magnesium
concentrations, indicating that this increase in stability could
enhance protein synthesis at the late growth phase (11, 20, 31,
33). We later found that increased expression of the translation
factor ribosome recycling factor also contributes to the en-
hanced protein synthesis observed during the late growth
phase in the rpsL K88E mutant of S. coelicolor. This led us to
conclude that both the greater stability of the 70S ribosomes
and the elevated levels of ribosome recycling factor caused by
the rpsL K88E mutation are responsible for the enhanced
protein synthesis seen during the late growth phase and that
this underlies the observed antibiotic overproduction in the
rpsL K88E mutant (12). Likewise, certain mutations that con-
fer low-level resistance to fusidic acid or thiostrepton result in
enhanced antibiotic production in S. coelicolor and Streptomy-
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TABLE 1. Bacterial strains and plasmids used in this study

B. subtilis strain or Genotvbe or descrintion Source or
plasmid p P reference
Strains

168 trpC2 Laboratory stock

YO-005 hisC101 13

HF01 trpC2 fusAl This study

HF02 trpC2 fusA2 This study

HF03 trpC2 fusA3 This study

LF01 trpC2 yusO1 This study

LF02 trpC2 yusO2 This study

LF03 trpC2 yusO3 This study

LF04 trpC2 yusO4 This study

LFO05 trpC2 yusOS5 This study

LF06 trpC2 yusO6 This study

KJO1 trpC2 yusO1 This study

KJo2 trpC2 yusP::pMutinT3 This study

KJ03 trpC2 yusO1 yusP::pMutinT3 This study

YUSOd trpC2 yusO::pMUTIN2 This study

Plasmids

pCR2.1 Cloning vector for PCR product Invitrogen

pCR2.1-yusO pCR2.1 containing yusO gene This study

pCR2.1-yusP pCR2.1 containing yusP gene This study

pMutinT3 Integration vector 24

pMutinT3-yusP pMutinT3 containing 5" region  This study
of yusP gene

pMUTIN2 Integration vector 34

pMUTIN2-yusO pMUTIN?2 containing 5’ region  This study
of yusO gene

pET19% Expression vector Novagen

pET19b-yusO(wild type) pET19b containing yusO gene This study
(wild-type)

pET19b-yusO(R83K) pET19b containing yusO gene This study
(R83K)

pET19b-yusO(A67T) pET19b containing yusO gene This study
(A67T)

pET22b(+) Expression vector Novagen

pET22b(+)-yusO pET22(+) containing yusO gene This study

ces lividans (27, 36). Although the mutated genes have not yet
been identified, these findings indicate the importance of low-
level resistance mutations, especially in industrial microbiol-
ogy. In the case of the rpsL K88E mutant of S. coelicolor, a high
level of protein synthesis during the late growth phase under-
lies the enhanced antibiotic production of this mutant (12).
Thus, our ultimate aim was to construct “ribosome engineer-
ing” (27, 28) as a rational approach to elicit bacterial capabil-
ities fully within an industrial application. Working with the
gram-positive model bacterium Bacillus subtilis and a new mu-
tation search technique (1, 25), an alternative site for mutation
(mdtR) to fusidic acid resistance, instead of a ribosome alter-
ation, was found. The results are reported here, along with
physiological and molecular analyses of the resistance pheno-

type.

MATERIALS AND METHODS

Bacterial strains and culture conditions. The bacterial strains and plasmids
used in this study are listed in Table 1. All spontaneous fusidic acid-resistant
mutants (HF01 to HF03 and LF01 to LF06) were derived from B. subtilis strain
168. Strain KJO1 (yusOI) was obtained by congression using B. subtilis strain
YO-005 (hisC101) (13) as a recipient (see Results). Strain YUSOd was con-
structed by integration of the plasmid pMUTIN2 (34) into the yusO gene (19).
To disrupt the yusP gene, the DNA fragment containing a partial yusP gene was
amplified using the primers yusPH-F and yusPB-R (Table 2), digested with
HindIII and BamH]I, and cloned into the corresponding sites of pMutinT3 (24).
The resulting plasmid, pMutinT3-yusP, was used for transformation of strains
168 and KJO1 (yusO1), generating strains KJ02 and KJ03, respectively. Erythro-
mycin (0.5 pg/ml) was used for selection of transformants. B. subtilis strains were
grown in L medium (10 g tryptone, 5 g yeast extract, and 5 g NaCl per liter) at
37°C with vigorous shaking. Ampicillin (100 pg/ml) was used for selection of
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TABLE 2. Oligonucleotides used in this study

Primer Oligonucleotide sequence (5" — 3")”

fusAl-F-seq GGCTGAAGCAAACAAAGC

fusAl-R-seq.. .GATATCCCCTGCGTATACAG

fusA2-F-seq... .GTTCTTCCGTGTGTACTCTG

fusA2-R-seq.. TACCATGGTCAACGTGTC

yusO-F-seq. .GATGTTCTTTCGGGCATC

yusO-R-seq .GTTGTCAGCCAGGTCATC

NyusO-F AGCCTGAAATGCTGGAAAGC

NyusO-R TCATCCGTT TCTGCTGCTTG

yusPH-F .CCCAAGCTTAGCCCTTGACGGTACC

yusPB-R ..... .CGGGATCCCCGCAATAATTCCGACTG

PyusO-del-F.. GTAAAATCAGTTGACTTTTCACTATTTTGT
CATTAAAATATATATAC

PyusO-del-R ......ccooviurinnnne. GTATATATATTTTAATGACAAAATAGTGA
AAAGTCAACTGATTTTAC

PyusO-F1 ... TACGATGTTCTTTCGGGCAT

PyusO-R1... .CACTCTTCATATTCATTTCCC

PyusO-F2 ... TCTGTTGAAGCGGAGGATTC

PyusO-R2... .CTTGTTTCTCCATGCTTTCCAGC

yusON-F1... .CATATGAAGAGTGCGGATCAGTTAATG

yusOB-R1... .GGATCCTTATCCGTTTCCTCTTTTCATG

yusON-F2... .CATCATATGAAGAGTGCGGATCAGTT

yusOB-R2... .CGCGGATCCAATGGTACCGTCAAGGGCTG

RT-rrn16S-F. ATCTTCCGCAATGGACGA

RT-rrn16S-R.
RT-yusPF...
RT-yusPR ..

.GCCGTGGCTTTCTGGTTA
TTCAGCCCTTGACGGTAC
....TCCGCACAAAGCAGAAGC

¢ Underlining indicates sequences cleaved by the restriction enzymes HindIII,
Ndel, and BamHI.

Escherichia coli transformants. MICs were determined as follows. Cells were
grown in L medium for 18 h and diluted 200-fold (approximately 10° cells/ml).
Then, 5 pl of cell suspension was spotted onto an L agar plate containing various
concentrations of a drug, followed by incubation for 18 h at 37°C.

Northern blot analysis. Northern blot analysis was performed as described
previously (15). Cells were harvested at 2 h (exponential growth phase) and 5 h
(early stationary phase) after inoculation, and total RNA was prepared as de-
scribed previously (17). RNA samples (10 pg) were separated by electrophoresis
and transferred to nylon membranes (Hybond-N*; GE Healthcare Bioscience),
and the membranes were incubated with a digoxigenin (DIG)-labeled RNA
probe. To prepare the yusO RNA probe, the DNA fragment containing the
partial yusO gene was amplified by PCR using the primers NyusOF and NyusOR
and cloned into pCR2.1 vector (Invitrogen). The resulting plasmid, pCR2.1-
yusO, was used as a template for in vitro transcription from a T7 promoter. The
RNA labeling for hybridization was performed using a DIG RNA labeling kit
(SP6/T7; Roche Applied Science).

RT-qPCR. Cells were grown in L medium until the optical density at 650 nm
(ODgs) reached 0.4, and antibiotics were added to the culture so that their final
concentrations were 1 wg/ml for fusidic acid, 2 pg/ml for novobiocin, 10 pg/ml for
streptomycin, and 0.2 ug/ml for actinomycin D. After further incubation for 30
min, the cells were harvested and total RNAs were prepared as described pre-
viously (17). Real-time quantitative PCR (RT-qPCR) was performed as de-
scribed previously, using the primers shown in Table 2 (17). Amplification of the
16S rRNA gene was used as an internal control. The oligonucleotides used for
PCR amplification (RT-rrn16S-F and RT-rrn16S-R for 16S rRNA and RT-
yusPF and RT-yusPR for yusP) are listed in Table 2.

Primer extension analysis. Primer extension analysis to determine the tran-
scription start site of the yusOP operon was performed as described previously
(32). Total RNA was extracted from the cells (37), and 45-pg aliquots were each
annealed to 1 pmol of PyusO-R1 primer (Table 2), which had been 5’ end
labeled with [y-**P]JATP (MP Biomedicals) using a Megalabel kit (Takara Bio).
The primer extension reaction and dideoxy sequencing reactions were performed
using ThermoScript reverse transcriptase (Invitrogen). The synthesized cDNA
and sequencing ladders were subjected to urea-polyacrylamide gel electrophore-
sis (PAGE) and quantified using a Typhoon 9400 variable image analyzer (GE
Healthcare Bioscience).

DNase I footprinting analysis. For footprinting analysis, the complete yusO
gene was amplified by PCR using the primers yusON-F2 and yusOB-R2 (Table
2), digested with Ndel and BamHI, and cloned into the expression vector
pET22b(+) (Novagen), generating pET22b(+)-yusO. E. coli BL21(DE3) har-
boring pET22b(+)-yusO produced YusO protein at 23% of total soluble pro-
teins, as determined by sodium dodecyl sulfate-PAGE. Using this lysate without
further purification, DNase I footprinting analysis was performed as described
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TABLE 3. Antibiotic susceptibilities of isolated fusidic acid-resistant mutants

Identified mutation® in:

MIC (pg/ml)?

B. subtilis strain
fusA

yusO FA NB SM ACT

168 (wild type)
HF01 2001C — G (Phe667 — Leu)

0.4 0.8 8 0.04
2 0.8 8 0.04

HF02 1352G — C (Gly451 — Ala) 2 0.8 8 0.04
HFO03 1999T — C (Phe667 — Leu) 2 0.8 8 0.04
LF01 248G — A (Arg83 — Lys) 1.6 1.6 12 0.08
LF02 1(398ggcgc402)° (frameshift from His133, codon 152 — 1.6 1.6 12 0.08
stop codon)
LF03 232A — G (Lys78 — Glu) 0.8 1.6 8 0.08
LF04 200C — T (Ala67 — Val) 1.6 1.6 12 0.08
LF05 199G — A (Ala67 — Thr) 0.8 1.6 12 0.08
LF06 A(249aacacac255)¢ (frameshift from His85, codon 90 — 1.6 1.6 12 0.08

stop codon)

¢ Numbering is from the first nucleotide of the start codon.

> MICs were determined after 18 h of incubation at 37°C on L agar plates. FA, fusidic acid; NB, novobiocin; SM, streptomycin; ACT, actinomycin D.

€1, 5-base insertion at position 398.
4 A, 7-base deletion at positions 249 to 255.

previously (7, 10). The yusOP probe was prepared by PCR using the primer pair
PyusO-F1 and PyusO-R1. Prior to PCR amplification, only the 5" terminus of
one of the primer pairs had been labeled with [y-**P]JATP, using a Megalabel kit
(Takara Bio). This DNA probe (0.04 pmol) was mixed with the YusO-containing
crude extract to form the DNA-protein complex and then partially digested with
DNase I (Takara Bio) in a 50-pl reaction mixture, followed by urea-PAGE.

Purification of His,,-tagged YusO protein. For expression of His; -tagged
wild-type and mutant YusO, the DNA fragment that had been synthesized by
PCR using the primers yusON-F1 and yusON-R1 was cloned into the plasmid
pCR2.1 and fully sequenced. Genomic DNA of strain 168, KJO1 (Arg83 — Lys),
or LF05 (Ala67 — Thr) was used as a template. An NdeIl-BamHI fragment
containing a full-length yusO coding region was inserted into the expression
vector pET19b (Novagen), generating pET19b-yusO(wild type), -yusO(R83K),
and -yusO(A67T), respectively. The His;,-tagged YusO protein thus designed
has the sequence Met-Gly-His,,-Ser-Ser-Gly-His-Ile-Asp-Asp-Asp-Asp-Lys-His
at the N terminus.

To overexpress YusO, E. coli BL21(DE3) harboring the appropriate expres-
sion plasmid pET19b-yusO(wild-type), -yusO(R83K), or -yusO(A67T) was grown
in L medium supplemented with 1% glucose until the ODgs, reached 1.0,
followed by addition of isopropyl-B-p-thiogalactopyranoside (IPTG) to a final
concentration of 2 mM. After further incubation for 3 h, the cells were harvested
by centrifugation and disrupted by sonication. The cell lysate was centrifuged
(8,000 X g for 10 min) to remove insoluble material, and the crude extract was
fractionated using 30% to 60% saturated ammonium sulfate. The His,,-tagged
proteins were purified using a HisTrap HP column (GE Healthcare Bioscience)
according to the manufacturer’s manual. The purified protein (95% purity) was
stored in storage buffer (50 mM Tris-HCI buffer [pH 8.0] and 50% glycerol).

Gel mobility shift analysis. A DIG gel shift kit (Roche Diagnostics) was used
for gel mobility shift assay (16). The His,,-tagged YusO protein and its mutants
(R83K and A67T) were prepared as described above. To prepare probes A and
B, the DNA fragments were amplified by PCR with the primer pairs PyusO-F2
and PyusO-R2 for probe A and PyusO-F1 and PyusO-R1 for probe B. To
prepare the deletion probe C, two PCR fragments, synthesized with PyusO-F1
and PyusO-del-R or PyusO-del-F and PyusO-R1, were annealed to each other,
incubated with Tag DNA polymerase without primer, and used as a template for
a PCR using the primers PyusO-F1 and PyusO-R1. This amplified DNA frag-
ment was cloned into pCR2.1 and fully sequenced to confirm the 31-bp deletion.
To determine the effect of the R83K and A67T substitutions on the binding
ability of YusO, DIG-labeled probe A and various amounts of His,-tagged
YusO (wild type, R83K, or A67T) were mixed into 15 pl of binding buffer [20
mM HEPES (pH 7.6), 30 mM KCI, 1 mM EDTA, 10 mM (NH,),SO,, 1 mM
dithiothreitol, 0.2% Tween 20, and 1 ug poly(dA-dT)] and incubated at 25°C for
15 min. The YusO binding site in the DNA was determined by incubating
DIG-labeled probe B or C with various amounts of His,,-tagged YusO protein
(wild type). DNA and DNA-protein complexes were separated by 5% nondena-
turing PAGE, transferred onto a Hybond-N" membrane, and detected accord-
ing to the manufacturer’s instructions.

Assay of B-galactosidase. Strains were grown in L medium, and an appropriate
volume of cell suspension was withdrawn and centrifuged. Each pellet was

resuspended in 0.5 ml of Z buffer (60 mM Na,HPO,, 40 mM NaH,PO,, 10 mM
KCI, 1 mM MgSO,, and 50 mM 2-mercaptoethanol), to which 3 drops of toluene
(30 l) was added. The suspensions were vortexed for 5 s and incubated at 28°C
for 1 min, followed by addition of 0.2 ml of o-nitrophenol-B-p-galactopyranoside
solution (4 mg/ml in Z buffer without 2-mercaptoethanol) and further incubation
at 28°C. When a sufficient amount of yellow color had developed, the reaction
was stopped by adding 0.5 ml of 1 M Na,COs solution, followed by centrifugation
for 3 min, and the absorbance of the supernatant at 420 nm (4,,,) was measured.
Specific activity was expressed as Ay, -t '+ V1 - ODgso "' X 1,000, where ¢
and Vindicate the time (min) of reaction and the volume (ml) of culture used in
the assay, respectively.

RESULTS

Isolation of mutants resistant to low levels of fusidic acid.
High-level resistance to fusidic acid is often due to mutations
in fusA, which encodes EF-G (4, 18). To investigate the mech-
anism underlying low-level resistance to fusidic acid in B. sub-
tilis, we isolated 14 resistance mutants that had developed
spontaneously on L agar plates containing various concentra-
tions (0.5 to 2 wg/ml) of fusidic acid. Of these 14 mutants, 6
(LFO01 to LF06) had no mutations in the fus4 gene, whereas
the other 8 carried mutations in fusA (several representatives,
HFO1 to HFO03, are listed in Table 3). The former group (LFO01
to LF06) grew normally in L medium and sporulated well in
sporulation medium (data not shown). Although the parent
strain, 168, produces the antibiotic bacilysin (14, 15), bacilysin
production was not altered in these mutant strains (data not
shown). To further characterize these mutants, we determined
the MICs of various antibiotics, including actinomycin, chlor-
amphenicol, erythromycin, fusidic acid, gentamicin, kasugamy-
cin, lincomycin, nalidixic acid, novobiocin, penicillin, rifampin,
spectinomycin, streptomycin, tetracycline, and thiostrepton.
Interestingly, all six mutants with low-level fusidic acid resis-
tance exhibited cross-resistance to novobiocin, streptomycin,
and actinomycin but not to the other antibiotics (Table 3),
suggesting that each of these mutants has a multidrug resis-
tance mutation.

Identification of mutations conferring multidrug resistance.
To identify the mutation conferring fusidic acid resistance, we
performed comparative genome sequencing analysis using the
genomic DNAs of the LFO1 mutant and its parent strain 168.
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FIG. 1. SignalMap (Roche NimbleGen) representation of compar-
ative genome sequencing analysis of the fusidic acid-resistant mutant
LFO1. The lowest two traces show the signal intensities for wild-type
strain 168 (blue) and mutant strain LFO1 (green) hybridizations; the
red trace above shows their ratio. The blue bar depicts a single-nucle-
otide polymorphism (SNP), which was confirmed by sequencing.

We observed a single-base substitution (248G — A) within the
yusO gene (Fig. 1), which encodes a MarR family transcrip-
tional regulator, YusO. Furthermore, the five other mutants
(LFO02 to LF06) that were resistant to low levels of fusidic acid
were all found to carry a mutation within the yusO gene as
determined by DNA sequencing (Table 3), suggesting that
mutations in this gene cause resistance to low levels of fusidic
acid. A causal relationship between yusO mutations and mul-
tidrug resistance was confirmed by transformation as follows.
Since the hisC and rpC genes are near each other in the B.
subtilis genome, the two genes are cotransformed at high fre-
quency (approximately 70%). Using these selectable markers,
a histidine auxotrophic strain, YO-005 (hisC yusO™), was
transformed with the genomic DNA of LF01 (#7pC yusO1). Of
100 His™ Trp~ transformants, 4 also showed fusidic acid re-
sistance. As expected, these fusidic acid-resistant transfor-
mants all carried the yusOI mutation (data not shown) and
displayed resistance to novobiocin, streptomycin, and actino-
mycin.

YusO functions as a repressor for the yusOP operon. The
results described above suggest that the yusO gene product,
YusO, regulates the multidrug resistance gene in B. subtilis,
and that the downstream gene yusP, which encodes a protein
similar to a multidrug efflux transporter, forms an operon with
yusO gene (Fig. 2A). To assess these hypotheses, we performed
Northern blot analysis using a yusO probe. This probe hybrid-
ized with a 2.2-kb transcript, corresponding to the full length of
yusOP, which was strongly induced in the exponentially grow-
ing yusOI mutant KJO1 but not in the parent strain 168 (Fig.
2B). Similar results were obtained with the yusO disruption
mutant YUSOd (data not shown). Furthermore, the 2.2-kb
transcript was also detected when a specific probe for yusP was
used (data not shown). RT-qPCR analysis revealed that the
level of the yusP transcript in the yusOl mutant was 70-fold

J. BACTERIOL.
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FIG. 2. Alignment of yusO and yusP and effect of yusO mutation on
the expression of the yusO gene in B. subtilis. (A) Map of the genomic
DNA region containing the yusO and yusP genes. The amino acid (aa)
length of each product is shown in parentheses. Their deduced func-
tions are also indicated. The thick line represents the DNA probe. The
length of yusOP is about 2.2 kb. The stem-loop structure indicates the
transcriptional terminator. (B) Northern analysis of the yusO tran-
script. Strains 168 (wild type [WT]) and KJO1 (yusO1) were grown in L
medium for 2 h (exponential growth phase) or 5 h (early stationary
phase). Total RNA was extracted from each strain, and 10-pg aliquots
were subjected to electrophoresis, transferred to a membrane, and
hybridized with the RNA probe for yusO. (C) Transcriptional fusion
analysis of yusOP'-lacZ. Strains KJ02 (yusP::pMutinT3, circles) and
KJO03 (yusOI yusP::pMutinT3, squares) were grown in L medium. Cul-
ture samples were withdrawn at the indicated times, and cell densities
(ODygsp, open symbols) and B-galactosidase (B-Gal) activities (closed
symbols) were measured.

higher than that in its parent strain 168 (data not shown). The
yusOP transcript, however, disappeared at stationary growth
phase (Fig. 2B).

We further analyzed the function of YusO and YusP by
constructing yusP disruption mutants. Insertion of the plasmid
pMutinT3 into the yusP genes of strains 168 and KJO01 yielded
the yusP disruption mutants KJO2 (yusP::pMutinT3) and KJ03
(yusO1 yusP::pMutinT3), which carry the transcriptional fusion
yusOP'-lacZ. Consistent with the results from Northern anal-
ysis, the expression of yusOP'-lacZ in the yusOl mutant was
highly induced during exponential growth phase but then de-
clined during stationary phase (Fig. 2C). When we tested the
effect of yusP disruption on multidrug resistance, we found that
disruption of the yusP gene completely abolished the multidrug
resistance observed in the yusOI mutant KJO1 (Table 4). In

TABLE 4. Effect of yusP disruption on antibiotic resistance

MIC (pg/ml)*

B. subtilis
train Relevant genotype
s FA NB  SM  ACT
168 Wild type 0.4 0.8 8 0.04
KJO1 fusl (yusOI) 1.6 1.6 12 0.08
KJ02 yusP::pMutinT3 0.4 0.8 8 0.04
KJO3 yusO1 yusP::pMutinT3 0.4 0.8 8 0.04

“ See Table 3, footnote b.
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contrast, no substantial effect of the yusP disruption on antibi-
otic susceptibility was detected in the yusO™ strain. These
results indicate that YusO acts as a repressor of the yusOP
operon and that an elevated level of YusP renders cells resis-
tant to fusidic acid, novobiocin, streptomycin, and actinomycin.

Identification of cis-acting elements for transcriptional reg-
ulation of the yusOP operon. Since Northern blot experiments
had shown that the yusOP operon is transcribed from a single
promoter located upstream of the yusO gene (Fig. 2), we de-
termined the transcription start site of the yusOP operon by
primer extension analysis. We found that transcription of
yusOP was initiated at the G residue 60 bases upstream of the
translational start codon, which was detected only in the sam-
ple of strain YUSOd and not in that of the wild-type strain 168
(Fig. 3A). The most probable —35 and —10 regions (TTGACT
and TATATT with a 17-bp spacer), which are likely recognized
by o*-RNA polymerase (9), were found in the region upstream
of the transcriptional start site.

To determine whether YusO protein binds directly to the
yusOP promoter region, we performed DNase I footprinting
analysis using a crude extract prepared from E. coli cells that
overexpress the recombinant yusO gene. The YusO protein
was found to protect the region, including the predicted —10
region of the yusOP promoter (bases —29 to +34 of the coding
strand and bases —30 to +35 of the noncoding strand) (Fig.
3B). Binding of E. coli proteins to the yusOP promoter region
was not detected by gel mobility shift assay, as examined with
lysate prepared from E. coli cells not expressing YusO (data
not shown). Importantly, this region contained two inverted
repeats, IR1 (bases —24 to +7) and IR2 (bases +5 to +30),
and part of another, IR3 (bases +27 to +43) (Fig. 3C).

Determination of binding affinity of YusO to the yusOP
promoter region. To determine the binding affinity, we purified
His,-tagged YusO protein and two mutant proteins (R83K
and A67T). The His,,-tagged YusO protein, which was ap-
proximately 95% pure, formed a dimer in Tris-HCI buffer, as
examined by gel filtration analysis (data not shown). Gel mo-
bility shift analysis indicated that wild-type YusO protein
bound to probe A (348 bp), which contained a yusOP pro-
moter, with a binding dissociation constant of 81 nM (calcu-
lated as a dimer) (Fig. 4B). A similar result was obtained when
nontagged YusO was used (data not shown). This result indi-
cates that the His,, tag has no effect on the binding activity of
YusO. Strikingly, both variants (R83K and A67T) had much
lower binding affinity (Fig. 4B and data not shown), indicating
that residues Arg83 and Ala67 play a critical role in the binding
of YusO to the yusOP promoter.

To identify the cis-acting element required for the binding of
YusO protein, we prepared shortened DNA probes B (150 bp)
and C (119 bp). Probe B contains the entire region protected
from DNase I by YusO protein, whereas probe C lacks the IR1
sequence entirely (Fig. 4A). Wild-type YusO protein bound to
probe B with an affinity similar to that for probe A (Fig. 4C).
YusO, however, failed to bind to the IR1 deletion probe C,
indicating that the IR1 sequence is required for binding.

Fusidic acid induces yusP expression in vivo. As described
above, loss of YusO function resulted in increased expression
of the multidrug transporter YusP, leading to multidrug resis-
tance. To analyze whether these antibiotics can inhibit the
binding of YusO to the YusO binding site, we performed gel
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mobility shift assays in the presence or absence of antibiotics.
We found that the binding of YusO was inhibited in the pres-
ence of fusidic acid or novobiocin (Fig. 5), with 50% inhibitory
concentrations (K;) of 1.8 to 3.7 mM and 5 to 10 mM, respec-
tively. No significant dissociation was detected when up to 10
mM streptomycin or up to 0.1 mM actinomycin was added to
the reaction mixture. To evaluate whether these antibiotics can
induce yusP expression in vivo, antibiotics were added to cul-
tures of the wild-type strain 168 at concentrations that fully
inhibit growth (1 pwg/ml [2 wM] for fusidic acid, 2 pg/ml [3.1
pM] for novobiocin, 10 pg/ml [17 wM] for streptomycin, and
0.2 pg/ml [0.16 wM] for actinomycin). Total RNA was ex-
tracted from cells just before addition of the drug or after 30
min of incubation and subjected to RT-qPCR analysis. In con-
trol cells (without antibiotic), the level of yusP transcript was
decreased to 25% during the 30-min incubation. This is not
surprising, because the yusOP expression was decreased
abruptly upon entry of the cells into stationary phase (Fig. 2B
and C). As expected, yusP expression was induced by adding 1
pg/ml fusidic acid (Fig. 6), with lower concentrations being less
effective (data not shown). Importantly, the concentration of
fusidic acid required for yusOP induction (1 pg/ml = 2 pM)
was much lower than the K; value (1.8 to 3.7 mM) found in gel
mobility shift assay. In contrast, no significant induction of yusP
was detected in cells treated with novobiocin, streptomycin, or
actinomycin, indicating that these antibiotics do not induce
yusOP expression.

DISCUSSION

We have described here the identification and characteriza-
tion of a novel multidrug resistance operon, yusOP, of B. sub-
tilis. We demonstrated that the YusO protein binds directly to
the yusOP promoter region, leading to the repression of its
expression. In addition, YusP was found to contribute to re-
sistance to several antibiotics, including fusidic acid, novobio-
cin, streptomycin, and actinomycin, possibly by pumping these
structurally unrelated antibiotics out of cells. Consequently,
the loss of YusO function caused increased expression of
yusOP, resulting in the multidrug resistance phenotype by extrud-
ing antibiotics through YusP. Thus, the YusO protein acts as a
repressor of the yusOP operon, and the YusP protein functions
as a multidrug efflux transporter. We therefore propose renam-
ing yusO as a multidrug transporter regulator, mdtR, and yusP
as a multidrug transporter protein, mdtP.

The MdtR protein belongs to the MarR family of transcrip-
tional regulatory proteins, each of which contains a “winged-
helix” DNA binding motif in its central domain. The crystal
structure of MdtR has been deposited in the Protein Data
Bank (ID 1s3j) by other investigators. By isolating mutants
with low-level resistance to fusidic acid, we obtained several
MdtR mutants that exhibit a multidrug resistance phenotype.
Our results indicated that the mutations, A67T and R83K,
markedly reduced the binding affinity of MdtR to the mdtRP
promoter region, leading to derepression of mdtRP transcrip-
tion. Similar to the case for wild-type MdtR, both MdtR vari-
ants (A67T and R83K) formed a dimer in solution, indicating
that these mutations had no effect on protein dimerization.
Based on the structures of B. subtilis MdtR and E. coli MarR,
residues Ala67 and Arg83 in the MdtR protein correspond to
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FIG. 3. Identification of the YusO binding region. (A) Determination of the transcription start site of the yusOP operon. Total RNAs (45 pg)
of strains 168 (wild type, lane 1) and YUSOd (yusO::pMUTIN2, lane 2) were reverse transcribed to generate runoff cDNA (bold arrow). Lanes
G, A, T, and C contain the products of the dideoxy sequencing reactions with the same primer used for reverse transcription. The partial nucleotide
sequence of the coding strand corresponding to the ladders is shown, where the —10 regions are underlined and the transcription start sites (+1)
are boxed. (B) DNase I footprinting of YusO in the yusOP promoter region. DNA probes corresponding to the coding or noncoding strand of the
yusOP promoter region were 5" end labeled, and each was incubated at a final concentration of 0.8 nM with a crude extract from E. coli BL21(DE3)
expressing yusO in the absence (lanes 1 and 5) or presence (lane 2, 2.6 wM; lane 3, 1.3 wM; lane 4, 0.65 pM as a dimer) of crude YusO protein.
After partial digestion with DNase I, the resulting mixtures were subjected to urea-PAGE. Lanes G, A, T, and C contain the products of the
dideoxy sequencing reactions with the corresponding 5'-labeled primer. Nucleotide sequences protected by YusO are indicated on the right of each
panel. (C) Organization of the yusOP promoter region. The stop codon of the yusN gene and the —35 and —10 regions of the yusOP promoter
are underlined. The transcription start site (+1) of the yusOP operon is shown by capital boldface letter. The Shine-Dalgarno (SD) sequence of
yusO is boxed, and the three inverted repeat sequences, IR1, IR2, and IR3, are indicated by pairs of facing arrows with bold letters showing the
matching bases. The open reading frames of yusN and yusO genes are depicted by thick lines. The protected regions in the coding and noncoding
strands are indicated by gray bars.

NTGAA
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E. coli MarR Ala70 (in the a4 region) and Arg86 (in the B2
region), respectively. In E. coli, these regions are known to
contribute to the DNA binding activity of MarR (3). Consis-
tent with our observation, an amino acid change of Ala70 to

Thr in E. coli MarR has also been reported to abolish its ability
to bind to DNA (2). Although there is no experimental evi-
dence that residue Arg86 of E. coli MarR plays a critical role
in its DNA binding activity, this residue is highly conserved in
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FIG. 4. Binding affinity of YusO to the yusOP promoter region.
(A) Probes used for gel mobility shift analyses. The —35 and —10
regions of the yusOP operon are indicated as dashed lines. The tran-
scription start site (+1) is indicated by a bent arrow, and the inverted
repeat sequence IR1 is indicated by a pair of facing arrows. The three
DNA probes (A, B, and C) used for gel mobility shift analysis are
shown. The dashed line indicates the deleted region. (B) Effect of the
R83K substitution in YusO on its binding affinity to the yusOP pro-
moter. A DIG-labeled DNA fragment (probe A) was mixed with
His,-tagged YusO (wild type) or its R83K variant. Purified YusO
protein was added at the indicated concentrations. (C) Effect of IR1
deletion on the binding affinity of YusO. A DIG-labeled DNA frag-
ment (probe B or C) was incubated with His,,-tagged YusO at the
indicated concentrations.

other MarR family repressors. Therefore, MdtR residues
Ala67 and Arg83 likely play essential roles in the DNA binding
activity of the MdtR protein. Similarly, an amino acid change
of Lys78 to Glu also led to a multidrug resistance phenotype,
indicating that this residue also participates, directly or indi-
rectly, in MdtR activity. As predicted from DNA sequencing,
the LF02 mutant contains a frameshift mutation followed by a
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FIG. 5. Effect of antibiotics on the binding of YusO to the yusOP
promoter region. DIG-labeled yusOP probe A (2.3 nM) was incubated
with YusO (146 nM as a dimer) in the presence of fusidic acid (A) or
novobiocin (B). Each antibiotic was diluted stepwise by twofold and
added to the mixture.

stop codon, thus lacking the C-terminal helix (a6). This C-
terminal domain may be involved in dimer formation.

We successfully identified the cis-acting elements for MdtR.
We found that the MdtR protein recognized and bound spe-
cifically to DNA containing a 31-bp imperfect inverted repeat
sequence, IR1 (AAaTgCGAATAAaTataAaTTATTCGtAaTT),
which overlaps with the —10 region of the mdtRP promoter.
Gel mobility shift assays showed that the binding of MdtR to
the mdtRP promoter region was severely inhibited by adding
excess concentrations of fusidic acid or novobiocin but not by
actinomycin or streptomycin. Since the MICs of fusidic acid
and novobiocin were 0.4 pg/ml (0.77 wM) and 0.8 pg/ml (1.3
wM), respectively, the K; values observed in gel mobility shift
assays are too high to permit these antibiotics to release MdtR
from the mdtRP promoter at physiological concentrations. In
fact, novobiocin failed to induce mdtRP expression at a con-
centration close to its MIC. Although fusidic acid did induce
mdtRP expression at low concentrations, the level of mdtRP
expression was much lower than that in the md¢R disruptant.
Therefore, it is likely that another compound, which could be
a fusidic acid analogue, plays a role in inducing multidrug
resistance, perhaps by interacting efficiently with MdtR. In this
regard, the mdtP protein is similar to EmrB/QacA family trans-
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FIG. 6. Inducibility of yusOP transcription by various antibiotics.
Strain 168 was grown in L medium until the ODs, reached 0.4, and
antibiotics were added to final concentrations of 1 pg/ml for fusidic
acid, 2 pg/ml for novobiocin, 10 pg/ml for streptomycin, and 0.2 pg/ml
for actinomycin D. “None” represents no addition of antibiotics. Total
RNAs were extracted from cells just before and after 30 min of treat-
ment and used for RT-qPCR analysis. The transcription level was
normalized relative to the amount of 16S rRNA in each RNA sample.
The relative expression of yusP was calculated by dividing the relative
amount of yusP in cells after treatment by that in cells before treat-
ment. The average values (with standard deviations) from three inde-
pendent experiments are shown. FA, fusidic acid; NB, novobiocin; SM,
streptomycin; ACT, actinomycin D.

porters. The E. coli EmrB confers resistance to hydrophobic
uncouplers such as carbonyl cyanide m-chlorophenylhydrazone
and tetrachlorosalicylanilide, to organomercurials, and to some
hydrophobic antibiotics such as thiolactomycin (8, 23). In addi-
tion, Staphylococcus aureus QacA confers resistance to organic
cations such as ethidium, benzalkonium, cetrimide, chlorhexidine,
and pentamidine (22). These compounds, together with the fu-
sidic acid analogue, could be inducers for the mdtRP system.

Interestingly, we found that mdtRP expression was de-
creased during stationary phase, even in mdtR mutants, indi-
cating that an additional regulatory mechanism may act in
stationary-phase repression of mdtRP. Thus, further analyses
are required to understand the overall mechanism regulating
mdtRP transcription.
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