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ABSTRACT

Triton X-100 reduces the oxacillin resistance 1level of
methicillin-resistant Staphylococcus aureus (MRSA), although the
degree of reduction varies among strains. One Tn55I-insertion
mutant, with enhanced susceptibility to oxacillin or Triton X-
100, named COL-TS111, was isolated from MRSA COL. Genetically
outcrossed MRSA mutants, KSA8-TS111 and NCTC1l0443-TS111, also
had enhanced susceptibility to oxacillin or Triton X-100, while
one outcrossed methicillin-susceptible (MSSA) mutant, RN450-
TS111, did not. Sequence analysis revealed that Tn55! had
inserted in the N-terminal region of an orf designated as fmtB.
The fmtB gene of COL consisted of 7437 bp coding for a protein
of 263 kDa interpositioned by 17 tandem repeats of 75 amino
acids. The putative FmtB protein has LPXTG motif at C-terminal,
indicating that this protein anchors to peptidoglycan.
Immunoblotting analysis revealed that FmtB was found at cell
wall fraction. The mutation of the mutant was not restored by
fmtB gene on plasmid, but restored by glmM gene, which located
closely upstream of fmtB and is the factor responsible for
methicillin resistance, although GImM eXxpression was not
affected in the mutant. In the presence of N-acetylglucosamine
(1 to 100 mM) or glucosamine (10 mM), the MIC of oxacililin in
this mutant was increased. These results indicate that fmtB
mutation affects cell wall synthesis, especially early step,

like glmM.



INTRODUCTION

The 1intrinsic resistance +to B-lactam antibiotics in
methicillin resistant-Staphylococcus aureus (MRSA) is mediated
by PBP2'(PBP2A) which is active in the presence of an otherwise
inhibitory concentration of B-lactam antibiotics (9, 31). ©PBP2'
has a low affinity for B-lactam antibiotics and is encoded by
the mecA gene which is located within the mec element (42).
Although mecI-mecRI regulates the production of PBP2' (40, 41),
the amount of PBP2' does not always correspond with the
methicillin resistance level (27). This suggests that factors
other than mecA are involved in methicillin resistance. Indeed,
there are multiple genetic loci associated with the expression
for methicillin resistance, such as the series of fem and aux
factors (1, 7, 22), 1lm (26), fmt (19) and gene for a
transcription factor, sigB (46). Some of these were
demonstrated to be involved in the peptidoglycan metabolism (5,
12, 17, 24, 25, 28, 29, 37, 38). Investigation of the factors
associated with methicillin resistance is revealing thus the
complex mechanism of cell wall metabolism and resistance.

We previously reported that 0.02% Triton X-100 reduced the
oxacillin (methicillin) resistance level in MRSA, without
affecting cell viability, growth, production of PBP2', or the
binding of fB~lactam antibiotics to PBPs (20, 21). The degree of
Triton X-100-induced sensitization varies among strains,
suggesting that besides PBP2' the factors responsible for
expression of the methicillin resistance varies among strains.
To identify the factor respnsible for the resistance, several

investigators isolated transposon-insertional mutants from MRSA



strains, which reduced the resistance by screening the
susceptibility to methicillin. de Lencastre et al isolated 41
Tn551-insertional mutants by this procedure. We previouly tried
to 1isolate the Tn551-insertional mutants by screening the
susceptibility to oxacillin in the presence of Triton X~100, and
isolated the one mutant, which differed from other reported
mutants. Then, we determined the gene (fmt) responsibe for
methicillin resdistance. Therefore, our screening procedure may
isolate different mutants with those screened by only
methicillin  susceptibility. Here, using our screening
procedure, we isolated another Tn551-insertional mutant from
MRSA COL strain, which decreased the methicillin resistance, and
identified a novel factor which affects methicillin resistance

level and Triton X-100 susceptibility.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The bacterial
strains and plasmids used in this study are listed in Table 1.
Staphylococcus aureus and FEscherichia coli were grown in
Trypticase soy broth (TSB)(Beckton Dickinson Microbiology
Systems, Cockeysville, Md) and Luria Bertani broth,
respectively. Erythromycin (EM) (30 pg/ml), chloramphenicol
(CP) (50 ug/ml) or ampicillin (100 pg/ml) were added when
necessary to maintain the transposon in the chromosomal DNA or

plasmids in the cell.



Transposon mutagenesis. Tn551 mutagenesis was performed as
described (22). Briefly, strain COL harboring pRN3208, a
thermosensitive plasmid carrying Tn551 with the erythromycin
resistance determinant (ermB), was grown overnight at 30°C.
Then the overnight culture was diluted at different cell
concentrations and plated on trypticase soy agar (TSA)
containing erythromycin (30 upg/ml). The plates were incubated
at 42°C for 48 h. The colonies that grew on this plate were
replated on three TSA plates containing erythromycin (100
pg/ml), cadmium (50 pg/ml) or neither at 42°C for 24 h.  The
colonies that grew in the presence of erythromycin but not
cadmium were used for further study. The approximate curing

efficiency of the plasmid was 1 x 10-2.

Screening of mutants with decreased oxacillin resistance
in the presence of Triton X-100. Tn551 mutagenized COL was
used to screen for mutants which showed decreased oxacillin
resistance in the presence of Triton X-100 as described earlier
(19). One mutant, which could not grow on TSB containing 0.02 %
Triton X-100 plus 16 ug/ml of oxacillin, strain COL-TS111, was

kept for further analysis.

Transduction. Transductions were done with phage 80 alpha
{30) using COL-TS111 as donor and COL, KSA8, NCTC10443 or RN450
as recipient. Transductants were selected for growth on 10

pg/ml of erythromycin.

MICs and population analysis. MICs of various antibiotics

were determined by a microdilution method as described before



(21). Population analysis profiles were determined by plating
aliquots of an overnight culture on TSA containing various
concentrations of oxacillin or Triton X-100. Colonies were

counted after 48 h incubation at 37°C (20).

DNA manipulations. Routine DNA manipulations, DNA digestion
with restriction enzymes, shrimp alkaline phosphatase, DNA
ligations, gel electrophoresis, Southern blotting of DNA and
hybridization, and DNA sequencing were performed essentially as
described (32). Restriction enzymes and shrimp alkaline
phosphatase were purchased from Boehringer Manheim Biochemica,
Tokyo, Japan, and T4 DNA ligase was from New England BicLab,
Beverly, MA. Pulsed-field gel electrophoresis (PFGE) was
carried out as described (16). Hybridization was performed by
means of a chemiluminescent procedure (ECL direct labelling kit
or 3'-oligolabelling kit; Amersham Life Science, Bucks, UK).
DNA sequences of both strands were determined by the dideoxy
chain termination method with Autoread sequencing kit (Pharmacia
Biotech., Tokyo, Japan). PCR reagents were from Boehringer
Manheim, and PCR was performed with the GeneAmp PCR System 2400

(Perkin Elmer).

Cloning of Tn551 insertional region. The 4 kb PstI-HindIII
fragment containing the left portion of Tn551 and its flanking
region from KSA8-TS11ll chromosomal DNA were identified by using
the oligonucleotide probe, 5'-AGC GCC TAC GGG GAA TTT GT-3'
derived from the known Tn551 sequence (33). PstI-HindIII
digests of KSA8-TS111 chromosomal DNA were ligated into pUC19

and transformed into E. ceoli XL-1 Blue. The desired cleone was



identified from this library by colony hybridization. The
cloned fragment was in turn used to probe a Xbal library of KSAS
strain cloned into pUCl9. Finally, a corresponding 8.9 kb Xbal
fragment covering the Tn551 insertional region was isolated from
wild type KSA8. DNA sequencing of the fragment was performed
using synthesized primers.

Since we originally isolated the mutant from COL, we
determined the DNA sequence of the corresponding regions of COL,
and COL-TS111l, using PCR fragments as template DNA with the same

primers used for KSAB DNA sequencing.

Primer extension. Total cellular RNAs were extracted from S.
aureus COL by the procedure of Cheung et al. using a FastRNA kit
(BIO 101, vista, CA) (4). Primer extension was carried out with
AMV Reverse Transcriptase Primer Extension System (Promega,
Madison, WI). The synthetic oligonucleotide primer (5'-
TTTTCTGATACTAAATTTTTGTTGTCT-3') was end labeled with 32p-aTp.
The labeled primer was then mixed with 100 pyg or 50 pg of RNA.
Annealing was at 58°C for 20 min, then at room temperature for
10 min, and extension at 42°C for 30 min. The reaction mixture
was loaded on a 6% polyacrylamide gel, together with sequencing
reaction samples using the same primer. After electrophoresis,
the gel was dried and exposed to a Fuji imaging plate (Fuji

Photo Film Co., Ltd., Tokyo, Japan), then detected with BAS2000.

Complementation test. For complementation experiments, we
constructed a plasmid, pHK4357 (Table 1). pHK4357 has a 8 kb
DNA fragment of COL containing fmtB, generated by PCR with

primers (5'-CTGATGAAGATGCTGAAAGA-3' and 5'-TGTTATGTATGAAAGGAGTA-



3'), in the shuttle vector pCL8. The plasmid, pHK4176, which
contained the glmM gene, were generated from COL by BPCR
amplification with two primers (5'-~GTTAAACAGAAAGGTAGT-3' and 5'-
CGTTAAAAACACAAAGCA-3'). Also, we constructed the plasmid,
PHK4251, which contained gImM and fmtB originating from COL.
All plasmids were transformed into RN4220, then transduced into
COL-TS111. Complementation was determined by measuring the MIC

of oxacillin.

Antiserum. To analyze the protein expression of FmtB and
GlmM, we generated antiserum against FmtB and GlmM. First, we
prepared the recombinant proteins of FmtB and GlmM by using the
E. coli FLAG Expression System (Eastman Kodak Company, New
Haven, CT). The repeated sequence region of the fmtB gene was
amplified by PCR with two primers (5'-CAAGCGAAACAAGATATTATCCARA-
3' and 5'-GCTTGGTTCGCTTTAGGTTTA~3"'), and the full glmM gene was
amplified with primers (5' -ATGGGAAAATATTTTGGT-3"' and 5'-
GCTTGGTTCGCTTTAGGTTTA-3') from KSA8 chromosomal DNA, then cloned
into pFLAG MAC vector (Eastman Kodak Company) to generate
PHK4148 and pHK4203, respectively. These plasmids were
electroporated intoc E. coli BL21, and used to produce the
recombinant proteins. Recombinant proteins were purified from

E. coli lysates with the anti-FLAG affinity gel according to the

manufacturer's manual. The purified proteins were used to
immunizing rabbits. The antiserum was diluted 1,000 fold for
immunoblotting.

Extraction of total proteins from S. aureus cells and

fractionation of cells. 5. aureus cells growing to early



stationary phase were collected by centrifugation at 10,000 X g.
After washing with PBS, cells were suspended in PBS containing 1
mM phenylmethylsulfonyl fluoride and digested with lysostaphin
(final concentration 100 pg/ml) for 30 min at 37°C. After the
centrifugation at 10,000 X g, the supernatant was used as crude
fraction. Various fractions of 5. aureus cells were prepared as
follows: (i) culture supernatant was obtained by centrifugation
at 10,000 X g for 30 min and concentrated 60 times by 80 %
saturated ammonjum sulfate precipitation, {ii) cell wall

extracts, and (iii) cytoplasmic fractions were obtained as

oo

follows: Cells were suspended in digestion buffer (30
raffinose in 0.05 M Tris {pH 7.5] with 0.145 M NaCl) containing
1 mg of lysostaphin (Sigma Chemical Co., St. Louis, Mo.), 100 ug
of DNase (Sigma), and phenylmethylsulfonyl fluoride (1 mM). The
cell mixture was incubated for 1 h at 37°C. Protoplasts were
removed by centrifugation at 8,000 x g for 10 min, and the
supernatant was used as cell wall extract. The protoplasts were

lysed in PBS, and used as cytoplasmic fraction.

Chemicals and reagents. Triton X-100 was purchased from
Nacalai  tesque, Kyoto, Japan. Oxacillin, methicillin,
bacitracin, vancomycin, N-acetylglucosamine and glucosamine were
from Sigma Chemical Co, St Louis, MO. Cefoxitin, imipenem,
chloramphenicol, fosfomycin and tetracycline were from Daiichi
Seiyaku (Tokyo, Japan), Banyu Seiyaku (Tokyo, Japan), Sankyo
(Tokyo, Japan), Wako Chemicals (Osaka, Japan) and Lederle Japan

(Tokyo, Japan), respectively.



