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We report here the characterization of a novel aminoglycoside resistance gene, aac(6�)-Iaf, present in two
multidrug-resistant (MDR) Pseudomonas aeruginosa clinical isolates. These isolates, IMCJ798 and IMCJ799,
were independently obtained from two patients, one with a urinary tract infection and the other with a
decubitus ulcer, in a hospital located in the western part of Japan. Although the antibiotic resistance profiles
of IMCJ798 and IMCJ799 were similar to that of MDR P. aeruginosa IMCJ2.S1, which caused outbreaks in the
eastern part of Japan, the pulsed-field gel electrophoresis patterns for these isolates were different from that
for IMCJ2.S1. Both IMCJ798 and IMCJ799 were found to contain a novel chromosomal class 1 integron,
In123, which included aac(6�)-Iaf as the first cassette gene. The encoded protein, AAC(6�)-Iaf, was found to
consist of 183 amino acids, with 91 and 87% identity to AAC(6�)-Iq and AAC(6�)-Im, respectively. IMCJ798,
IMCJ799, and Escherichia coli transformants carrying a plasmid containing the aac(6�)-Iaf gene and its
upstream region were highly resistant to amikacin, dibekacin, and kanamycin but not to gentamicin. The
production of AAC(6�)-Iaf in these strains was confirmed by Western blot analysis. Thin-layer chromatography
indicated that AAC(6�)-Iaf is a functional acetyltransferase that specifically modifies the amino groups at the
6� positions of aminoglycosides. Collectively, these findings indicate that AAC(6�)-Iaf contributes to aminogly-
coside resistance.

Pseudomonas aeruginosa is a nosocomial pathogen that ex-
hibits a remarkable ability to acquire resistance to several
antibiotics. The most serious problem has been the emergence
of multidrug-resistant (MDR) P. aeruginosa strains with resis-
tance to all �-lactams, aminoglycosides, and quinolones (39,
40). In Japan, MDR P. aeruginosa is defined as having resis-
tance to carbapenem (MIC � 16 �g/ml), amikacin (AMK;
MIC � 32 �g/ml), and fluoroquinolone (MIC � 4 �g/ml).

Bacterial resistance to aminoglycosides can result from three
causes (44): decreased membrane permeability (13), the mod-
ification of 16S RNA (14, 16, 17, 49) or ribosomal proteins
(13), and the enzymatic modification of aminoglycosides. In P.
aeruginosa isolates, resistance to aminoglycosides is due pri-
marily to the production of aminoglycoside-modifying enzymes
(4, 47). The aminoglycoside acetyltransferases (AACs) are
aminoglycoside-modifying enzymes that transfer acetyl groups
to the amino groups of aminoglycosides. The AACs can be
grouped into four classes, AAC(1), AAC(2�), AAC(3�), and
AAC(6�), based on the acetylation sites of the aminoglycosides
(22, 44). N-acetylation at the 6� position catalyzed by AAC(6�)
is one of the most prevalent forms of modification of amin-
oglycosides (32). AAC(6�)-I confers resistance to AMK but not
to gentamicin (GEM) (41). To date, at least 27 AAC(6�)-I
enzymes, designated AAC(6�)-Ia to AAC(6�)-Iae, have been
identified and characterized (15, 22, 38, 44). In contrast, only
two AAC(6�)-II enzymes, which confer resistance to GEM but
not to AMK, have been identified (41). The aac genes are

often found in class 1 integrons (21). These integrons possess
two conserved segments at each end, separated by a variable
region that includes integrated antibiotic resistance gene cas-
settes (19, 20). The 5�-conserved segment (5�-CS) contains the
intI gene, and the 3�-conserved segment (3�-CS) contains the
qacE�1 and sul1 genes (19).

We previously described a nosocomial outbreak of catheter-
associated urinary tract infection with an MDR P. aeruginosa
strain, IMCJ2.S1, in a hospital in the Tohoku region in the
eastern part of Japan (39). IMCJ2.S1 was found to harbor an
aminoglycoside 6�-N-acetyltransferase gene, aac(6�)-Iae, in a
chromosomal integron. We developed kits to detect the
aac(6�)-Iae gene and the AAC(6�)-Iae protein and used these
kits to survey MDR P. aeruginosa strains in hospitals through-
out Japan (27, 39). During surveillance in the western part of
Japan, two MDR P. aeruginosa clinical isolates negative for
aac(6�)-Iae were identified. Each of these isolates contained a
novel aminoglycoside 6�-N-acetyltransferase gene, aac(6�)-Iaf.
We report here the structure of this gene and the properties of
its product.

MATERIALS AND METHODS

Bacterial strains and plasmids. Two P. aeruginosa clinical isolates, IMCJ798
and IMCJ799, were individually obtained from two patients, one with a urinary
tract infection and the other with a decubitus ulcer. P. aeruginosa ATCC 27853
was obtained from the American Type Culture Collection (Manassas, VA) and
used as a reference strain for antibiotic susceptibility testing. Escherichia coli
strains DH5� (Takara Bio, Shiga, Japan) and JM109 (Stratagene, La Jolla, CA)
were used as hosts for recombinant plasmids. E. coli BL21(DE3)(pLysS) (In-
vitrogen, Carlsbad, CA) was used for the expression of recombinant aac(6�)-Iaf.
A rifampin-resistant mutant of P. aeruginosa, ATCC 27853 Rfpr, was used for
conjugation. P. aeruginosa GN17203, carrying plasmid pMS350 containing
blaIMP-1 (46), was kindly provided by S. Iyobe (Kitasato University, Sagamihara,
Japan).
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Antimicrobial agents. Amikacin (AMK) and imipenem (IPM) were obtained
from Banyu Pharmaceutical Co. (Tokyo, Japan), arbekacin (ABK) and dibekacin
(DIB) were purchased from Meiji Seika Kaisha, Ltd. (Tokyo, Japan), aztreonam
(ATM) was obtained from Eizai (Tokyo, Japan), ceftazidime (CAZ) was ac-
quired from GlaxoSmithKline K.K. (Tokyo, Japan), gentamicin (GEM) and
neomycin B and C mixtures (NEO) were obtained from Nacalai Tesque, Inc.
(Kyoto, Japan), isepamicin (ISP), netilmicin (NET), and sisomicin (SIS) were
from Schering-Plough K.K. (Osaka, Japan), kanamycin A (KAN) and polymyxin
B (PMB) were purchased from Sigma-Aldrich (St. Louis, MO), meropenem
(MEM) was obtained from Sumitomo Pharmaceutical Co., Ltd. (Osaka, Japan),
ofloxacin (OFX) was acquired from Daiichi Pharmaceutical Co., Ltd. (Tokyo,
Japan), piperacillin (PIP) and piperacillin-tazobactam (TZP) were obtained
from Tomiyama Pure Chemical Industries, Ltd. (Tokyo, Japan), and tobramycin
(TOB) was purchased from Towa Pharmaceutical Co., Ltd. (Osaka, Japan).

In vitro susceptibility tests. MICs were determined using a microdilution
method according to the protocols recommended by the Clinical and Laboratory
Standards Institute (10).

Serotyping. The O serotypes of isolates were determined with a slide aggluti-
nation test kit (Denka Seiken Co., Tokyo, Japan).

Detection of MDR P. aeruginosa using a LAMP method and an agglutination
test. The aac(6�)-Iae gene was assessed using a loop-mediated isothermal am-
plification (LAMP) method, and the AAC(6�)-Iae protein was evaluated using
an agglutination test, as described previously (39).

PFGE. DNA plugs were prepared as described previously (18) and digested
overnight at 37°C with SpeI and XbaI (Takara Bio). Pulsed-field gel electro-
phoresis (PFGE) analysis was performed as described previously (38).

PCR amplification of class 1 integrons. Genomic DNA was extracted as
described previously (36) and used as PCR templates. Class 1 integrons were
detected by PCR using 5�-CS and 3�-CS primers as described previously (11, 29)
and genetically mapped using the primers listed in Table 1. An Expand high-
fidelity PCR system (Roche Diagnostics GmbH, Penzberg, Germany) was used
for all PCR amplifications. All PCR products were sequenced to identify genes
and their orders in the integrons.

DNA sequencing. DNA sequences were determined using an ABI PRISM
3100 sequencer (Applied Biosystems). Homology searches of nucleotide and
translated protein sequences were performed using BLAST (2, 3). Multiple-
sequence alignments and searches for open reading frames (ORFs) were per-
formed using the Clustal W2 program (28) and GENETYX software (Genetyx,
Tokyo, Japan). The dendrogram for AACs was determined with the Clustal W2
program (28).

Plasmid extraction. The methods of Kado and Liu (25) and Casse et al. (8),
modified as follows, were used to extract plasmid DNA from P. aeruginosa. The
bacterial pellet was lysed by the addition of 2 ml of lysis buffer (50 mM Tris-Cl,
20 mM EDTA, 4% sodium dodecyl sulfate [SDS], pH 12.6), followed by gentle
shaking for 30 min at 37°C. The lysate was neutralized by adding 400 �l of 1 M

Tris-Cl (pH 7.5), and the proteins were precipitated by adding 250 �l of 5 M
NaCl. The solution was extracted with an equal volume of phenol-chloroform
solution (1:1, vol/vol). The plasmid DNA in the aqueous phase was precipitated
by adding a twofold volume of 100% ethanol. The DNA pellet was collected.
Plasmid DNA preparations were analyzed by electrophoresis on 0.7% agarose
gels in 0.5� Tris-borate-EDTA buffer at 4°C.

Transformation using plasmid preparations from P. aeruginosa IMCJ798 and
IMCJ799. Plasmid preparations from P. aeruginosa strains were used to trans-
form E. coli DH5� and P. aeruginosa PAO1 by electroporation using a Gene
Pulser Xcell system (Bio-Rad Laboratories, Hercules, CA). The transformants
were cultured on Luria-Bertani (LB) agar plates containing 20 �g/ml AMK for
24 h at 37°C.

Transfer of aminoglycoside resistance. Drug resistance was transferred from
P. aeruginosa clinical isolates to a rifampin-resistant mutant of P. aeruginosa,
ATCC 27853 Rfpr, using the broth mating method (26). The transconjugants
were selected on Mueller-Hinton agar plates containing rifampin (200 �g/ml)
and IPM (16 �g/ml) or AMK (20 �g/ml).

Genome typing by I-CeuI digestion and Southern blot hybridization. DNA
plugs containing total genomic DNA from isolates were digested overnight with
I-CeuI. DNA fragments were separated by PFGE. Southern hybridization was
performed using an enhanced chemiluminescence direct nucleic acid-labeling
and detection system according to the instructions of the manufacturer (GE
Healthcare, Tokyo, Japan), as described previously (24, 30, 34), to determine
whether the novel class 1 integron identified in the P. aeruginosa isolates, des-
ignated In123, has a chromosomal location. Probes for aac(6�)-Iaf, blaIMP-1, 16S
rRNA, and 23S rRNA genes from IMCJ798 were amplified by PCR using the
primer sets aac(6�)Iaf-F/aac(6�)Iaf-R, blaIMP-1-F/blaIMP-1-R, 16S-rRNA-F/
16S-rRNA-R, and 23S-rRNA-F/23S-rRNA-R, respectively (Table 1).

Cloning of aac(6�)-Iaf gene. The ORF of aac(6�)-Iaf and 185 bp of the up-
stream region of the gene, which includes the promoter, were PCR amplified
from P. aeruginosa IMCJ798 by using the primer set PstI-aac-F and EcoRI-aac-R
(Table 1). The PCR products were digested with EcoRI and PstI and ligated into
the PstI and EcoRI sites of pSTV28, at a polarity opposite the transcriptional
direction of the promoter on the vector. The plasmids were used to transform
DH5�, and transformants were selected on LB agar containing 30 �g/ml of
chloramphenicol. The resulting plasmid was designated pSTV-aacWT. To de-
termine MICs, E. coli JM109 was transformed with pSTV-aacWT, which re-
presses transcription driven by the promoter on the pSTV28 vector.

Site-directed mutagenesis. The putative initiation codon on pSTV-aacWT,
TTG, was replaced by ATG by using a QuikChange site-directed mutagenesis kit
(Stratagene). The resulting plasmid was designated pSTV-aac(TTG3ATG). To
determine MICs, E. coli JM109 was transformed with this plasmid.

Construction of AAC(6�)-Iaf-overexpressing strains. The aac(6�)-Iaf gene
from P. aeruginosa IMCJ798 was PCR amplified using the primer set SphI-aac-F
and PstI-aac-R (Table 1), and the product was digested with SphI and PstI and

TABLE 1. PCR primers used in this study

Primer Sequencea (5� to 3�) Label in
Fig. 2 Description Reference

5�-CS GGCATCCAAGCAGCAAG B 5�-End common segment of class 1 integrons 29
3�-CS AAGCAGACTTGACCTGA F 3�-End common segment of class 1 integrons 29
intI-R TGCGTGTAAATCATCGTCGT A Positions 196–177 in intI1 38
qacEdelta-R GCAATTATGAGCCCCATACC G Positions 287–268 in qacE�1 38
sul1-R GGGTTTCCGAGAAGGTGATT H Positions 787–768 in sul1 38
aac(6�)Iaf-F TTGGACTATTCAATATGCGA C Positions 1–20 in aac(6�)-Iaf This study
aac(6�)Iaf-R CTAGCTAATATCTTTCCACA D Positions 552–533 in aac(6�)-Iaf This study
blaIMP-1-F GAAGTTAACGGGTGGGGCG Positions 124–142 in blaIMP-1 This study
blaIMP-1-R CTTTAACCGCCTGCTCTAAT E Positions 700–681 in blaIMP-1 This study
16S-rRNA-F ATGCAAGTCGAGCGGATGAAGGGAG Positions 55–79 in 16S rRNA gene This study
16S-rRNA-R TAGTCGACATCGTTTACGGCGTGGA Positions 822–798 in 16S rRNA gene This study
23S-rRNA-F CGAGGACAGTGTATGGTGGGCAGT Positions 2207–2231 in 23S rRNA gene This study
23S-rRNA-R CTCAACGCCTCACAACGCTTACACA Positions 2856–2832 in 23S rRNA gene This study
PstI-aac-F aactgcagGGCTTGTTATGACTGTTTTT Sequence in the 185- to 166-bp upstream region of

aac(6�)-Iaf with PstI site
This study

EcoRI-aac-R ggaattcCTAGCTAATATCTTTCCACA Positions 552–533 in aac(6�)-Iaf with EcoRI site This study
SphI-aac-F aaagcatgcgATGGACTATTCAATATGCGA Positions 1–20 in aac(6�)-Iaf with SphIb This study
PstI-aac-R aactgcagCTAGCTAATATCTTTCCACA Positions 552–533 in aac(6�)-Iaf with PstI site This study

a Lowercase letters represent restriction enzyme recognition sites attached on the 5� ends of primers.
b The initiation codon TTG in aac(6�)-Iaf was replaced with ATG.
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ligated into pQE2 (Invitrogen), which had been digested with the same restric-
tion enzymes. The plasmid was used to transform DH5�, and the transformants
were selected on LB agar containing 100 �g/ml of ampicillin. The resulting
plasmid, pQE-aac(6�)-Iaf, was used to transform E. coli BL21(DE3)(pLys),
which was used for recombinant protein purification.

Purification of recombinant AAC(6�)-Iaf. E. coli BL21(DE3)(pLysS) carrying
plasmid pQE2-aac(6�)-Iaf was grown in LB medium containing 200 �g/ml am-
picillin at 37°C until the A600 reached 0.3. IPTG (isopropyl-�-D-thiogalactopyra-
noside) was added to a concentration of 0.1 mM to induce the expression of
AAC(6�)-Iaf, and the culture was incubated for 4 h at 37°C. The hexahistidine-
tagged AAC(6�)-Iaf was purified from the soluble fraction using Ni-nitrilotriace-
tic acid agarose according to the instructions of the manufacturer (Qiagen,
Tokyo, Japan). The final concentration of protein was determined using a bicin-
choninic acid protein assay kit (Pierce, Rockford, IL).

Purification of native AAC(6�)-Iaf from P. aeruginosa. Rabbits were immu-
nized with recombinant AAC(6�)-Iaf protein emulsified in Freund’s adjuvant.
The animal experiments were approved by the ethical committee for animal
experiments at the Research Institute of the International Medical Center of
Japan. Anti-AAC(6�)-Iaf immunoglobulin G (IgG), purified from the rabbit sera
on protein G-Sepharose (GE Healthcare), was coupled to NHS-activated Sepha-
rose according to the instructions of the manufacturer (GE Healthcare). Bacte-
rial cells from overnight cultures of P. aeruginosa IMCJ798 were disrupted by
sonication, and the cleared lysate was applied to the IgG-coupled Sepharose
column. After the column was washed with phosphate-buffered saline containing
0.05% Tween 20, protein was eluted with 0.1 M glycine-HCl (pH 2.5). The
purified protein was dialyzed in Tris-buffered saline (50 mM Tris, 150 mM NaCl,
pH 8.0) and separated by SDS–15% polyacrylamide gel electrophoresis (SDS–
15% PAGE), and the N-terminal sequence was analyzed by a commercial service
(Nippi, Inc., Tokyo, Japan).

Western blotting. E. coli JM109 bacteria carrying pSTV28, pSTV-aacWT, or
pSTV-aac(TTG3ATG) were cultivated for 16 h at 37°C in LB broth con-
taining 30 �g/ml chloramphenicol. P. aeruginosa isolates IMCJ798 and
IMCJ799 were cultivated for 16 h at 37°C in LB broth containing 20 �g/ml
AMK. One milliliter of each culture was collected by centrifugation, and
whole-cell lysates in 200 �l of SDS-PAGE sample buffer were prepared. A
5-�l aliquot of each cell lysate was separated on an SDS–15% PAGE gel, and
the proteins were transferred onto polyvinylidene difluoride membranes. The
membranes were blocked with 5% skim milk in a mixture of 20 mM Tris (pH
8.0), 150 mM NaCl, and 0.05% Tween 20 and incubated with rabbit poly-
clonal anti-AAC(6�)-Iaf antibodies, obtained by immunization with His–
AAC(6�)-Iaf. After the incubation of the membranes with secondary horse-
radish peroxidase-linked anti-rabbit IgG (GE Healthcare), bands were
detected by chemiluminescence. The intensity of each band was quantified
using Quantity One software (Bio-Rad Laboratories).

TLC analysis of acetylated aminoglycosides. Mixtures containing 2 mM ami-
noglycoside, 2 mM acetyl coenzyme A (acetyl-CoA), and 50 �g/ml AAC(6�)-Iaf
in 20 �l of phosphate buffer (pH 7.4) were incubated for 16 h at 37°C, 3 �l of
each aminoglycoside mixture was spotted onto the surface of a silica gel 60
thin-layer chromatography (TLC) plate containing a fluorescence indicator with
a 254-nm excitation wavelength (Merck Ltd., Japan), and the results were de-
veloped with 5% phosphate potassium solution. The aminoglycosides and their
acetylated products were detected with 0.5% ninhydrin in acetone (50).

Nucleotide sequence accession number. The nucleotide sequence of In123
determined in this study has been deposited in the EMBL and GenBank data-
bases and the DDBJ and assigned accession number AB462903.

RESULTS AND DISCUSSION

Characterization of P. aeruginosa IMCJ798 and IMCJ799.
We obtained two P. aeruginosa clinical isolates, IMCJ798 and
IMCJ799, from two patients, one with a urinary tract infection
and the other with a decubitus ulcer, from a hospital in the
Chugoku region of western Japan in 2007. After the imple-
mentation of various infection control measures, no other pa-
tients with such infections were detected.

The genotypic and phenotypic properties of IMCJ798 and
IMCJ799 were compared with those of the MDR P. aeruginosa
strain IMCJ2.S1, which had been reported previously to be
found in Japan (38). The MICs for P. aeruginosa IMCJ798,
IMCJ799, IMCJ2.S1, and ATCC 27853 are shown in Table 2.
Multidrug resistance phenotypes were observed in IMCJ798
and IMCJ799. These isolates were resistant to all antibiotics
except for GEM. In particular, they showed high levels of
resistance to �-lactams, AMK, and OFX. These results were
similar to those for IMCJ2.S1, except for ABK and GEM
(Table 2). IMCJ798, IMCJ799, and IMCJ2.S1 also had the
same serotype, O:11. Although IMCJ798 and IMCJ799
seemed to be derived from IMCJ2.S1, both were negative for
the aac(6�)-Iae gene by the LAMP method (data not shown)
and for AAC(6�)-Iae protein by the agglutination test (data not
shown), whereas IMCJ2.S1 was positive for aac(6�)-Iae (39).
The PFGE patterns of SpeI- and XbaI-digested fragments
from the IMCJ798 and IMCJ799 isolates were identical but
differed from those of fragments from IMCJ2.S1 (Fig. 1). The
PFGE patterns for IMCJ798 and IMCJ799 showed similarities
of 56.4% (SpeI) and 70.5% (XbaI), respectively, to that for
IMCJ2.S1. Thus, the genotypic properties of IMCJ798 and
IMCJ799 differed from those of IMCJ2.S1, although these
strains had similar phenotypes. Further nationwide, hospital-
based surveillance of MDR P. aeruginosa is required.

aac(6�)-Iaf in the class 1 integron. To identify the drug
resistance genes of IMCJ798 and IMCJ799, the variable re-
gions of class 1 integrons were amplified with primers 5�-CS
and 3�-CS (Table 1). Amplicons of 1.7 kbp generated from
both strains were found to be identical by DNA sequencing.
Sequence analysis revealed a variable region containing two
cassettes, one carrying a novel aac(6�) gene and the other
carrying a blaIMP-1 metallo-�-lactamase gene (Fig. 2). The
novel aac(6�) gene comprised an ORF of 552 bp, starting with
a TTG codon, and its sequence showed 94 and 91% identity to
those of aac(6�)-Iq from Klebsiella pneumoniae (9) and
aac(6�)-Im from Citrobacter freundii (23). Based on the stan-
dard nomenclature (45), we named this ORF aac(6�)-Iaf.

TABLE 2. Antimicrobial susceptibility parameters of IMCJ798, IMCJ799, IMCJ2.S1, and ATCC 27853 for various antibioticsa

Isolate name
MIC (�g/ml) of:

PIP TZP CAZ IPM MEM ATM AMK ABK GEM OFX PMB

IMCJ798 256 256 512 128 �512 64 128 8 4 �128 4
IMCJ799 256 256 512 128 �512 64 128 16 2 �128 4
IMCJ2.S1 256 256 512 128 512 128 128 2 16 128 2
ATCC 27853 	4 4 	1 4 1 2 2 	0.5 	1 	0.5 2

a PIP, piperacillin; TZP, piperacillin-tazobactam; CAZ, ceftazidime; IPM, imipenem; MEM, meropenem; ATM, aztreonam; AMK, amikacin; ABK, arbekacin; GEM,
gentamicin; OFX, ofloxacin; PMB, polymyxin B.
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The 5� CS and 3� CS of the integron were further mapped
with PCR cartography using external primers (Table 1; Fig. 2).
Typical 59-base elements (42) were observed in both cassettes.
These results supported the idea that the aac(6�)-Iaf gene in P.
aeruginosa IMCJ798 and IMCJ799 is localized within the class
1 integron. The sequence of the integron was not found in any
database; we therefore named the integron In123.

In addition, the aac(6�)-Iaf gene has a G�C content of
34.4%; in contrast, the average G�C contents of the P. aerugi-
nosa PAO1 and K. pneumoniae MGH78578 genomes are 66.6
and 57.1%, respectively (http://www.ncbi.nlm.nih.gov/genomes
/lproks.cgi?view
1). These findings suggested that aac(6�)-Iaf
may be derived from species with intrinsically low G�C con-
tents, not from Pseudomonas or Klebsiella species.

Location of In123. Class 1 integrons are frequently located
on plasmids, and they can be transferred among bacteria (5).
Plasmid preparation, transformation, conjugation, and South-
ern hybridization using genomic DNA digested by I-CeuI were
carried out to determine the locations and transmission ability
of In123 in IMCJ798 and IMCJ799. P. aeruginosa GN17203,
which harbors pMS350 containing blaIMP-1, was used as the
positive control (46). Initially, we prepared plasmid DNA as
described in Materials and Methods. No plasmid in IMCJ798
or IMCJ799 was detected by electrophoresis, whereas pMS350
was detected in P. aeruginosa GN17203 (data not shown). E.
coli DH5� and P. aeruginosa PAO1 were transformed with the
plasmid DNA preparations by electroporation. No transfor-
mants were obtained on LB agar plates containing AMK. In
conjugation tests using P. aeruginosa ATCC 27853 Rfpr as a
recipient strain, the AMK resistance was not transferred from

IMCJ798 and IMCJ799 to P. aeruginosa ATCC 27853 Rfpr

whereas carbapenem resistance was transferred from P. aerugi-
nosa GN17203 to ATCC 27853 Rfpr. In order to confirm that
In123 is located on the chromosome, PFGE analysis and
Southern hybridizations using P. aeruginosa genomic DNA di-
gested by I-CeuI were performed. In all strains, four chromo-
somal fragments of various sizes (PAO1, 4,063, 950, 775, and
475 kb; GN17203, ca. 3,600, 1,500, 945, and 900 kb; and
IMCJ798 and IMCJ799, ca. 4,500, 950, 900, and 480 kb) were
detected by the rRNA gene probes (Fig. 3A and C and left
panels in B and D). The aac(6�)-Iaf probe detected the
4,500-kb fragments from IMCJ798 and IMCJ799. The band
hybridized by the aac(6�)-Iaf probe was also recognized by the
rRNA gene probe. The blaIMP-1 probe detected the same frag-
ments in the IMCJ798 and IMCJ799 clinical isolates as the
aac(6�)-Iaf and rRNA gene probes. Additionally, the blaIMP-1

probe detected a 700-kbp extrachromosomal fragment, which
may correspond to pMS350 in GN17203 (46), that was not

FIG. 1. PFGE patterns for SpeI- and XbaI-digested genomic DNA
from MDR P. aeruginosa strains IMCJ798 and IMCJ799. The DNA
fragments were detected by ethidium bromide staining. Results for
IMCJ798 (lanes 1), IMCJ799 (lanes 2), and IMCJ2.S1 (lanes 3) are
shown.

FIG. 2. Genetic structure of In123. Primers labeled A, B, C, D, E,
F, G, and H are described in Table 1. Arrows indicate primer locations
and directions.

FIG. 3. PFGE patterns (A and C) and Southern hybridization analy-
ses (B and D) of P. aeruginosa genomic DNA digested by I-CeuI. PFGE
analysis of P. aeruginosa genomic DNA digested with I-CeuI was done
under the following two different sets of conditions: condition set 1 for the
separation of the largest, 4.0-Mb fragment of PAO1 (A) consisted of a
106° angle, 0.8% agarose, and linear switching times of 20 to 30 min for
48 h with a voltage gradient of 2 V/cm, and condition set 2 for the
separation of the 950-, 775-, and 475-kb fragments of PAO1 (C) consisted
of a 120° angle, 1% agarose, and nonlinear switching times of 5.3 to 120 s
for 19.5 h with a voltage gradient of 6 V/cm. The molecular standards
were Schizosaccharomyces pombe (A) and Saccharomyces cerevisiae
YPH80 (C). An arrow in panel C indicates the location of an extrachro-
mosomal band that may correspond to pMS350. DNA fragments for
which results are shown in panels A and C were transferred onto mem-
branes and were used for the hybridization analyses presented in panels B
and D, respectively. Southern hybridization was performed with probes
for rRNA genes, aac(6�)-Iaf, and blaIMP-1, as shown in panels B and D.
EtBr, ethidium bromide.
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detected by the rRNA gene probe. Another smaller blaIMP-1

probe-specific band detected in the IMCJ798 and IMCJ799
clinical isolates, as shown in Fig. 3B, was not observed in the
analysis presented in Fig. 3D, probably due to differences in
electrophoretic conditions (see the legend to Fig. 3). It is likely
that this band was not resolved under the conditions used in
the analyses presented in Fig. 3C and D.

Collectively, these results strongly suggest that In123, which
carries aac(6�)-Iaf, is located on a chromosome, not on a plas-
mid, in P. aeruginosa IMCJ798 and IMCJ799. This arrange-
ment is similar to those for other class 1 integrons, including
aac(3)-Ib, aac(3)-Ic, and aac(6�)-Iae integrons in P. aeruginosa
(35, 37) and the aac(3)-Id integron in Vibrio fluvialis (1).

Comparison of AAC(6�)-Iaf with other AAC(6�)-I enzymes.
AAC(6�)-Iaf, encoded by the first cassette gene in In123, con-
sists of 183 amino acids. The amino acid sequence of AAC(6�)-
Iaf was compared to those of other AAC(6�)-I enzymes. The
deduced molecular phylogeny of these sequences suggests that
all the AAC(6�)-I enzymes can be classified into three subfam-
ilies (44), the first containing AAC(6�)-Ib and AAC(6�)-Ie, the
second containing AAC(6�)-Ic, AAC(6�)-Id, and AAC(6�)-Ih,

and the third containing AAC(6�)-Ia, AAC(6�)-Iae, and
AAC(6�)-Iq. It was found that AAC(6�)-Iaf belonged to the
third subfamily, whose members show considerable phyloge-
netic distance from those of the other two subfamilies, which
include AAC(6�)-Ib or AAC(6�)-Iad (15, 38, 44). Using mul-
tiple-sequence alignments, AAC(6�)-Iaf was found to have 91,
87, 63, 57, and 35% identity to AAC(6�)-Iq from K. pneu-
moniae (9), AAC(6�)-Im from C. freundii (23), AAC(6�)-Ia
from Shigella sonnei (43), AAC(6�)-Iae from P. aeruginosa
(38), and AAC(6�)-Ii from Enterococcus faecium (12), respec-
tively (Fig. 4A). Moreover, four motifs (C, D, A, and B) of
GCN5-related N-acetyltransferases (33) were also observed in
AAC(6�)-Iaf, as well as most other AAC(6�)-I enzymes (Fig.
4B). Additionally, the crystal structure of AAC(6�)-Ii, which
also belongs to the third subfamily, has been resolved, and two
acetyl-CoA binding sites have been reported (6, 7). Putative
sites required for acetyl-CoA binding, sites 1 and 2, were also
found in AAC(6�)-Iaf (Fig. 4B).

Effects of aac(6�)-Iaf on aminoglycoside resistance. Both P.
aeruginosa IMCJ798 and IMCJ799 were resistant to AMK,
DIB, ISP, KAN, NET, and TOB but were sensitive to GEM

FIG. 4. Phylogenic tree and amino acid sequence alignments for the AAC(6�)-I subfamily. (A) Phylogenic relationships were determined with
the Clustal W2 program. aa, amino acids. (B) Dots indicate amino acids identical to those of AAC(6�)-Iaf. Black-highlighted amino acids are
conserved among this AAC(6�)-I subfamily. Dashes represent gaps introduced to optimize similarity.

TABLE 3. MICs of various aminoglycosides for P. aeruginosa strains and E. coli strains transformed with aac(6�)-Iaf

Straina
MICb (�g/ml) of:

AMK ABK DIB GEM ISP KAN NET SIS TOB NEO

P. aeruginosa IMCJ798 128 8 �128 4 �128 �128 �128 32 32 8
P. aeruginosa IMCJ799 128 16 �128 2 �128 �128 �128 32 32 8
E. coli JM109/pSTV28 1 2 1 0.5 1 2 0.5 0.5 0.125 2
E. coli JM109/pSTV-aacWT 16 4 16 1 4 64 8 1 4 4
E. coli JM109/pSTV-aac(TTG3ATG) 32 4 32 1 16 128 8 2 4 4

a The MICs for E. coli strains were determined with Mueller-Hinton broth preparations containing chloramphenicol (30 �g/ml) and individual aminoglycosides.
b AMK, amikacin; ABK, arbekacin; DIB, dibekacin; GEM, gentamicin; ISP, isopamicin; KAN, kanamycin; NET, netilmicin; SIS, sisomicin; TOB, tobramycin; NEO,

neomycin.
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(Table 3). To determine whether aac(6�)-Iaf mediates amino-
glycoside resistance, the MICs of various aminoglycosides were
assessed using E. coli JM109 transformants carrying pSTV-
aacWT or pSTV-aac(TTG3ATG). pSTV-aacWT includes
both aac(6�)-Iaf and its 185-bp upstream region from
IMCJ798. By using E. coli JM109, the aac(6�)-Iaf gene was
expressed utilizing its native promoter and initiation codon. In
pSTV-aac(TTG3ATG), the putative initiation codon TTG
was replaced with ATG, as shown in the nucleotide sequences
in Fig. 5A, to solve the problem of low-level expression in E.
coli caused by a rare initiation codon, as described previously
(9, 31). As shown in Table 3, the aminoglycoside resistance
profile for E. coli JM109 carrying pSTV-aacWT or pSTV-
aac(TTG3ATG) was correlated with those for IMCJ798 and
IMCJ799. For the E. coli transformants, effective increases of
MICs of the same aminoglycosides to which IMCJ798 and
IMCJ799 exhibited resistance, AMK, DIB, ISP, KAN, NET,
and TOB, were observed. Furthermore, MICs of five of the six
above-listed aminoglycosides increased more than twofold for
JM109 carrying pSTV-aac(TTG3ATG) compared those for
JM109 carrying pSTV-aacWT. To confirm whether the initia-
tion codon of aac(6�)-Iaf is TTG, N-terminal sequencing of the
native AAC(6�)-Iaf protein was performed. The native protein
was purified from IMCJ798 by using an affinity column with
polyclonal anti-AAC(6�)-Iaf rabbit IgG coupled to Sepharose.
The molecular mass of purified native AAC(6�)-Iaf, as deter-
mined by 15% PAGE, corresponded to the estimated size of
approximately 21 kDa. The N-terminal sequence of AAC(6�)-
Iaf was found to be MDYSI (Fig. 5A). Additionally, AAC(6�)-
Iaf production in IMCJ798, IMCJ799, and E. coli JM109 trans-
formants was confirmed by Western blot analysis using
polyclonal anti-AAC(6�)-Iaf IgG (Fig. 5B and C). The produc-
tion level of AAC(6�)-Iaf in JM109 carrying pSTV-

aac(TTG3ATG) increased 2.4-fold compared to that in
JM109 carrying pSTV-aacWT, whereas the intensities of cross-
reacting protein bands were unchanged (Fig. 5B). This in-
crease was similar to results observed previously for the 6-hy-
droxy-D-nicotine oxidase gene carrying TTG as an initiation
codon (31). These results demonstrate that the ORF of
aac(6�)-Iaf initiates from TTG and that aac(6�)-Iaf plays a
crucial role in aminoglycoside resistance in P. aeruginosa
IMCJ798 and IMCJ799.

Acetylation activity of AAC(6�)-Iaf. To examine the bio-
chemical properties of AAC(6�)-Iaf in aminoglycoside resis-
tance, acetylation activities against various aminoglycosides
were assayed by TLC using native AAC(6�)-Iaf. TLC analyses
showed that all aminoglycosides with an amino group at the 6�
position were acetylated by native AAC(6�)-Iaf in the presence
of acetyl-CoA (Fig. 6). Commercially available GEM is a mix-
ture of derivatives of GEM, such as GEM C1, C1a, C2, and

FIG. 5. Production of AAC(6�)-Iaf in P. aeruginosa clinical isolates and E. coli transformants used in aminoglycoside susceptibility tests. Each
lysate was separated by SDS–15% PAGE and analyzed by Western blotting using polyclonal anti-AAC(6�)-Iaf antibodies. The positions of
nonspecifically reacting protein bands serving as loading controls are indicated by asterisks. (A) Partial sequences of the aac(6�)-Iaf gene and its
promoter region on pSTV-aacWT and pSTV-aac(TTG3ATG) and of the corresponding peptides. The putative wild-type initiation codon is
shown in boldface type. The initiation codon altered to ATG is boxed. The N-terminal sequence of native AAC(6�)-Iaf, as determined by the
Edman degradation method, is underlined. (B) Expression of AAC(6�)-Iaf in P. aeruginosa clinical isolates IMCJ798 and IMCJ799. (C) Expression
of AAC(6�)-Iaf in E. coli JM109 carrying pSTV28 (lane 1; empty vector), pSTV-aacWT (lane 2; TTG), and pSTV-aac(TTG3ATG) (lane 3; ATG).

FIG. 6. Analysis of acetylated aminoglycosides by TLC. Native
AAC(6�)-Iaf and various aminoglycosides were incubated in the ab-
sence (�) or presence (�) of acetyl-CoA. LIV, lividomycin A. The
arrow indicates the direction of development.
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C2b (41, 44). NEO also consists of derivatives of NEO B and
C. In these two reagent mixtures, partially acetylated reagents
were observed. Surprisingly, lividomycin A, which has a hy-
droxyl group at the 6� position, was also a substrate for
AAC(6�)-Iaf, although only an extremely small amount of
AAC activity was detected. This partial acetylation of livido-
mycin A suggests that AAC(6�)-Iaf may have acetylation ac-
tivities for an alternate amino group in the aminoglycoside
molecule. These findings indicate that aac(6�)-Iaf encodes a
functional aminoglycoside 6�-N-acetyltransferase that effec-
tively modifies the amino groups at the 6� positions of amin-
oglycosides in vitro. However, E. coli JM109 carrying pSTV-
aacWT, expressing exogenous AAC(6�)-Iaf, did not show
reduced susceptibility to ABK, GEM, or NEO (Table 3). E.
faecium producing AAC(6�)-Ii is susceptible to NEO even
though AAC(6�)-Ii acetylates NEO (48). ABK and NEO were
shown previously to retain their antibiotic effects on an ABK-
resistant actinomycete strain, even after they were acetylated
at the 6� positions by AAC(6�) enzymes (50). These results
suggest that the acetylation of ABK and NEO at the 6� posi-
tions does not affect the antimicrobial activities of these drugs.
The antimicrobial activity retained after treatment with
AAC(6�)-Iaf may be due to residual unacetylated ABK or
NEO. GEM derivatives C1 and C2b carry methyl groups at the
6� positions, and they may be refractory to AAC(6�)-I enzymes.
Further work is needed to determine the detailed biochemical
properties of AAC(6�)-Iaf.
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