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MexJK requires OprM for erythromycin efflux but not for triclosan efflux. Deletion of 15 OprM family outer
membrane proteins (OMPs) revealed that only the TolC homolog OpmH functions with MexJK for triclosan
efflux, This is the first report of natural utilization of multiple OMPs by a given resistance nodulation cell

division transporter/membrane fusion protein pair.

Efflux pumps of the resistance nodulation cell division family
(RND) are associated with the intrinsic or acquired multidrug
resistance phenotype of gram-negative bacteria (for recent re-
views, see references 17 and 22). The RND pumps, as typified
by AcrAB-TolC of Escherichia coli (8), form a tripartite com-
plex spanning the entire cell envelope. High-resolution crystal
structures of the outer membrane protein (OMP) component
TolC (16), the RND membrane transporter AcrB (20, 26), and
the Pseudomonas aeruginosa AcrA homolog MexA (1, 11) re-
vealed a mechanism by which RND pumps can achieve this (7).
Our previous studies showed that the MexJK efflux system
required OprM for erythromycin efflux but not for triclosan
efflux, and we reasoned that either MexJ and MexK were
sufficient for triclosan efffux or MexJ and MexK interacted with
an OMP other than OprM to form a functional triclosan efilux
pump.

We previously determined that Oprl, OprM, and OprN did
not function with MexJK to assemble an active triclosan efffux
pump (4), although the respective OMP functioned with
MexAB-OprM, MexCD-OprlJ, and MexEF-OprN in triclosan
efflux (2, 4). Because we suspected that an OMP of the 18-
member OprM family might associate with MexJK, we decided
to individually delete the genes encoding the remaining 15
members of this family in strain PAO327 constitutively ex-
pressing MexJK but not OprJ, OprM, and OprN. Although a
comprehensive PAO1 transposon library was recently pub-
lished which contains insertions in all OprM family genes (14),
we decided to generate unmarked deletion mutants to avoid
possible undesired effects resulting from truncated OMPs. The
respective promoterless coding sequences were PCR amplified
from PAO1 genomic DNA using gene-specific primers (un-
published data). Plasmid-borne deletions were generated and
used to construct unmarked deletions in the PAO327 chromo-
some, utilizing published methods (12) (plasmids and strains
used in this study are listed in Table 1; a comprehensive list of
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intermediate plasmids and strains is available from the au-
thors). opm/ was deleted using a modified PCR-targeted
method (5) in which the target gene is first cloned into a
plasmid, followed by ARED-mediated recombination of a
PCR-generated mutated copy of the gene (10). Because PCR
amplification of the oprN gene proved futile for unknown rea-
sons, an oprN::1SlacZ/hah-Tc transposon insertion from strain
8802 (14) was transferred to PAO327 using a previously de-
scribed transformation procedure (9). Using these methods,
we succeeded in deleting 14 of the 15 genes encoding the
OprM family of OMPs and insertionally inactivating opsN. The
resulting strains, except PAO375, contain well-defined un-
marked deletion alleles and have between 21 and 395 codons
deleted from the respective coding sequences. For comple-
mentation, the promoterless inserts were directionally cloned
into pVLT35 (6), in which the DNA inserts are under the
transcriptional control of the E. coli tac promoter and the lac
repressor.

MICs for ftriclosan (KIC Chemicals, Armonk, NY) and
erythromycin (Sigma, St. Louis, MO) were used as a measure
of MexJK efflux pump activity in this panel of defined OMP
mutants and their complemented derivatives. MICs were de-
termined by the twofold broth microdilution technique (2). An
agar incorporation method was used to determine triclosan
MICs of >128 pg/ml (3). Deletion of only one gene, opmH,
disrupted MexJK-mediated triclosan efflux, and overexpres-
sion of OpmH restored MexJK function to wild-type levels
(Table 2). Deletion of opmH and overexpression of OpmH
resulted in a marginal (twofold) decrease or increase, respec-
tively, in the MIC of erythromycin, indicating that MexJK-
OpmH may also be able to mediate some erythromycin efflux.
Deletion of any of the other OprM family OMP genes and
complementation with the corresponding genes expressed
from the tac promoter did not have any significant effects on
triclosan and erythromycin MICs, indicating that none of these
OMPs can be utilized by MexIK to catalyze efflux of these
antimicrobials. Reverse transcription-PCR analysis indicated
that all genes were highly expressed in isopropyl-g-p-thioga-
lactopyranoside-induced cells, verifying that lack of comple-
mentation was not due to lack of expression (data not shown).
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TABLE 1. Strains and plasmids used in this study

Strain or plasmid Relevant genotype or properties” ls,gflé Iliz:er
PAOL1 wild type 13
PAO325 A(mexAB-oprM)? nfxB A(mexCD-opr]) A(mexJKL) A(mexXY) OpmH™* 4
PAO327 A(mexAB-oprM) nfxB A(mexCD-opr]) A(mexXY) mexL MexIPK* 4
PAO346 PAO327 with AopmD302° This study
PAO351 PAO327 with AopmM81 This study
PAO353 PAQ327 with AaprF153 This study
PAO355 PAO327 with AopmL133 This study
PAO357 PAO327 with AopmF123 This study
PAO359 PAQ327 with Aopm G151 This study
PAO361 PAO327 with AopmA21 This study
PAO363 PAO327 with AopmB282 This study
PAO365 PAO327 with AopmE209 This study
PAO367 PAO327 with AopmH362 This study
PAO369 PAO327 with AopmK53 This study
PAO371 PAO327 with AopmlI184 This study
PAO373 PAQO327 with AopmJ177 This study
PAO375 PAQ327 with opmN::ISlacZ/hah-Te This study
PAO377 PAQO327 with AopmQ395 This study
PAO386 PAQ325 with AopmH362 This study
PAO397 PAQ386 with A(mexEF-oprN) This study
8802 Tet"; PAO1 with opmN:1SlacZ/hah-Tc 14
KG4510 A(nfxB-mexCD-opr]) mexR AoprM A(mexXY) 21
pBSP II KS(—)/SK(—) Ap"; broad-host-range cloning vectors 23
pCR2.1 Ap"; TA cloning vector for PCR fragments Novagen
pVLT35 Sp'/Sm"; broad-host-range cloning vector 6
pPS1150 Ap"; pBSP II SK(—) with 6,945-bp Notl mex/KL fragment 4
pPS1266 Ap"; pCR2.1 with 1,673-bp opmH PCR fragment This study
pPS1313 Sp*/Sm"; pVLT35 with 1,664-bp PstI-HindIIl opmH fragment from pPS1266 This study
pPS1319 Ap"; pCR2.1 with 1,563-bp EcoRV-HindIIT oprM PCR fragment This study
pPS1369 Ap"; pCR2.1 Spel(blunt)+Xhol with 4,369-bp Sgfl(blunt)-XhoI mex/K fragment from This study
pPS1150

pPS1370 Ap"; pBSP TI KS(—) carrying a 4,394 bp BamHI-Xbal mex/K fragment from pP51369 This study

pPS1371 Ap"; pPS1370 BamHI(blunt)-+HindIII with 1,530-bp EcoRV-HindIII oprM fragment This study
from pPS1319

pPS1372 Ap"; pPS1370 BamHI(blunt)-+HindII with 1,659-bp PstI(blunt)-HindIIl opmH This study
fragment from pPS1266

pPS1373 Ap©; pPS1371 HindITI(blunt)+Clal with1,665-bp PstI(blunt)-Clal opmH fragment This study
from pPS1389

pPS1389 Ap"; pBSP I KS(—) with 1,664-bp PstI-HindIIl opmH fragment from pPS1266 This study

pPS1424 Ap"; pBSP I KS(—)Xhol(blunt)+HindII with 1,659-bp Pstl(blunt)-HindIIl opmIT This study
fragment from pPS1266

pPS1425 Ap"; pBSP IT KS(~)Xhol(blunt)+HindIII with 1,530-bp EcoRV-HindIII oprM This study

fragment from pPS1319

“ Abbreviations: Ap®, ampicillin resistance; FRT, Flp recombinase target; Gm', gentamycin resistance; Sm'/Sp’, streptomycin/spectinomycin resistance; Tet',

tetracycline resistance.

» All deletions are unmarked but contain an FRT scar insertion; e.g., A(mexAB-oprM):FRT.
¢ Allele numbers indicate the number of codons deleted from the respective genes.

If OpmH is indeed the OMP used by MexJK for triclosan
efflux, then OpmH must either be constitutively expressed or
be coexpressed with MexJK. Utilizing previously described
procedures (21), rabbit anti-OpmH polyclonal antiserum was
developed by immunization with three oligopeptides, VGDT
RIAFDERPATVKRN (amino acids 77 to 94), LNQSEQSRE
GQRRQYV (amino acids 341 to 355), and AEQOLQSKPRQQY
(amino acids 471 to 482), based on the deduced OpmH pri-
mary sequence (24). Membrane preparation and immunoblot
analyses were performed as previously described (21). The
anti-OpmH polyclonal antiserum did not cross-react with
OprM, OprJ, OprN, OpmD, OpmE, and OpmB in membrane
preparations of strains expressing these proteins constitutively
but did react with native and histidine-tagged OpmH expressed
in P. geruginosa KG4510 (data not shown). Immunoblot anal-

ysis of total membrane proteins from PAOL grown in LB
medium (19) revealed growth phase-independent constitutive
OpmH expression (Fig. 1). Similar observations were made
when transcription of opmH was analyzed in LB-grown cells
with an opmH’-lacZ transcriptional fusion and real-time PCR
(data not shown). In both approaches, subinhibitory triclosan
concentrations (8 pg/ml) did not significantly affect opmH ex-
pression, i.e., triclosan did not induce opmH transcription.
To further assess the roles of OprM and OpmH in MexJK-
mediated erythromycin and triclosan efflux, we constructed
hybrid operons containing mexJK alone, mexJK-oprM, mexJK-
opmH, and mexJK-oprM-opmH, where constitutive transcrip-
tion of all genes originated from the mexJK promoter. Plasmids
containing these hybrid operons were transformed into strain
PAO397, which carries deletions for five major efflux systems
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TABLE 2. Contribution of oprM and gpmH to erythromycin and triclosan eflux

Efflux components MIC (pug/ml)’

Strain/plasmid OMP gene deletion/complementation

expressed Tri Ery
PAO327% Aopr] AoprM MexJK, OpmH 128 16
PAO367 Aopr] AoprM AopmH362 MexJK 16 8
PAQO367/pVLT35¢ Aopr AoprM AopmH362 MexJK 16 8
PAO367/pPS1313° Aopr] AoprM MexJK, OpmH 128 16

AopmH362/opmH™*

PAO397/pBSP I1-KS AoprM Aopr] AoprN AopmH362 None 2 8
PAO397/pPS1370¢ AoprM Aopr] AoprN AopmH362 MexJK 2 8
PAO397/pPS1371 AoprM Aopr] AoprN AopmH362/oprM ™ MexJK, OprM 2 32
PAQO397/pPS1372 AoprM Aopr] AoprN AopmH362/opmH™ MexJK, OpmH >1,024 8
PAO397/pPS1373 AoprM Aopr] AoprN AopmH362joprM™ opmH™ MexJK, OprM, OpmH 512 64
PAO397/pPS1424 AoprM Aopr] AoprN AopmH362/opmH™ OpmH 8 8
PAO397/pPS1425 AoprM Aopr] AoprN AopmH362/oprM ™+ OprM 2 8

@ Erythromycin (Ery) MICs were determined using the broth microdilution method, and triclosan (Tri) MICs were determined using the agar incorporation method,
except for PAO327 and the PAO367 series of strains, for which the microdilution method was used.

" The genotype of PAQ327 is A(mexAB-oprM) nfiB A(mexCD-oprl) A(mexXY) mexL (MexJK constitutively expressed) and MexEF-OprN uninducible due to a mexT
insertion (18).

¢In pVLT35 and pPS1313, opmH transcription is driven from the lacl repressor-controlled P, promoter; media used for MIC determinations with cells harboring
these two plasmids were therefore supplemented with 1 mM isopropyl-B-p-thiogalactopyranoside (Gold Biotechnology, St. Louis, MO).

4 Hybrid mexJK (pPS1370), mex/K-oprM (pPS1371), mex/K-opmH (pPS1372), and mex/K-oprM-opmH (pPS1373) operons were assembled on pBSP I1 KS(-).
pPS1371 contains oprM, 52 bp of its upstream region and 13 bp of its downstream region without transcriptional terminator. pPS1372 and pPS1373 contain opmH, 72
bp of its upstream region and 136 bp of its downstream region, including the transcriptional terminator. The recombinant plasmids were transformed into
A(mexAB-oprM) A(mexCD-opr]) A(mexEF-oprN) A(mexLJK) A(mexXY) AopmH362 strain PAO397, and efflux of the indicated antimicrobials was assessed by MIC
determinations. On pPS1370-pPS1373, constitutive transcription of the cloned genes originates from the mexJK operon promoter (P,). pPS1424 and pPS1425 are
based on pVLT35, and transcription of cloned genes is driven from the lacl repressor-controlled P,,. promoter; media used for MIC determinations with cells harboring

these two plasmids were therefore supplemented with I mM IPTG.

(including oprJ, oprM, and oprN) and the AopmH362 mutation.
MICs for erythromycin and tetracycline were determined as a
measure of efflux of the respective antimicrobials (Table 2).
Expression of all genes was verified by reverse transcription-
PCR (data not shown). It is evident that MexJK requires
OprM for erythromycin efflux and OpmH for triclosan effiux,
since in the absence of OprM and OpmH neither erythromycin
nor triclosan efflux is observed. As expected, simultaneous
expression of OprM and OpmH led to efflux of both antimi-
crobials, although triclosan efflux was somewhat lower when
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FIG. 1. Constitutive production of OpmH in P. aeruginosa. Cells of
PAO1 were grown in LB medium, and aliquots were removed at the
indicated time points after subculture. Total membranes (5 pg of
protein) were separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and subjected to immunoblot analysis using anti-
OpmH polyclonal antiserum. Relative expression levels of OpmH were
determined by quantifying band intensities using the Scion Image
program (Scion Corporation, Frederick, MD). Each bar represents the
mean =* standard deviation of the intensity levels obtained in four
experiments. The average optical density (650 nm) of the cultures used
for sample preparation is overlaid.

compared to efflux by the MexJK-OpmH pump. This is per-
haps due to competition of OpmH and OprM for formation of
a functional MexIK-OpmH triclosan efflux pump. Erythromy-
cin efflux was marginally (twofold) higher in the strain express-
ing both OprM and OpmH when compared to efflux observed
in the MexJK-OprM-expressing strain. Expression of OprM
alone had no effect, indicating that the observed triclosan and
erythromycin efflux was not due to the mere presence of this
OMP alone or its interaction with yet another efflux system. In
contrast, overexpression of OpmH resulted in a significant
(fourfold) increase in the MIC for triclosan, indicating that
OprM may be able to interact with yet another efffux system to
mediate triclosan efflux. Of note also is that the triclosan MICs
for PAO367 (16 pg/ml) and PAO397 (2 pg/mli) are signifi-
cantly different, but we do not yet understand the cause for this
difference.

The data presented here confirm that triclosan efflux in a
strain expressing MexJK is mediated by a tripartite MexJK-
OpmH efllux system. The constitutive expression and apparent
absence of opmH cotranscribed efflux or secretion components
confirm the previously published notion that the TolC ho-
molog OpmH may play a more general role by interacting with
more than one efflux system (15). However, the data presented
here clearly indicate that these interactions may not be non-
specific, as previously suggested, but in some instances may
rather depend on which substrate is being exported by the
respective efflux system. How the OMP exerts its impact on
substrate specificity of the pump remains unclear. One possi-
bility is that the specific substrate export pathway, e.g., by
opening of the exit pore, is formed only when all three proteins
are properly assembled in the presence of the appropriate
substrate. Another possibility is a substrate-induced assembly
of the tripartite efflux pump, i.e., by recruitment of the appro-
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priate OMP, similar to what has previously been observed with
the HlyBD-TolC protein export system (25).
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Abstract: Clinical isolates of highly fluoroquinolone-resistant Pseudomonas aeruginosa had a mutation in
either A or B subunit of DNA gyrase and over-expressed MexB and MexX, the efflux system proteins.
Introduction of wild-type gyrase genes of Escherichia coli into the isolates made them as fluoroquinolone-
susceptible as the moderately fluoroquinolone-resistant strains that only over-expressed efflux system pro-
teins. These findings demonstrate that high fluoroquinolone-resistance in P. aeruginosa is attributed to
cooperation between alteration in DNA gyrase genes and over-expression of efflux systems proteins.

Key words: Fluo1'0quiriolone-resistance, Pseudomonas aeruginosa, DNA gyrase, Efflux systems

Pseudomonas aeruginosa is a major human oppor-
tunistic pathogen characterized by intrinsic resistance to
a variety of structurally unrelated antibacterial agents.
Although fluoroquinolones (FQs) are the most useful
oral agents in the treatment of P. aeruginosa infections,
P. aeruginosa ability to quickly become resistant to FQs
remains a major clinical problem. Two major mecha-
nisms have been proposed for P. aeruginosa resistance
to FQs. One is alteration of target enzymes, such as
DNA gyrase (heterotetramer in the form of A.B,) and
topoisomerase IV (heterotetramer in the form of C,E,),
caused by mutations in the so-called quinolone resis-
tance-determining region (QRDR) (3, 5, 14). The other
is over-expression of proteins that construct different
efflux systems, ie. MexAB-OprM, MexCD-Opr],
MexEF-OprN, and MexXY-OprM (4, 7, 10, 11). While
these two major mechanisms have been examined inde-

*Address correspondence to Dr. Hideaki Ito, Pharmacology
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tical Co., Ltd., Enoki 33-94, Suita, Osaka 564-0053, Japan.
Fax: +81-6-6338-7656. E-mail: hideaki-ito@dainippon-
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pendently in clinical isolates of P. aeruginosa, little is
known of the functional cooperation between them.

In order to determine whether P. aeruginosa acquires
high-level FQ resistance by both altering target
enzymes and constructing efflux systems, eleven P,
aeruginosa strains isolated from a patient who received
a liver transplant followed by treatment with FQs were
examined for mutations in QRDRs of gyrA, gyrB,
parC, and parE genes and expression of proteins con-
structing efflux systems. Complementation tests were
carried out with wild-type E. coli gyrase genes, gyrA
and gyrB.

Since P. aeruginosa strains were isolated on different
dates and from different sources, we first examined,
using pulsed-field gel electrophoresis (PFGE), whether
they had the same genetic background. The eleven iso-
lates had the same PFGE pattern (determined as
described by Anthony et al. {2]) and were confirmed

Abbreviations: CPFX, ciprofloxacin; FQ, fluoroquinolone;
LVFX, levofloxacin; MIC, minimum inhibitory concentration;
PEGE, pulsed-field gel electrophoresis; QRDR, quinolone resis-
tance-determining region.

262



444

T. NIGA ET AL

Table 1. Characteristics of GyrA and GyrB, and expression of MexB and MexX in clinical strains of P. aerugi-
nosa isolated from a patient who received a liver transplant

Isolate Date of Source MIC (ug/ml)® of: Mutation in QRDR of: Expression” of:
isolation LVEX CPEX GyrA GyrB MexB MexX
K101 4/5/99 BAF? 0.5 0.125 + —
K102 4/21/99 Blood 0.5 0.125 + -
K103 5/14/99 Sputum 2 0.5 + -
K104 5/17/99 Liver 1 0.25 + -
K105 6/7/99 Sputum 16 2 E470D +++ ++
K106 6/11/99 Bile 4 0.5 + -+ ++ 4
K107 7/15/99 Bile 32 16 T831 +++ + 44
K108 8/27/99 Sputum 32 16 T831 +++ +++
K109 9/1/99 Feces 32 16 T831 +4+ +++
K110 9/24/99 Broncho 32 8 T831 +++ ++ -+
Kii1 9/24/99 Liver 4 1 ++ ++
PAO1? 0.5 0.06 + -

9 LVFX, levofioxacin; CPFX, ciprofioxacin.

» Semiquantitative values are expressed as a range from — (negative) to + ++ (strongly positive).

9 Bronchoalveolar lavage finid.
@ Reference strain.

clonal (data not shown).

Susceptibility of each isolate to levofloxacin (LVFX)
and ciprofloxacin (CPFX) was examined using the agar
dilution method as recommended by NCCLS (9). Gen-
erally, minimum inhibitory concentrations (MICs) of
LVEX and CPFX against P. aeruginosa strains varied
remarkably between isolates with higher values for
strains isolated in the latter half of this study (Table 1).
For isolates collected from the same source, the latest
isolates were more resistant to LVFX and CPEX than
those isolated earlier in the study. According to
NCCLS standards, K105 isolate was resistant to LVEX
(MIC=8), and K107, K108, K109, and K110 isolates
were resistant to both LVEX and CPFX (MIC=4).
K107, K108, and K109 isolates exhibited particularly
strong resistance to LVFX and CPFX with MICs of 32
and 16 pg/ml, respectively. These MIC values were 64-
to 128-fold higher than those for K101, the strain isolat-
ed initially.

Involvement of target enzyme alteration in FQ resis-
tance was confirmed by DNA sequencing of QRDRs.
QRDRs of the gyrA, gyrB, parC, and parE genes were
amplified by PCR using KOD-Plus-DNA polymerase
(TOYOBO, Japan) and the following primers: PAGY-
RAF1 (5-GCCAAAGAAATTCTCCCGGT-3") and
PAGYRAR! (5-ATGTACTGCATCAGCTCATC-3")
for QRDR of gyrA gene, PAGYRBF1 (5-GTCTCCTC-
CGAGGTGAAGA-3') and PAGYRBR1 (5-
TCGATCAGCTCGGGCATCT-3") for QRDR of gyrB
gene, PAPARCF1 (5-CTGCGCCAAAACACTTCTC-
3" and PAPARCR1 (5-CGTGTTCGCACAATTCGG-
3") for QRDR of parC gene, and PAPAREF1 (5"
AGCGGATCGCCTTCGTCC-3") and PAPARER1 (5-

TTCGTCGAGGGCGTAGTAG-3") for QRDR of parE
gene. PCR products were sequenced with an Applied
Biosystems 3100 Sequencer. DNA sequencing of
QRDRs revealed that the four isolates (K107, K108,
K109, and K110), which showed high resistance to
LVFX had a point mutation, i.e. ACC (Thr-83) to ATC
(Ile) in the gyrA gene and that other isolates had no
mutation in the QRDR of gyrA gene. In addition, none
of the isolates had point mutation in the QRDR of parC
gene. Although high resistance to LVEX is commonly
believed to be associated with a point mutation in gyrA
and/or parC genes, K105 isolate, which exhibited rela-
tively high resistance to LVFX, had no mutation in
these genes. Interestingly, the K105 isolate had a point
mutation with GAG (Glu-470) to GAT (Asp) in the
gyrB gene. On the other hand, no mutation was found
in the QRDR of parE gene in all isolates. The changes
in amino acid sequence found in this study, i.e. Thr-83
to Ile in gyrA and Glu-470 to Asp in gyrB, have already
been reported by Akasaka et al. (1). However, the func-
tionality of these changes, particularly that in the gyrB
gene, has not been investigated.

To determine whether Glu-470 to Asp point muta-
tion in gyrB gene contributes to FQ resistance, we
investigated the involvement of four active efflux sys-
tems in FQs resistance. The amounts of MexB, MexX,
MexC, and MexE proteins constructing MexAB-OprM,
MexXY-OprM, MexCD-OprJ, and MexEF-OprN sys-
tems in the isolates were determined by immunoblot
assay using rabbit polyclonal antisera specific for
MexB, MexX, MexC, and MexE as described previous-
ly (6, 13). Production levels of MexB and MexX in the
isolates that were resistant to LVFX, i.e. K105, K107,
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Table 2. Changes in susceptibility to levofloxacin in isolates car-
rying wild-type gyrA or gyrB alleles

Levofioxacin MIC (ug/ml) for isolates with:

Tsolate =g lasmid  pPAW207 (gyrA) pPBWS01 (gyrB)
K101 0.5 0.5 0.5
K102 0.5 0.5 0.5
K103 2 1 4
K104 1 1 2
K105 16 16 2
K106 4 2 4
K107 32 4 64
K108 32 4 64
K109 32 4 64
K110 32 4 64
K111 4 2 8
PAO1? 0.5 0.25 0.25

@ Reference strain.

K108, K109, and K110, were same as those in MexB
and MexX overproducers, P. aeruginosa OCR1 and P,
aeruginosa KG5005 (formerly N127) (13) (Table 1).
On the contrary, MexC and MexE were not detected in
all isolates.

Since the isolates that were resistant to LVFX had a
point mutation in gyrA or gyrB, and over-expressed
MexB and MexX, a complementation test was carried
out to determine whether P. aeruginosa resistance to
FQs arises from a functional cooperation between alter-
ation of target enzymes and construction of efflux sys-
tems. Plasmids, pPAW207 and pPBW801, carrying
wild-type gyrA and gyrB genes, respectively, from E.
coli KLL16 (15) were introduced into all isolates using an
electroporation method (12). Introduction of plasmid
pPAW207 or pPBW801 into strains that had no muta-
tion in QRDR, i.e. K101, K102, K103, K104, K106,
K111, and PAO1 resulted in no, or only a slight change
in MIC of LVFX (Table 2). On the other hand, intro-
duction of plasmid pPAW207 into strains K107, K108,
K109, and K110 decreased MIC of LVFX by 8-fold.
Although the decreased MICs of LVFX were still higher
than those for K101 and PAOI, a reference strain, they
were similar to those for K106 and K111, both of
which had no mutation in GyrA or GyrB and over-
expressed MexB and MexX. Since it is well known
that introduction of wild-type genes into FQ-resistant F.
aeruginosa with mutation in gyrase genes results in
FQs-susceptible strains (15), our results indicate that P,
aeruginosa resistance to FQs arises from a functional
cooperation between mutation in QRDR of gyrA and
over-expression of proteins constructing efflux systems.
In general, P. aeruginosa strains with mutation in gyrB
show moderate resistance to FQs and are not clinically
so important (8). However in this study, when

pPBW801 was introduced into K105, an 8-fold
decrease in MIC of LVFX was observed, indicating that
gyrB mutation is responsible for some resistance to FQs
in K105. Considering the fact that introduction of wild-
type gyrB gene into K105 resulted in a strain more
resistant to LVFX than the fully susceptible strain,
cooperation between alternation in GyrB and over-
expression of efflux system proteins confers high resis-
tance to FQs. Therefore, it is assumed that mutations in -
gyrB are as important as those in gyrA in P. aeruginosa
resistance to FQs.

The MIC of LVFX for the K103 isolate was 2 [1g/ml,
which was 4-fold higher than that for K101. However,
K103 had no mutations in the QRDR of DNA gyrase or
topoisomerase IV genes, and did not over-express the
four efflux systems tested here. It is therefore suggested
that other mechanisms might be responsible for K103
resistance.

A comparison of the characteristics of K103, K105,
and K108 isolated from the sputum (Table 1) indicates
that alteration of target enzymes and over-expression of
protein that construct efflux systems occur simultane-
ously during treatment and that a highly FQ-resistant
strain of P aeruginosa can emerge unexpectedly.
Hence, in the treatment of a P. aeruginosa infection, a
susceptibility test for isolates should be performed rou-
tinely.
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manuscript and useful discussion. This research was partially
supported by grants for scientific research to N.G. from the Min-
istry of Education, Culture, Sports, Science and Technology
(MEXT), Japan and from the Ministry of Health, Labour and
Welfare, Japan.
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The kinetic activity of KPC-3, a plasmid-encoded class A carbapenemase, was studied. It hydrolyzed
penicillins, cephalosporins, carbapenems, and even sulbactam. The best substrate was cephalothin (k. xm =
3.48 pM™! s71), The efficiency of the enzyme was similar for imipenem and meropenem (%, /K,,,, 1.4 and 1.94

pM~! 5L respectively).

Carbapenem use has increased during the past 2 decades.
This is due, in part, to their broad-spectrum of antibacterial
activity and their resistance to hydrolysis by extended spectrum
B-lactamases (1, 10, 14, 17). However, the appearance of car-
bapenemases and other carbapenem resistance mechanisms is
threatening the effectiveness of this antibiotic class. In gram-
negative bacteria, carbapenem resistance has been attributed
to three main mechanisms: the combination of high-level pro-
duction of an AmpC B-lactamase and the loss of outer mem-
brane proteins (5, 13), changes in the affinity of penicillin
binding proteins for carbapenems (7, 8), and the production of
a carbapenem-hydrolyzing B-lactamase (11, 16). Although clin-
ically significant, carbapenem-hydrolyzing p-lactamases re-
main rare, but their frequency has been increasing. The B-lac-
tamases involved belong to Ambler molecular classes A, B, and
D (16, 19). A small number of class A enzymes have been
found to be able to hydrolyze carbapenems (6). They belong to
group 2f, as defined by Bush and colleagues (4, 23). They
hydrolyze ampicillin and early cephalosporins more efficiently
than carbapenems and can be inhibited by clavulanic acid.
Class A carbapenemases can be chromosomally encoded
(NMC-A, Sme-1 to -3, IMI-1) (9, 15, 21, 22, 24, 27) or plasmid
encoded (KPC-1, KPC-2, GES-2) (18, 20, 25, 26, 28, 29, 30).

KPC-type B-lactamases have become one of the most fre-
quently encountered carbapenem-hydrolyzing enzymes on the
East Coast of the United States (2). KPC-3 is the most recently
reported enzyme in that group (T. Hong, E. S. Moland, B.
Abdalhamid, et al., Abstr. 43rd Intersci. Conf. Antimicrob.
Agents Chemother., abstr. C1-665, 2003; K. Young, P. Tierno,
Jr., L. Tysall, et al.,, Abstr. 43rd Intersci. Conf. Antimicrob.
Agents Chemother., abstr. C2-50, 2003). KPC-3 is closely re-
lated to its predecessors, differing by only 1 amino acid from
KPC-2 (H272Y) and by 2 amino acids with KPC-1 (S174G,
H272Y). It has been recovered from isolates of Kilebsiella pneu-
moniae (Young et al., 43rd ICAAC), Escherichia coli (Hong et
al., 43rd ICAAC), and Enterobacter cloacae (3).

* Corresponding author. Mailing address: Department of Microbi-
ology, Taho University School of Medicine, 5-21-16 Omori-nishi, Ota-
ku, Tokyo 1438540, Japan. Phone: 81-3-3762-4151, ext. 2396. Fax:
81-3-5493-5415. E-mail: yoishii@med.toho-u.ac.jp.
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In this study we purified KPC-3 and subjected the enzyme to
kinetic characterization.

An isolate of E. coli (isolate 233) showing reduced suscep-
tibility to carbapenems was referred to Creighton University
from Hackensack University Medical Center. It was subse-
quently found to produce KPC-3 (report in press).

The isolate was grown in 4 liters of Luria-Bertani broth at
37°C (250 rpm) for 8 h, harvested, and suspended in 30 mM
Tris-HCl buffer (pH 8.0) containing 30% sucrose. The
periplasmic content was extracted as described previously (12).
Purification was achieved using a HiPrep 16/10 SP XL column
(Amersham Biosciences AB, Uppsala, Sweden) equilibrated in
10 mM acetate buffer (pH 5.0). Fractions displaying p-lacta-
mase activity, observed as the initial rate of hydrolysis of ni-
trocefin (100 uM) (Ag,g, = +10,000 M *em ™) (Oxoid Ltd.,
Hampshire, United Kingdom) were obtained after elution with
a linear gradient of NaCl (0 to 400 mM). After concentration
using Amicon ultrafiltration membranes (Millipore Corpora-
tion, Bedford, MA) and overnight dialysis in 10 mM morpho-
lineethanesulfonic acid (MES) buffer (pH 5.5) at 4°C, the
sample was reloaded onto a Mono S HR 5/5 column (Amer-
sham Pharmacia Biotech, Uppsala, Sweden), equilibrated in
MES buffer (pH 5.5), and eluted with a linear gradient of NaCl
(0 to 300 mM). The entire purification process was done with
an AKTA purifier (Amersham Pharmacia Biotech). The purity
of the P-lactamase preparation was controlled using 10% so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis and
staining with Coomassie brilliant blue. The purity achieved was
above 90%. The purified enzyme was then dialyzed overnight
at 4°C in phosphate buffer (pH 7.0) and concentrated. Four
liters of culture yielded a total of 0.27 mg of pure enzyme.
After determination of the protein concentration using a Bio-
Rad (Richmond, Calif.) protein assay, 20 wg/ml bovine serum
albumin was added. The N-terminal sequence was determined
using a Procise 492¢IC-1 protein sequencer (Applied Biosys-
tems, Foster City, Calif.), and the kinetic parameters were
determined with the pure enzyme.

All kinetics studies were done by measuring hydrolysis rates
with a Shimadzu (Kyoto, Japan) UV-2550 spectrophotometer
connected to a personal computer. To determine the kinetic
parameters, 6 to 10 different concentrations of each B-lactam
were used. Each reported parameter is an average of three
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TABLE 1. Comparison of kinetic parameters for KPC-1, KPC-2, and KPC-3“

K, or K; (uM) Kot (571 KK (WM s7Y)

Substrate
KPC-1 KPC-2 KPC-3 KPC-1 KPC-2 KPC-3 KPC-1 KPC-2 KPC-3

Ampicillin 130 239 65 (£5) 110 210 77 (£4) 0.9 0.9 1.2
Nitrocefin NA® NA 42 (£5) NA NA 107 (=5) NA NA 2.6
Cephaloridine 560 500 261 (1) 340 530 364 (x4) 0.6 1.1 1.4
Cephalotin 53 82 44 (+3) 75 69 153 (£5) 1.4 0.8 3.5
Cefotaxime 160 220 95 (=8) 14 22 52 (x4) 0.1 0.1 0.5
Ceftazidime 94 NA 88 (=1) 0.1 0.1 3 (=0.06) 0.001 NA 0.03
Cefoxitin® 120 180 970 (=65) 0.3 0.3 0.05¢ (=0.001) 0.002 0.002 0.5¢
Moxalactam® NA NA 14 (%£1.6) NA NA 0.008 (%0.0002) NA NA 0.05
Meropenem 12 15 4 (x1) 3 4 6 (+0.09) 0.3 0.3 14
Imipenem 81 51 23 (x6) 12 15 45 (=0.04) 0.2 0.3 1.9
Sulbactam NA NA 30 (£0.9) NA NA 4 (+0.1) NA NA 0.1

a Kinetic values used for KPC-1 and KPC-2 were reported by H. Yigit et al. (29, 30).

b NA, not available.
© K; values were obtained using 100 M nitrocefin as a reporter substrate.

4 .., Values were obtained by hydrolyzing a low concentration of substrate with a high concentration of enzyme.

separate measurements. All kinetic parameters were acquired
by measuring the initial hydrolysis rate of the B-lactam under
study at a constant temperature of 30°C, using 50 mM phos-
phate buffer (pH 7.0). Analysis of the data was done using the
Hanes-Woolf linearization of the Michaclis-Menten equation.
For all poor substrates, the competitive inhibition constant (K)
was determined by competition experiments between the
tested p-lactam and 100 pM nitrocefin. Hydrolysis of the sub-
strate at a concentration 10 times the K,,, (K;) value or higher
yielded the catalytic constants (k) for poor substrates. The
k.. value for cefoxitin was obtained using 100 uM substrate
with 1.1 X 1077 M enzyme.

The N-terminal sequence of KPC-3 was determined as LT
NLVAEPFAKLE. Table 1 shows a comparison between pre-
viously reported ke, K, (K;), and k., /K, values for KPC-1
and KPC-2 (29, 30) and the parameters obtained for KPC-3 in
this study. KPC-3 hydrolyzed penicillins, cephalosporins, and
carbapenems. Among the substrates tested, the highest hydro-
Iytic efficiency was seen with nitrocefin and cephalothin (kg,/
K,,2.55 pM 57! and 3.48 pM ' 577, respectively). The ko,
and K,,, values for cephaloridine were very high (k,,, 364 s7h
K, 261 pM). Imipenem and meropenem were hydrolyzed by
KPC-3 with good efficiencies (key/K,,,, 1.94 wM ™' s™* and 1.40
puM™1 s71 respectively), which were similar overall to those
exhibited for ampicillin and cephaloridine. The substrate pro-
files for the three enzymes were similar overall, although the
catalytic efficiency of KPC-3 appeared to be somewhat higher
with some substrates, including oxyiminocephalosporins and
carbapenems. One of the notable differences is the behavior of
this enzyme with ceftazidime. The catalytic activity (k) with
ceftazidime (3.0 s™! = 0.01) was approximately 30 times higher
than those of KPC-1 and KPC-2 (0.1 s™" for both). Due to this,
KPC-3 was 30 times more efficient than KPC-1 toward this
substrate. Moreover, KPC-3 showed a lower affinity for cefox-
itin than the other enzymes. The present findings, therefore,
suggest that the amino acid substitution that differentiates
KPC-3 from KPC-2 (H272Y) could have a functional signifi-
cance. A molecular modeling analysis based on the structure of
the TOHO-1 enzyme (25), now called CTX-M-44, suggested
that the H272Y mutation (which would be at a position similar
to that of R274 in TOHO-1) could influence the positions of
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R209, which interacts with the substrate carboxylate. Further
investigation will be necessary to clarify these matiers.
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The aim of this study was to determine the distribution of metalio-B-lactamase-producing Pseudomonas
aeruginosa in Japan and to investigate the molecular characteristics of resistance gene cassettes including the
gene encoding this enzyme. A total of 594 nonduplicate strains of P. aeruginosa isolated from 60 hospitals
throughout Japan in 2002 were evaluated. This study indicated that although the prevalence of imipenem-
resistant P. aeruginosa has not increased compared to that found in previous studies, clonal distribution of the

same strain across Japan is evident.

Class A, B, and D p-lactamases, as defined by Ambler et al.,
can hydrolyze carbapenems (1, 9). In particular, class B -lac-
tamases, termed metallo-B-lactamases, are an increasingly se-
rious clinical problem because they have a very broad substrate
profile that includes penicillins, expanded-spectrum cephalo-
sporins, and carbapenems and excludes only monobactams,
such as aztreonam. It has been reported that IMP-1 metallo-
B-lactamase-producing Serratia marcescens was first isolated in
Japan in 1991 (10). Recently, metallo-B-lactamase-producing
Pseudomonas aeruginosa and S. marcescens probably have the
highest incidence of isolation in Japan (7).

Most metallo-B-lactamase genes are located on integroms,
which are genetic elements containing gene cassettes that can
facilitate their spread and mobilize the genes to other inte-
grons or to other sites. The gene cassettes often encode clini-
cally important antibiotic resistance genes, including those en-
coding B-lactamases such as extended-spectrum B-lactamases
and carbapenemases, and also aminoglycoside-modifying en-
zymes (12).

Little is known about the distribution of the clone(s) that
produces metallo-B-lactamases in Japan. Therefore, we con-
ducted a surveillance study covering a wide geographic area
with the aim of determining the distribution of metallo-3-
lactamase producers in Japan and to investigate the molecular
characteristics of the resistance gene cassettes that included
the gene encoding a metallo-B-lactamase.

A total of 594 nonduplicate strains of P. aeruginosa isolated
from 60 hospitals throughout Japan in the year 2002 were
evaluated. The susceptibility of P. aeruginosa to several antibi-
otics was measured with the Etest strip, and the strains were
stored on Casitone medium (Eiken Chemical Co. Ltd., Tokyo,
Japan) (data not shown). After 6 months, the antibiotic sus-

* Corresponding author. Mailing address: Department of Microbi-
ology, Toho University School of Medicine, 5-21-16 Omori-nishi, Ota-
ku, Tokyo 1438540, Japan. Phone: 81-3-3762-4151, ext. 2396. Fax:
81-3-5493-5415. address: E-mail: yoishii@med.toho-u.ac.jp.

ceptibility of these isolates was reassessed by the National
Committee for Clinical Laboratory Standards broth microdi-
lution method with cation-adjusted Mueller-Hinton broth
(Difco, Detroit, Mich.). The isolates were screened for the
presence of metallo-B-lactamase by a double-disk synergy test
reported by Arakawa et al. (2). Integron analysis was per-
formed by PCR mapping (5'-conserved segment inil to 3'-
conserved segment gacEAT) of the typical antibiotic resistance
genes and integron with specific primer sets (Table 1). The
specificity of the primer sets for blayyp ;-like and blayyo-like
gene was confirmed with positive-control strains producing
IMP-1 or VIM-2 metallo-B-lactamase. The specificity of am-
plicons obtained by specific primer sets (aacA4, aadAl, aadA2,
and blagxa.,) Was also partially verified with the automatic
sequencer ABI Prism 310 genetic analyzer (Applied Biosys-
tems/Perkin-Elmer Biosystems). PCR with Ex Tag polymerase
(Takara Bio, Inc., Tokyo, Japan) were carried out by standard
methodology (13). pulsed-field gel electrophoresis analysis was
performed by a modified method of the standard protocol (6).
The restriction enzyme used was Spel (15). By use of the
dendrogram, isolates with a genetic relatedness of >80% were

100%

0%
Ceftazidime Imipenem Meropenem Arnikacin Levofloxacin

resistance;[_], intermediate; [, susceptible.

FIG. 1. Antimicrobial susceptibilities of imipenem-nonsusceptible
P. aeruginosa isolates.
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TABLE 1. Nucleotide sequences of PCR primers used in this study

Gene? Primer sequence (5' to 3') T,, °C) Reference
intA(S) ATC ATC GTC GTA GAG ACG TCG G 67.4 11
intB(AS) GTC AAG GTT CTG GAC CAG TTG C 66.9 11
blayp1(S) CTA CCG CAG CAG AGT CTT TG 62.7 This study
blaypp.,(AS) AAC CAG TTT TGC CTT ACC AT 59.9 This study
blayin.ofS) AAA GTT ATG CCG CAC TCA CC 63.9 This study
blain.a(AS) TGC AACTTC ATG TTA TGC CG 64.5 This study
aacA4(S) GAC CTT GCG ATG CTC TAT GAG TGG CTA AAT 73.0 This study
aacA4(AS) TTC GCT CGA ATG CCT GGC GTG TT 76.9 This study
aadAI(S) TGA TCG CCG AAG TAT CGA CTC 66.3 This study
aadAI(AS) CCT TGG TGA TCT CGC CIT TC 65.8 This study
aadA2(S) TTC GAA CCA ACT ATC AGA GGT GCT AA 67.4 This study
aadA2(AS) AAA GCG AAT AAA TTC TTC CAA GTG ATCT 66.4 This study
blaoxa(S) CAA TCC GAA TCT TCG CGA TACTT 66.9 This study
blagxan(AS) AAG TAT CGC GAA GAT TCG GAT TG 66.9 This study
gacEAl This study

“(8), sense; (AS), antisense.

considered to represent the same pulsed-field gel electro-
phoresis type (4).

Eighty-eight (15%) of 594 isolates were not susceptible
(MIC = 8 mg/ml) to imipenem. Among 88 isolates, 88 (100%),
21 (24%), 41 (47%), 12 (14%), and 42 (48%) were not sus-
ceptible to imipenem, ceftazidime, meropenem, amikacin, and
levofloxacin, respectively (Fig. 1). Screening of metallo-B-lac-
tamase producers was carried out for these isolates by the
double-disk synergy test. Eleven (1.9%) of 594 isolates were
found to produce metallo-B-lactamase. Ten of these isolates
were IMP-1-like, and the other was a VIM-2-like metallo-B-
lactamase producer.

The type of metallo-B-lactamase gene was also confirmed by
PCR. The genetic relatedness of these isolates was also eval-
uated by pulsed-field gel electrophoresis as described above
(Fig. 2, Table 2). Strains TUM1683, TUM1708, TUM1709,
TUM1710, and TUM1732 had related electrophoresis chro-
mosomal DNA banding patterns, whereas other strains
(TUM1672, TUM1673, TUM1682, TUM1721, TUM1733,

40
50
e
:70
80
90
~100

CTC TCT AGA TTT TAA TGC GGA TG 60.6

and TUM1757) showed different banding patterns. Strain
TUM1708, TUM1709, and TUM1710 were isolated from same
hospital, suggesting nosocomial spread. Interestingly, although
strains TUM1683, TUM1708 (or TUM1709 and TUM1710),
and TUM1732 has been isolated in different hospitals, Ka-
wasaki, Saitama, and Nara, respectively, these isolates had
related patterns. Since the distance from Okayama to Saitama
and from Saitama to Nara is about 800 and 400 km, respec-
tively, the results observed suggested clonal spread of metallo-
B-lactamase-producing strains.

Several researchers have reported an incidence of metallo-
B-lactamase-producing P. aeruginosa of between 0.4 and 1.3%
in Japan from 1992 to 2002 (5, 7, 14, 16). In this study, we iso-
lated 1.9% metallo-B-lactamase-producing P. aeruginosa strains
from geographically diverse regions in Japan. We suggest that
the incidence of metallo-f-lactamase-possessing P. aeruginosa
has not increased during the past decade. However, the same
clone of metallo-B-lactamase-carrying P. aeruginosa has now
spread throughout Japan.

TUM1757
TUM1683
TUM1709
TUM1708
TUM1732
TUM1710
TUM1682
TUM1721
TUM1733
TUM1673
TUM1672

FIG. 2. Pulsed-field gel electrophoresis profiles obtained with Spel chromosomal digestion of metallo-B-lactamase-carrying P. geruginosa. The
second through sixth lanes contained related strains TUM1683, TUM1709, TUM1708, TUM1732, and TUM1710, respectively. Lanes first and
seventh to eleventh lanes contained unrelated strains TUM1757, TUM1682, TUM1721, TUM1733, TUM1673, and TUM1672, respectively.
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TABLE 2. Characteristics of blayp-containing non-imipenem-susceptible P. geruginosa isolates
Strain Hospital Material Type of Pattern® Integronc MIC (ngfml)

no. enzyme structure®  c47  [PM MEM LVX AZT AMK  NET GEN KAN ABK
TUM1672 1 Urine VIM-2-like A 1 64 >128 >128 16 32 0.06 0.5 0.5 8 006
TUM1673 1 Sputum  IMP-1-like B I >128 8 32 16 8 64 >128 4 >128 16
TUM1682 2 Sputum  IMP-1-like C 11 >128 64 >128 32 32 32 >128 2 >128 2
TUM1683 2 Sputum  IMP-1-like D v >128 64 >128 32 64 16 >128 2 >128 2
TUM1708 3 Urine IMP-1-like D v >128 64 >128 32 32 32 >128 4 >128 4
TUM1709 3 Urine IMP-1-like D v >128 64 >128 32 32 32 >128 4 >128 2
TUM1710 3 Urine IMP-1-like D v >128 64 =>128 32 64 32 >128 2 >128 4
TUM1721 4 Urine IMP-1-like E A\ >128 64 >128 32 32 32 >128 >128 >128 64
TUM1732 5 Urine IMP-1-like D v >128 64 >128 32 128 32 >128 4 >128 2
TUM1733 5 Pus IMP-1-like F VI >128 64 >128 64 32 2 >128 >128 >128 1
TUM1757 6 Sputum  IMP-1-like G Vi >128 64 >128 16 16 32 >128 1 >128 16

2 CAZ, ceftazidime; IPM, imipenem; MEM, meropenem; LVX, levofloxacin; AZT, aztreonam; AMK, amikacin; NET, netilmicin; GEN, gentamicin; KAN, kana-

mycin; ABK, arbekacin.

5 PEGE profiles obtained with Spel chromosomal digestion of P. aeruginosa carrying a metallo-B-lactamase gene as recommended by Tenover et al. (15).
< Integron structures possessed by each gene as mentioned in the text. I, blayp.p-like, aacA4 and aadA2; 11, blap.1-like, aadAl and orfG; 111, blayp.-like, aadAl
and unknown gene; IV, blapp.,-like, aadAI and unknown gene; V, blagp._y-like, aacA4, aadAl and blagxas; VI, blayp.1-like, aacA4; VII, only blayp_i-like gene.

It has been reported that genetic analysis of blayp., T€-
vealed features typical of an integron-located gene (9). The
detection of a type 1 integron was confirmed in 11 strains. In
these strains, blapp.;-like or blayv.o-like genes were located
immediately downstream of the Int/1 integrase gene. However,
these isolates possessed a variety of gene cassettes, such as the
aacA4 aminoglycoside 6'-N-acetyltransferase gene and aadAl
and aadA2 aminoglycoside adenyltransferase genes between
the metallo-B-lactamase gene and gacAEI. Therefore, these
isolates are likely resistant not only to (-lactams but also to
aminoglycosides. Interestingly, strain TUM1721 possessed not
only the blapyp.,-like genes aacA4 and aadAl but also an
OXA-type B-lactamase gene on the integron gene cassette.

Little is known about optimal chemotherapy for infection
due to metallo-B-lactamase-producing P. aeruginosa. To detail
the antibiotic susceptibility of P. aeruginosa possessing a me-
tallo-B-lactamase, the MICs of several antibiotics were evalu-
ated (Table 2). All of the isolates were resistant to ceftazidime,
meropenem, and levofloxacin. Ten of the 11 were resistant to
imipenem and netilmicin, nine were resistant to aztreonam,
and eight were not susceptible to amikacin. Bellais et al. re-
ported that chemotherapy with high aztreonam doses effec-
tively reduced viable cells of a metallo-B-lactamase-producing
strain of P. aeruginosa in a rat pneumonia model (3). In gen-
eral, although metallo-B-lactamases do not hydrolyze aztreo-
nam, 9 of 11 isolates were resistant to aztreonam in this study
(MIC = 32 pg/ml). On the other hand, arbekacin was found to
suppress the growth of some isolates in this study. In Japan,
arbekacin, which has fewer side effects than vancomycin, has
been used against methicillin-resistant Staphylococcus aureus
(8). Recently, arbekacin-resistant P. aeruginosa possessing the
16S rRNA methylase gene rmtd was isolated in Japan (17).
However, the incidence of these isolates is still low (0.8%, 9 of
1,113 clinical isolates). Therefore, arbekacin could be used as
treatment against metallo-B-lactamase-possessing P. aeruginosa.

In conclusion, this study indicates that although the preva-
lence of metallo-B3-lactamase-producing P. aeruginosa has not
increased, this pathogen has spread from a single source to a
wide geographic area of Japan. Further surveillance and mon-
itoring of multidrug-resistant P. aeruginosa should be a high

priority.
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Escherichia coli strain TUM2139 was isolated from a stool sample from a 9-year-old girl on 16 June 2004.
This strain was categorized as Shiga toxin-producing Escherichia coli (STEC) because the Shiga-like toxin gene
stx; was detected by immunochromatography and PCR assay. The strain was highly resistant to cefotaxime
(256 pg/ml) and was also resistant to cefepime, cefpodoxime, ceftriaxone, and aztreonam. In the presence of
4 pg of clavulanic acid per ml, the MIC of cefotaxime decreased to =<0.12 pg/ml, indicating that this strain was
an extended-spectrum B-lactamase (ESBL) producer. Cefotaxime resistance was transferred to E. coli C600 by
conjugation at a frequency of 3.0 x 10° A PCR assay was performed with primer sets specific for TEM-type
and SHV-type ESBLs and for the CTX-M-2 (Toho-1), CTX-M-3, and CTX-M-9 groups of ESBLs. A specific
signal was observed with the primer set specific for the CTX-M-9 group of B-lactamases. This B-lactamase was
confirmed to be the ESBL CTX-M-18 by DNA sequencing. This is the first report of an ESBL-producing STEC

isolate.

Shiga toxin (Stx)-producing Escherichia coli (STEC) is an
important cause of waterborne and food-borne illnesses. STEC
is ingested most commonly with undercooked ground beef
(22). Human infection with STEC is potentially fatal and may
be associated with serious complications such as hemolytic-
uremic syndrome (HUS) and hemorrhagic colitis (21). The
production of Stx is the unifying feature of all STEC strains.
Various types of Stxs are produced, but they fall into two main
types: Stx1 and Stx2 (4, 5, 6, 8). The clinical significance of four
serological or biological variants of Stx2 (Stx2c, Stx2d, Stx2e,
and Stx2f) is unknown (17). The majority of Stx genes are
encoded by bacteriophages. The most severe or important
pathogen among STEC strains is E. coli O157:H7. The cases of
HUS in approximately 90% of children in the developed part
of the world are associated with infections caused by Stx-
producing bacteria; among these, 70% are caused by E. coli
0157:H7 (21). Epidemiologic data suggest that isolates that
produce Stx2 alone are more likely to cause severe disease than
those that produce only Stx1 or a combination of Stx1 and Stx2
(20).

Recently, Schroeder et al. (23) reported on the antimicrobial
resistance of 752 STEC strains from animals and humans. They
found that 50% of E. coli 026, 0103, 0111, 0128, and 0145
strains from humans were resistant to ampicillin, cephalothin,
tetracycline, streptomycin, or sulfamethoxazole but that no
strain was resistant to expanded-spectrum B-lactams, including
cefotaxime, cefpodoxime, or aztreonam. A recent study sug-
gested that antibiotic therapy for the early stage of STEC
infection is able to prevent progression of the disease to HUS

* Corresponding author. Mailing address: Department of Microbi-
ology, Toho University School of Medicine, 5-21-16 Omori-nishi, Ota-
ku, 1438540 Tokyo, Japan. Phone: 81-3-3762-4151. Fax: 81-3-5493-
5415. E-mail: yoishii@med.toho-u.ac.jp.

(24). However, antimicrobial therapy for STEC infection is still
regarded as controversial, because antibiotics induce increased
levels of Stx production in vivo (18). On the other hand, many
patients with diarrhea receive empirical antibiotic therapy (21).

E. coli TUM2139 was isolated from a clinical stool specimen
at Toho University Ohashi Hospital. This strain was resistant
to cefotaxime. On the other hand, the O-antigen type of this
strain was determined to be O26. In this study, the resistance
of E. coli TUM2139 to B-lactam antibiotics and the presence of
virulence factors in this strain were confirmed by PCR assay
and the direct sequencing technique.

MATERIALS AND METHODS

Bacterial strain, media, and culture. On 16 June 2004, E. coli TUM2139 was
isolated from a stool sample from a 9-year-old female patient at Toho University
Ohashi Hospital. She had diarrhea, vomiting, and a low-grade fever. The strain
was identified with the Phoenix system (Nippon Becton Dickinson Company,
Ltd., Tokyo, Japan). E. coli C600 (F~ lacYl leuB6 supE44 thi-1 thr-1 tonA21
nalidixic acid resistant) was used as the recipient strain for the conjugation
experiments. The bacterial strains were stored at —70°C in Luria-Bertani (LB)
broth (Difco Laboratories, Detroit, Mich.) containing 30% glycerol. Subse-
quently, the bacterial strains were inoculated onto Mueller-Hinton agar plates
and incubated overnight at 35°C. :

Serotyping. E. coli TUM2139 was screened for Vero toxin (Stx) with a Capillia
0157 immunochromatography assay kit for Vero toxin (Nippon Becton Dickin-
son Company, Ltd.). The O- and H-antigen types of the strain were determined
with neutralizing antisera. A total of 181 types of antisera against the O antigen
(O1 to O181) and also 56 different kinds of antisera against the H antigen were
used. These antisera were made by the National Institute of Infectious Diseases,
Tokyo, Japan, which is the typing center for E. coli in Japan.

PCR assay for stx,, six,, eaed, and hlyA. The use of multiplex PCR for the
detection of stx;, stx,, eaed, and enterohemorrhagic E. coli hiyA was reported by
Fagan et al. (18). DNA amplification was performed by a PCR method directly
with the colonies (26). A small amount of the test organism was picked up with
a toothpick and transferred directly to 50 pl of the PCR mixture. The primers
and the predicted sizes of the PCR amplicons are listed in Table 1. PCR assays
were performed with EXtaqg DNA polymerase (Takara Bio Inc., Shiga, Japan)
and a GeneAmp PCR System 2400 (Perkin-Eilmer, Norwalk, Conn.). The PCR
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TABLE 1. Primer sequences and predicted lengths of PCR amplification products

Primer specificity Direction Primer sequence (5’ to 3') S;;grg:pr;t Reference or source
Virulence factors?
Stx; Sense ACGATGTGGTTTATTCTGGA 165 8
Antisense CTTCACGTGACCATACATAT
Stx, Sense ACACTGGATGATCTCAGTGG : 614 10
Antisense CTGAATCCCCCTCCATTATG
EHEC hly4 Sense CCATGACAACGGACAGCAGTT 779 10
Antisense CCTGTCAACTGAGCAGCACTTTG
eaeA Sense GTGGCGAATACTGGCGAGACT 890 9
Antisense CCCCATCTTTTTCACCGTCG
3-Lactamases®
CTX-M-2 Sense GCGAACAGCGTGCAACAGCAGCTGG 521 This study
Antisense GCCAGCGCTTTACCCAGCGTCAG
CTX-M-3 Sense GAGCATATGGTTAAAAAATCACTGCGTCAGTTC 891 This study
Antisense CAGGGATCCTTACAAACCGTCGGTGACGATTTTAGCC
CTX-M-9 Sense GTTTGAGCATATGGTGACAAAGAGAGGCAACGG 895 11
Antisense CAGGGATCCTTACAGCCCTTCGGCGATG
TEM Sense GGGGAGCTCATAAAATTCTTGAAGAC 1,199 23
Antisense GGGGGATCCTTACCAATGCTTAATCA
SHV Sense GTTCATATGCGTTATATTCGCCTGTG 876 This study
Antisense ATAGGATCCTTAGCGTTGCCAGTGCT
CTX-M-18° 11
Sense AGAGAGTGCAACGGATGATGTT
Sense GTTGCAGTACAGCGACAATACC
Sense GCTGGTTCTGGTGACCTATTTTAC
Antisense GCCATAACTTTACTGGTACTGCAC
Antisense CTGGGTAAAATAGGTCACCAGAAC

¢ Primers for PCR.

b Primers for sequencing. DNA template amplified by primers for CTX-M-9 was used for sequencing.

conditions were as follows: incubation 95°C for 3 min, followed by 35 cycles of
95°C for 20 s, 58°C for 40 s, and 72°C for 90 s, with a final cycle of 72°C for 7 min.
The amplified DNA fragments of the target genes were identified by electro-
phoresis on a 2% agarose gel. After electrophoresis, the gels were stained with
0.5 mg of ethidium bromide per ml and visualized with UV illumination.
Antimicrobial susceptibility testing. MICs were determined by a broth mi-
crodilution method with cation-adjusted Mueller-Hinton broth. The dilution
ranges of the antibiotic agents were 0.25 to 512 pg/ml. Quality control was done
by using E. coli ATCC 25922 as a reference strain for antibiotic susceptibility. All
procedures were done and the results were interpreted as described by the
National Committee for Clinical Laboratory Standards (15, 16). The organisms
were inoculated at about 5 X 10° cells per well by using a MIC2000 inoculation
device (Dynatech, McLean, Va.). The MIC was defined as the lowest concen-
tration that prevented visible growth after incubation for 18 h at 35°C.
Antibiotics. The following agents, all with known potencies, were used in this
study: piperacillin (Toyama Chemical Co., Ltd., Tokyo, Japan); cephalothin
(Sigma-Aldrich Japan Co., Ltd., Tokyo, Japan); cefoxitin, imipenem, and cipro-
floxacin (Banyu Pharmaceutical Co., Ltd., Tokyo, Japan); ceftazidime and cla-
vulanic acid (Glaxo Smith Kline Ltd., Tokyo, Japan); cefotaxime (Aventis Japan
Ltd., Tokyo, Japan); aztreonam (Eisai Co., Ltd., Tokyo, Japan); tazobactam
(Taiho Pharmaceutical Co., Ltd, Tokyo, Japan); cefepime (Bristol Pharmaceu-
tical Co., Ltd., Tokyo, Japan); cefotetan (Yamanouchi Pharmaceuticals Co. Ltd.,
Japan); cefmetazole and cefpodoxime (Sankyo Co., Ltd., Tokyo, Japan); ceftri-
axone {Roche Japan K.K., Tokyo, Japan); faropenem (Suntory Ltd., Tokyo,
Japan); gentamicin (Nihon Shering K.K. Osaka, Japan); kanamycin (Meiji Seika

Ltd., Tokyo, Japan); minocycline (Wyeth K.K. Tokyo, Japan); and nalidixic acid
(Daiichi Pharmaceutical Co., Ltd., Tokyo, Japan).

Conjugation experiment. Conjugation experiments were performed by the
broth method (11). A nalidixic acid-resistant marker was added to recipient cells
(E. coli C600). Then, the recipient cells and the donor cells (E. coli TUM2139) were
mixed in a ratio of 1:9. The same volume of fresh LB broth was added to the cell
mixture and the mixture was incubated for 90 min at 35°C. After 90 min, the cells
were plated onto LB agar plates containing 5 pg of cefotaxime per ml and 25 pg of
nalidixic acid per ml and incubated at 35°C overnight. Donor cells were also plated
on LB agar in the absence of antibiotics. After incubation, the colonies were counted
and the frequency of conjugation of a plasmid was calculated.

PCR assay for ESBLs and ESBL DNA sequence analysis. The total DNA
template was obtained and the amplification products were identified by the same
procedure used for the PCR assay of the blayey, type, blagyyy type, blarqy, 1 group,
blacrx.ms group, and blacrx.am.e group of extended-spectrum p-lactamases
(ESBLSs). The primers used for PCR, the predicted sizes of the PCR amplicons,
and the primers used for sequencing are listed in Table 1. PCR conditions were
as follows: incubation at 94°C for 3 min and 30 cycles of amplification (denatur-
ation at 94°C for 30 s, annealing at 60°C for 30 s, and extension at 72°C for 1
min), with a final extension at 72°C for 7 min.

Both strands of the PCR products obtained were sequenced by using the same set
of primers used to obtain the PCR amplification products and then by using primers
synthesized by primer walking. All primers used for PCR and DNA sequencing are
listed in Table 1. DNA sequencing was carried out with a BigDye (version 3.1)
Terminator Cycle Sequencing kit and a model 310 DNA sequencer (Applied Bio-
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TABLE 2. Antimicrobial susceptibilities of donor, recipient, and
conjugant strains

MIC (pg/ml)
Antibiotic

E. coli TUM2319  Recipient Conjugant
Piperacillin 128 =0.25 64
Piperacillin-tazobactam 2/4 =0.25/4 1/4
Cephalothin 512 05 512
Cefoxitin 4 =0.25 2
Cefmetazole 1 =0.25 1
Cefotaxime 256 =0.25 32
Cefotaxime-clavulanic acid =0.25/4 =0.25/4 =0.25/4
Ceftazidime 2 =0.25 2
Ceftazidime-clavulanic acid =0.25/4 =0.25/4  =0.25/4
Cefpodoxime 256 =0.25 128
Ceftriaxone 256 =0.25 128
Cefotetan =0.25 =025 =0.25
Cefepime 8 =0.25 4
Aztreonam 8 =0.25 8
Faropenem =0.25 =0.25 =0.25
Imipenem =0.25 =0.25 =0.25
Gentamicin =0.25 =0.25 =0.25
Kanamycin 2 =025 =0.25
Minocyclin =0.25 =0.25 =0.25
Nalidixic acid 4 64 64
Ciprofloxacin =0.25 =025 =0.25

systems, Foster City, Calif.). The deduced amino acid sequences were examined by
using the BLAST program at the DNA Data Bank of Japan (Shizuoka, Japan).

RESULTS

Characterization of E. coli TUM2319. E. coli TUM2319 was
confirmed to be a O26:H11 strain with antisera. The Capillia
0157 immunochromatography assay kit was used to determine
whether the Vero toxin (Stx) produced by this strain is Vero
toxin 1 (VT1; Stx1) and/or VT2 (Stx2). After this screening, the
strain was investigated for the presence of the stx; and stx,
genes by the PCR assay directly with the bacterial colonies.
Only the stx, gene was amplified. The stx, gene was not de-
tected in this strain, The eaed and enterohemorrhagic E. coli
(EHEC) hlyA genes were also detected by PCR. From these
results, E. coli TUM2319 was confirmed to be an STEC strain.

Antimicrobial susceptibility testing of E. coli TUM2319. The
antimicrobial susceptibility testing results for E. coli TUM2319
are presented in Table 2. E. coli TUM2319 was resistant to
piperacillin, cephalothin, cefotaxime, ceftriaxone, and cefpo-
doxime but was susceptible to all other agents tested. The MIC
of cefotaxime was reduced from 256 to < 0.25 pg/ml in the
presence of 4 pg of clavulanic acid per ml.

Conjugation experiments. Conjugation experiments showed
that conjugants grew on LB agar plates in the presence of 25
ug of nalidixic acid per ml and 5 pg of cefotaxime per ml. The
frequency of conjugation was 3.0 X 10 The MICs of piper-
acillin, cephalothin, cefotaxime, cefpodoxime, and ceftriaxone
for the conjugants were significantly increased compared with
those for E. coli C600, the recipient strain (Table 2). These
results show that this resistance marker could move from a
resistant strain to a sensitive strain by conjugation. E. coli
TUM2319 and its conjugants harbored a plasmid of the same
size, approximately 80 kbp (data not shown).

J. CLIN. MICROBIOL.

Type of ESBL. A class A B-lactamase gene of the CTX-M-9
group was detected by PCR in E. coli TUM2319; but genes for
ESBLs of the TEM type, SHV type, Toho-1 (CTX-M-2) group,
and CTX-M-3 group were not detected. DNA sequencing con-
firmed that the enzyme of the CTX-M-9 group was the CTX-
M-18 ESBL. This B-lactamase gene was also detected on an
80-kbp plasmid in the conjugant. Moreover, the EHEC hlyA
gene was detected in the conjugants.

DISCUSSION

E. coli strain TUM2319 was confirmed to be an 026:H11
strain and an stx;-, eaed-, and EHEC hlyA-positive but stx,-
negative STEC strain by serological tests and PCR assays. E.
coli 0157:H7 infection in humans sometimes leads to HUS;
however, almost all E. coli O26:H11 infections are mild (5).

Antibiotic treatment for STEC infections is not recom-
mended (18). However, chemotherapy might be initiated be-
fore the diagnosis of an STEC infection. It is most widely
accepted, however, that empirical therapy with antibiotics be
started for children with acute diarrhea. p-Lactam antibiotics,
especially expanded-spectrum [B-lactams, such as cefotaxime,
ceftazidime, ceftriaxone, and cefoperazone, are the most use-
ful clinically because they combine safety with high potency
against gram-negative bacteria, such as members of the family
Enterobacteriaceae, including E. coli. Accordingly, expanded-
spectrum B-lactams are one of the groups of antibiotics rec-
ommended for the treatment of serious E. coli infections (21).

Expanded-spectrum P-lactams are very stable to class A,
class C, and class D B-lactamases of the Ambler classification
(2); however, ESBLs can easily hydrolyze this group of B-lac-
tam antibiotics, such as cefpodoxime, ceftriaxone, cefotaxime,
and ceftazidime (7). In Japan, CTX-M-type B-lactamase-pro-
ducing E. coli strains, such as cefotaxime-resistant E. coli, are
often isolated from clinical specimens, with the CTX-M-2 or
CTX-M-18 B-lactamases becoming the most commonly en-
countered ESBLs (11, 14, 25, 28, 29). The CTX-M-18 enzyme,
which was initially reported to be Toho-3 (GenBank accession
number AB038771) when the sequence was electronically pub-
lished in the DNA database on 23 February 2000, does not
hydrolyze ceftazidime. CTX-M-19 is a derivative of CTX-M-18
that can hydrolyze ceftazidime (19). If a single amino acid
residue change occurs in the CTX-M-18 enzyme, this mutant
(CTX-M-19) can acquire the capability to hydrolyze ceftazi-
dime (12, 19). Accordingly, we believe that CTX-M-18 poses a
higher risk when it is encountered in clinical isolates due to this
potential ability to mutate into a ceftazidime-hydrolyzing en-
zyme.

ESBL-producing Salmonella and Shigella strains have been
reported worldwide. Some 0.8 to 3.4% of clinical isolates of
Salmonella recovered from 1997 to 1999 expressed the ESBL
phenotype (29). Recently, investigators have also reported on
CTX-M-3 (3), TEM-3 (1), and SHV-2a (13) ESBL-producing
Salmonella isolates. However, to our knowledge, no ESBL-
producing STEC or EHEC isolate has been described, until
now.

In conclusion, this is the first report of an ESBL-producing
STEC isolate. The possibility that this isolate may be an un-
suspected reservoir of CTX-M-18 capable of spreading the
plasmid carrying this ESBL to other bacteria might be worth
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considering. It is necessary to extend antimicrobial resistance
surveillance programs for E. coli, including STEC, not only to

th

e clinical field but also to the agricultural field.
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Transposon Tn2610, found in a conjugative plasmid from an Escherichia coli isolate recovered at a hospital
in Chiba, Japan, in 1975, was completely sequenced. Tn2610 is 23,883 bp long and is bracketed by two
transposition modules, a Tn/72I-like module and a Tn2I-derived module, which correspond, respectively, to
the long inverted repeats IRa and IRDb previously described for this transposon. Although both mpA genes are
intact, only that in the Tn2]-derived module (IRb) functions in the transposition, while that in the Tnl721-
derived module (IRa) cannot recognize the 38-bp imperfect repeat at the end of the IRb element. Both inpR and
res are present in IRa, while the mpR gene of IRD is interrupted by the insertion of an IS26 insertion element.
The intervening region, between the res site of the Tnl721 module and IS26, carries multiple integron-
associated resistance genes within a Tn21 backbone, including a region identical to that found in the genome
of Salmonella enterica serovar Typhimurium DT104. These findings suggest that Tn2610 originated from
Tn1721 and Tn2l, with extensive recombination events with other elements which have resulted in a complex

mosaic structure.

Tn2610 is a multidrug resistance transposon that was origi-
nally identificd in 1983 on a scll-transmissiblc  plasmid,
pCS200, originating from an Escherichia coli strain isolated in
1975 at a hospital in Chiba, Japan (20). Tn2610 is 24 kb long
and is flanked by 3-kb inverted-repeat (IR) sequences. The
intervening nonrepeated region was shown to include genes for
resistance to ampicillin, streptomycin, and sulfonamide. Pre-
liminary analysis revealed that Tn2610 carries two copies of the
transposition genes tmpA and mpR and that these regions form
a stable heteroduplex (19).

Several large transposons conferring resistance to more than
one gntibiotic have been identilicd. Among these, Tn2l,
Tnl691, Tn2603, and Tn2424, which are classified as class II
transposons, seem to be evolutionarily related (11, 13, 18). On
the basis of restriction maps and heteroduplex analyses, we
originally proposed that the Tn2I-related transposons had de-
scended from an ancestral mercury resistance transposon, re-
sembling Tn2613, by subsequent insertions of antibiotic resis-
tance genes and/or insertion sequences (18). This hypothesis
has been supported by sequence data from a large group of
these transposons (11). Current knowledge on Tn2610 suggests
that it may also have evolved from an ancestral mercury resis-
tance transposon via a series of recombination events resulting
in a complex configuration.

To confirm this hypothesis, we determined the complete
sequence of Tn2610 and compared its structure to that of other
known elements.

* Corresponding author. Mailing address: Department of Microbi-
ology and Molecular Genetics, Graduate School of Pharmaceutical
Sciences, Chiba University, Chiba, 263-8522, Japan. Phone: (81) 43-
290-2928. Fax: (81) 43-290-2929. E-mail: tomoko-y@p.chiba-u.ac.jp.
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MATERIALS AND METHODS

Bacterial strains and plasmids. The bacterial strains used were E. coli DH5a
(supEdd Alacl/169 [b80 lacZ AMLS) hsdRI7 recAl endAl gyrA96 thi-1 relAl),
AB2463 (recA thr leu thi lac gal ara xyl mil pro his arg st tsx sup), and P3478Rif,
u rifampin-resistant nrutant of P3478 (thy polA). The Tn2610-containing plasmid
used in this study was pTKY 170, formerly termed pMK1::Tn2610#4 (20). Sub-
cloning for DNA sequencing was performed in pUC18 (17). Plasmids pTKY171
and pTKY172 are-pAO3 derivatives carrying Tnl722 and Tnl722 with a kana-
mycin-resistant determinant, respectively. Plasmid pAO3 is a small derivative of
plasmid ColE1 (21). Plasmid pTKY173 is u pTKY172 derivative defective in the
mpA gene. Plasmids pTKY174 and pTKY175 are pACYC184-based plasmids
loaded with tnpA genes from Tn26/0 and Tnl722, respectively. Bacterial cells
were routinely cultured at 37°C in Luria-Bertani (LB) medium or on LB agar.
For selection with trimethoprim, Mueller-Hinton agar (Difco Laboratories) was
used with 0.5% (voljvol) lysed horse blood. Antibiotics were added at the fol-
lowing concentrations: ampicillin, 50 pg ml™"; chloramphenicol, 25 pg ml™}
kunumyein, 50 pg ml™ Y tetracycline, 25 pg ml™'; trimethoprim, 50 ug mi~ !
rifampin, 100 wg ml™%

Construction of plasmids. Plasmid pTKY171 (pAQ3::Tn/722) wus derived
from plasmid pAO3::Tni72] by deletion of the DNA fragment between the Sall
site at nucleotide (nt) 6946 in Tnl721 (Fig. 1) and the BstEll site in pAQO3. The
pUC4K-derived kanamycin resistance determinant was inserted into the Aval
site at nt 991 in Tnl722 (Fig. 1), resulting in pTKY172. Plusmid pTKY173 is an
Aval-generated deletion of pTKY172 which was cleaved at nt 2855 and nt 4562
in Tnl722 and self-ligated. The DNA fragment between the EcoR1 site at at 13
and the BamHI site at nt 4157 in Tn26/0 from pTKY170 was cloned into
BamHI-digested pACYC184, resulting in pTKY 174, Plasmid pTKY 175 was con-
structed by cloning of the DNA fragment between nt 13 and nt 5624 in Tn/722
into EcoRI-digested pACYC184,

Determination of transposition proficiency. The mating-out assay was used to
determine transposition frequency (19). The pACYC184-bused plasmid loaded
with a relevant fnpA gene was introduced into AB2463 containing R388, a
conjugative plasmid devoid of transposable elements, and pTKY173. The result-
ing strain was used as a donor to mate with the recipient strain P3478Rif. Donor
and recipient strains were mixed in a 1:5 ratio and passed through a Millipore
filter, and then the filters were incubated on the agar plates at 37°C for 6 h.
Transconjugants receiving R388::Tn/722 were selected with kanamycin and ri-
fumpin, Transconjugants receiving R388 were selected with trimethoprim and
rifampin. The transposition frequency was expressed as the ratio of the number
of kanamycin-resistant transconjugants to the number of R388 transconjugants.

DNA isolation and restriction mapping. Plasmid DNA for restriction anulysis
and cloning was isolated by the alkaline lysis method (3). Restriction enzymes
(TaKaRa Bio Inc., TOYOBO) were used in accordance with the manufacturer’s



