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F1G. 3. PFGE analysis of K. preumonie isolafes. Lanes: 1 and §,
PFGE marker; 2, K pneumoniae KG914; 3, K. pneumonine KG1116; 4,
K pneumnoniae KG525; 5, K preumoniae KG545; 6, K pneumoniae
KG302; 7, K. pneumoniae KG827.

ducing GES-1, GES-2, and IBC-1, although the level of pro-
duction of each enzyme may differ in individual clones. For
instance, the MIC of ceftazidime for an E. eolf clone producing
GES-1 was 128 pg/ml (24), while that for an E. coli clone
producing GES-2 was 8 pgfm] (28). The single amino acid
substitution in the @ loop observed between GES-1 and
GES-2, G170N, may well contribute to the difference in the

FIG. 4. Plasmid profiles and Somthern hybridization analysis.
(A) Plasmid profiles of each strain prepared by the method of Kado
and Liu (16); (B) hybridization to lurge plasmids harbored by each
sirain; (C) hybridization to the chromosomal position of each strain.
The photograph of the results of gel electrophoresis of chromosomal
DNAs prepared by the method of Stauffer et al, (35) was omitted. The
large plasmids and chromosomal DNA were separately extracted by
using freshly prepared reagents to avoid cross contamination of nicked
or physicochemically amputated DNA fragments. For sirains KG545
and KG827, the bluges gene was suggested to be encoded by the
chromosome. In strain KG525, the blages gene was suggested to be
encoded by both the plasmid and the chromosome. Lanes: M, Hind{1]-

digested DNA marker; 1, K pnewmoniae KG914; 2, K preumoniae
KG1116; 3, K. preumoniae KG525; 4, K pneumoniae KG545: 5, K. preu-
moniae KG502; 6, K preumoniae KG827.
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substrate specificities of these enzymes. On the other hand, the
MIC of cefiazidime for an E. col clone producing IBC-1 was
>256 pg/ml (11}. The only amino acid substitution ebserved
between GES-1 and IBC-1, E104K, might well also be attrib-
uted to a higher level of resistance of IBC-1 than that of GES-1
to ceftazidime, cefotaxime, and aztreonam (11, 19, 24). The
MIC of ceftazidime for an E. coli clone producing GES-3 was
128 pg/ml, and GES-3 has a single M62T substitution com-
pared with the sequence of IBC-1, which also confers high-
level resistance to ceftazidime in an E. coli clone (MIC, >256
pa/ml). We investigated whether this one amino acid substitu-
tion observed between GES-3 and IBC-1 affects the MICs for
E. coli clones expressing each enzyme. However, this substity-
tion did not result in significant changes in the MICs for the E.
coli clones. This finding suggests that the amino acid substitu-
tion at position 62 may not play a crucial role in the extended
substrate specificity of GES-3 against ceftazidime and that
those at positions 104 and 170 would be crucial for extended-
spectruim enzyme activity,

In the present study, we also isolated a novel GES-type class
A enzyme, GES-3, from K pneumoniae strains which caused
nconatal nosccomial infections in 2002 in Japan. Seguence
analysis of the genetic environments of the dlagps , genes on
pKGB525 carrying a 6.7-kb insert and pKGMS525 carrying a
11.6-kb insert revealed that the bla ;. - genes were located as
gene cassettes in class 1 integrons, as observed in other GES-
type B-lactamase genes, including bla, 5 ; (Fig. 2). Integrons
are very sophisticated site-specific recombination systems that
capture various gene cassettes, including antibiotic resistance
genes, between their 5’ and 3’ conserved segments (14, 15, 22).
The gene cassettes for the GES-type enzymes with a very close
phylogenetic relationship might have originated as- a single
clone and then disseminated worldwide with the heip of class
1 integrons possessing very simiilar genetic organizations.
These integrons are mediated by self-transmissible plasmids
with a wide host range. Since very similar GES enzymes have
so far been found in French Guiana, Greece, South Africa,
Portugal, and Japan, these GES-type B-lactamase-producing
strains might have been scattered globally by the recent exten-
sive international travel or dissemination of hurmans, foods,
and animals.

In the present study, we analyzed genetic relatedness using
PFGE and ERIC-PCR of all six GES-type B-lactamase-pro-
ducing K. preumoniae strains isolated in a NICU over a 1-year
period. Since the fingerprinting patterns obtained by PFGE
and ERIC-PCR were very similar, these isolates were sug-
gested to belong to the same genetic lineage that caused the
nosocomial spread. The minor differences in the fingerprinting
patterns obtainied by PFGE might be due to the occurrence of
genetic rearrangements over the course of the nosocomial
spread. Interestingly, the results of Southern hybridization sug-
gested that the locations of the blag g genes were multiple and
diverse among the six strains studied. By consideration of the
results of PFGE, ERIC-PCR, and Southern hybridization, it
can be speculated that an endemic strain containing the blag e
genes might have spread within the NICU setting over the
l-year period and might have undergone genetic rearrange-
ments, including translocation and multiplication of the bla ;g
gene.

The presence of multiple blag; ;g 5 genes in strain KG525 is
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probably the result of these genetic rearrangements. Translo-
cation and multiplication of the blagps gene might be facili-
tated by mediation of a site-specific recombination system of
an integron or a transposon. A similar example of multiple
locations of the same antibiotic resistance gene has been te-
ported by Yagi et al. (38). In their study, a single clinical E. coli
_isolate was found to carry three distinguishable Toho-1-like
_B-lactamase genes, which were later identified as bla .y ny.00
by their restriction digestion patterns on the chromosome.
These multiple locations of the same B-lactamase gene would
be beneficial to bacteria, since they increase the chance of
amino acid substitutions necessary for extension of the sub-
strate profiles of B-lactamases as well as the nwlticopy effect of
gene expression. Bradford et al. (3) reported that point muta-
tions leading to ESBLs {ESBLs TEM-1 to TEM-10 and TEM-
12) occurred on the plasmids of a single K. pneumoniae clinical
isolate. A notable finding presented in that report was the
distinct hydrolyzing activity between TEM-10 and TEM-12.
TEM-19 had hydrolyzing activity against ceftazidime, while
TEM-12 also hydrolyzed cefotaxime and aztreonam, in addi-
tion to ceftazidime. A variety of susceptibility profiles for
cephamycins were also observed among the six X, prneumoniae
strains in the present study. For instance, strains KG914,
KG1116, and KG525 were susceptible to cefmetazole (MICs,
16 wg/ml}, whereas strains KG545, KG502, and KG827 were
resistant to this agent (MICs, =128 pg/ml}. In particular, strain
KG502 showed high-level resistance to other cephamycins,
such as cefoxitin (MIC, >128 pg/mi), cefminox (MIC, >128
pg/mb), and moxalactam (MIC, 128 pg/ml). An evolutionary
event similar to that observed in the TEM enzymes (3) might
have occurred in these K. preumonice strains to give them
further resistance to a broad range of antibiotics. The MIC of
imipenem for strain KG502 was 8 gg/ml, and this might be due
to the hyperproduction of some B-lactamase with an extended
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FIG. 5. IEF. (A) IEF and staining with Coomassie blne. Lanes: M,
pl marker; GES-3, purified GES-3 enzyme. (B) IEF and staining with
nitrocefin. Lanes: 1, GES-3-producing E. coli transformant that hur-
bors pKGB525 earrying blagps +; 2, K preamoniae KG914; 3, K. pneu-
moniae KG1116; 4, K pneumoniae KG525; 5, K. preumonise KG543;
6, K. pneumoniae XG502; 7, K pneumoniae KG827. The bands of pI
7.63 {pl 7.6 in the text) are the chromosomally encoded LEN-1 or
SHV-1 B-lactamase of K. preumonige, and the bands at pl 6,98 (p1 7.0
in the text) are GES-3. Several B-lactamases with activities at pls lower
than 7.0 were speculated to be partially unfolded GES-3 p-lactamuse,
because these bands were also found in the IEF gels of an E. coli clone
harboring ooly the bleges.s gene (data rot shown),

substrate specificity as well as the loss of some outer membrane
protein, as reported by Bradford et al. (4). Further molecular
characterization of the cephamycin resistance observed in
strain KG502 will be undertaken in the next study.
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Nine Psendomonas aeruginosa strains showing very high levels of resisfance fo varions aminoglycosides have
been isolated from clinical specimens in seven separate Japanese hospitals in five prefectures since 1997, These
strains harbor the newly identified 168 rRNA methylase gene (rmid). When an rmtd gene probe was hybridized
with genomic DNAs of the nine strains digested with EcoRL two distinct patterns were observed. The 11.1- and
15.8-kb regions containing the rmed genes of strains AR-2 and AR-11, respectively, were sequenced and com-
pared. In strain AR-2, a transposase gene-like sequence (seguence 1) and a probable tRNA ribosyltransferase
zene (orfA) were located upséream of rmtd, and a Na*/H* antiporter gene-like sequence (sequence 2) was iden-
titied downstream of rme4. This 6.2-kbp insert (the rmtA locus) was flanked by 262-hp ky elements. Part of the
orfQ gene adjacent to an inverted repeat was found outside of the rmed locus. In strain AR-11, the rotd gene
and sequence 2 were found, but the 5° end of the orfA gene was truncated and replaced with IS6100. An orfQ-orfI
region was present on each side of the /mid gene in strain AR-11. The G+C content of the rmud gene was about
55%, and since the newly identified rmtd gene may well be mediated by some mobile genetic elements such as
Tn5041, further dissemination of the rmtd gene could become an actual clinicai problem in-the near fature.

Pseudomonas aeruginosa is an important opportunistic

pathogen that is capatile of causing chronic and severe invasive
diseases in critically ill and immunocompromised patients.
Aminoglycosides are clinically effective agents for treating in-
fections cansed by P, geruginosa as well as other gram-negative
bacilli. However, multidrug resistance is rapidly emerging in
P. acruginosa, whose spectrum of resistance often includes
aminoglycosides as well as broad-spectrum B-lactams and fluo-
roquinolones (15). The most frequently encountered molecu-
far mechanism for aminoglycoside resistance in P. aeruginosa is
the production of aminoglycoside-modifying enzymes such as
plasmid-dependent acetyktransferase (AAC), adenylyltransfer-
ase (AAD), and phosphotransferase (APH) (6, 17, 23). Among

these, production of AAC(6")-II and AAD(2")-] is the most’
common mechanism for resistance to aminoglycosides in’

P. aeruginosa (1)}, although ribosomal mutations also play some
part in aminoglycoside resistance (20). Arbckacin, one of the
semisynthetic aminoglycosides belonging to the kanamycin group,
is very efficacious for treatment of infections caused by both
gram-positive and gram-nepative bacteria, and since 1990 it hag
* been approved, for chemotherapy of methicillin-resistant Staph-
ylococeus aureus (MRSA) infections only, by the Japanese health
insurance system. Unlike the other aminoglycosides, arbekacin
is not inactivated by most of the modifying enzymes listed above.
Only the bifunctional modifying enzyme composed of aminogly-
coside-6'-N-acetyltransferase and 2"-O-phosphotransferase ac-
tivity [AAC(6)/APH(2")] is able to inactivate arbekacin. How-

* Comesponding author, Mailing address: Department of Bacterial
Pathogenesis and Infection Control, National Institute of Infectious
Diseases, 4-7-1 Gakuen, Musashi-Murayama, Tokyo 208-0011, Japan,
Phone: 81-42-561-0771, ext. 500. Fax: 81-42-561-7173. E-mail: yarakawa
@nih.go.jp.
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ever, such enzymes have not been found in gram-negative
bacilli to date.

We recently reported a P. aeruginosa strain that was highly
resistant to most aminoglycosides, including arbekacin. This
strain harbors a novel aminoglycoside resistance gene named
rmtA, which encodes a new 165 rIRNA methylase (29). Produc-
tion of 168 rRNA methylase had been reported among amino-
glycoside-producing actinomycetes, including Micromonospora
spp. and Streptomyces spp., but this novel aminoglycoside re-
sistance mechanism had not been identified in clinical patho-
gens before, although 4 similar putative 16S rRNA methylase,
ArmA, was found quite recently in Klebsiella pneumoniae in
Europe (11). In the present study, we investigated the genetic
environments of the rntd genes harbored by two different
P. aeruginosa strains isolated in separate Japanese hospitals.

(Some of the findings presented in this manuscript bave
been reported at the 102nd General Meeting of the American
Society for Microbioclogy [abstr. A-28, 2002] by Y. Doi and at
its 103rd General Meeting [abstr. A-105, 2003] by K. Yamane.)

MATERIALS AND METHODS

Screening of 165 rRNA. methylase producers. In October 2001, a total of 903
nonrepetilive clinical sirains of P. zensinosa were collected from 278 medical
institutions located in 22 prefectures across Japan. Potential producers of rmutd
were first screened for 8 lack of susceptibility to gentamicin, amikecin, sad
arbekacin (MICs, 2232 pe/ml). Our bacterial stock of 210 P, genginosa strains
isolated clinically since 1997 was uilso subjected to 4 screening test for the mnzd
gene, Strains that formed colonies oo aminoglycoside-containing Mueller-Hir-
ton agar plates were subjected to PCR analyses to check whether or not they
barbored the nmzd gene, Primers used for amplification of the rmed gene were
RMTA-F (5-CTA GCG TCC ATC CTT TCC TC-3) und RMTA-R (5-TTT
GCT TCC ATG CCC TTG CC-3*), which amplify a 635-bp DNA frapment
within the mtd gene. Template DNAs used were prepared by boiling the bac-
teriul suspension at 100°C for 10 min. Cycling parameters consisted of un initial
cycle ut 94°C for 3 min; 30 cycies of 94°C for 30 5, annealing at 60°C for 30 &, and
extension at 74°C for 2 min; and a final 5-min incubstion at 74°C. Detection of
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TABLE 1. Bacterial strains and plasmids used in this study

g , . it Source or
Strain{s) or plasmid Churacteristics reference
Strains
P. aeruginosa AR-2, AR-3, AR-11, AR-15, AR-26,  Clinical isolates carrying the rmtd gene This study
AR-101, AR-105, AR-112, and AR-118
E. coli X11-Blue supE44 reedl endAl gyrA96 thi hsdRIZ(Ty™ myc™) reldl lac [F~ proAB*  Stratagene
lacl ZAM15:Tnl0(Tet")]
Plasmids
pBCSK+ Cloning vector; chloramphenicol resistant Stratagene
pBCRMTH2 Recombinant plasmid cartying a 6.8-kb HindII fragment containing the  This study
rmitd gene of P. geruginosa strain AR-2 :
pBCRMTE2 Recombinant plasmid carrying a 1).3-kb EcoR! fragment containing the  This study
rmiA gene of P. acruginosa strain AR-2
pBCRMTEILL Recombinant plasmid carrying a 15.8-kb EcoRI fragment containing the  This study

rmtd gene of P. geruginosa strain AR-11

AAC(H'YAPH(2") was carried out ag deseribed by 1da et al. (13). Clinical isolates
and plasmids used in this study are listed in Table 1.

Antibiotics and susceptibility testing., Antibiotics were obtained from the
following sources: amikacin, Bristol Pharmacenticals K. X., Tokyo, Jupan; ar-
bekucin, kunamyein, and streptomycin, Me#ji Seika Kuisha Ltd., Tokyo, Jupan;
chlotumphenicol, Sankyo Co., Lid., Tokyo, Japan; gentamicin and sisomicin,
Schering-Plough K, K., Osuka, Jupan; hygromycin B, Sigma-Aldrich Japan K. X.,
Tekya, Japap; isepamicin, Asahi Kasei Corporation, Taokyo, Japas; neomycin,
Nippon Kayaku Co., Ltd., Tokyo, Jupun; rifsmpin, Daiichi Pharmaceutical Co,,
Lid., Tokyo, Jupan; tobramycin, Shivnogi Pharmaceutical Co., Ltd., Qsaka, Ju-
pin. MICs were determined by the sgur dilution methoé uccording to the
protocol recommendsd by the Nutiopal Committee for Clinical Laboratory Stun-
dards in decument M7-A5 (19).

PRGE unalysis. Spel (New England Biolubg, Beverly, Mass.}-digested genomic
DNAs of £, aeruginosa isolaies were subjected o puised-field gel electrophoresis
{PFGE) aralysis by using a CHEF-DRII system (Bio-Rad Laboratories, Her-
cules, Calif') nnder conditions described elsewhere (5). The pulses were in-
creased linearly from 4 16 8 s for 10 b, after which the phase was8to S0sfor 12 h
in this study. Banding patterns of the strains were compared visually; distinct
patterns were defined by more thun three fragment differences, in accordance
with the criteria proposed by Tenover et al. (27).

Southern hiybridization analysis of the rméd gene. Total DNAs of il strains
were digested with EcoRl {New Englund Biolabs), electrophoresed through
1.0% ugarose gels, wansferred to nylon membranes (Bic-Rad Luboratories) by
the method of Sauthern (25), and then hybridized with digoxigenin-labeted rmzd
gene fragments by use of the PCR DIG detection system (Roche Diagnostics,
Tokyo, Jupan).

Cloning of the rmtd gene. Basic recombinant-DNA techniques were carried
out as described by Sambrook et al. (21). EcoRl and Hindlil (New Engiand
Biolubs) were used for digestion of genomic DNA. The resultant fragments were
ligated into the plusmid vector pBCSK+ (Sttutugene, Lu Jolta, Calif), and
electrocompetent Excherichia coli X1.1-Blue {Stratugene) was trunsformed with
these recombinant plasmids. Transformants were selected oo Luriy-Bertuni agar
plates supplemented with 4 pg of arbekacin/ml and 30 pg of chloramphenicoln),

DNA sequencing. DNA sequences were determined a5 described by Sanger et
al. (22} with BigDye Terminator Cycle Sequencing Ready Reaction kits and a
model 3100 DNA sequence analyzer (Applied Biosystems, Foster City, Culif.).
The sequences of the-cloned fragments were cletermined with custom sequencing
primers, Nucleotide sequence alignment was performed with GENETYX-MAC
(version }).1.1; Software Development Ca., Lid., Tokyo, Japan). The nucleotide
sequence was analyzed by the FASTA, service of the DNA Data Bank of Japan
(DDBJ) homology search system.

Nucleotide sequence aecession numbers. The sucleotide sequence data deter-
mined in this study wilt appear in the DDBJ database under pucleotide accession
numbers ABO83212 and AB120321.

RESULTS

Bacterial strains. Among 903 strains collected in October
2001, the MICs of arbekacin, gentamicin, and amikacin for 23
strains (2.5%) wcre greater than 32 pg/ml. Of these, four
strains {AR-101, AR-105, AR-112, and AR-118), accounting
for 0.4% of all isolates, were found to be positive for mtd by

. PCR anpalysis. From our bacterial collection of 210 P. aerugi-

nosa strains, 5 strains (AR-2, AR-3, AR-11, AR-15, and AR-
26) were PCR positive for mutd. AAC(6'YAPH(2") was not
detected in any of these nine strains by PCR analysis. Strains
AR-2 and AR-3 were isolated from a hospital, as were strains
AR-101 and AR-1035. These nine rmtd-positive strains have
been isolated from seven separate medical igstitutions in five
prefectures in Eastern and Central Japan since 1997,
Susceptibility to antimicrobial agents. MICs of representa-
tive aminoglycosides for these nine strains carrying the rmitd
gene are shown in Table 2. All the strains were highly resistant

TABLE 2. Results of antibiotic susceptibility testing

MIC (ug/ml) for the following P. acruginosa strain:

Aminoglycoside

AR-2 AR-3 AR-11 AR-15 AR-26 AR-101 AR-108 AR-112 AR-118
Kanamycin >1,024 >1,024 >1,024 >1,024 >1,024 >1,024 >1,024 »1,024 >1,024
Amikacin >1,024 >1,024 >1,024 >1,024 >1,024 >1,024 >1,024 >1,024 . >1,024
Tobramyein >1,024 >1,024 >1,024 >1,024 >1,024 >1024 >1,024 =>1,024 >1,024
Arbekacin >1,024 >1,024 >1,024 >1024 >1,024 >1,024 >1,024 >1,024 >1,024
Gentamicin >1,024 >1,024 >1,024 >1,024 >1,024 >1,024 >1.024 >1,024 >1,024
Sisomicin >1,024 >1,024 >1,024 >1,024 >1,024 >1,024 >1.024 >1,024 >1,024
Isepacin >1,024 >1,024 >1,024 >1,024 >1,024 >1,024 >1,024 >1,024 >1,024
Neomycin >1,024 >1,024 >1,024 128 >1.024 1,024 512 >1,024 1,024
Hygromycin B >1,024 1,024 256 128 512 128 128 256 512
Streptomycin 128 128 128 >1,024 512 64 128 128 32
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FIG. 1. PFGE fingerprinting of total DNAs from P. eeruginose
isolates digested with Spel. M, PFGE molecular weight marker. The
number above each lane indicates the AR strain number shown in
Table 1. :

to 4,6-disubstituted deoxystreptamines such as kanamycin,
arikacin, tobramycin, and arbekacin, which belong to the
kanamycin group, as well as to gentamicin, isepamicin, and
sisomicin, belonging to the gentamicin group. In contrast, lev-
els of resistance to neomycin, streptomycin, and hygromycin B
varied. Strain AR-11 showed a multidrug-resistant profile to
ceftazidime, imipenem, and ciprofloxacin as well as to most
aminoglycosides.

PFGE profiles. The results of the PFGE analysis are shown
in Fig. 1. The Spel-digested patterns of the total DNAs of nine
strains harboring the pnt4d gene were apparently different from
each other. This finding suggests not a clonal expansion of an
rmtA-carrying strain but plasmid-mediated transmission of the
rmt4 gene among clinical strains with different genetic back-
grounds by the help of some movable genetic elements such as
a transposon and transferable plasmids.

Southern bybridization. DNA f{fragments digested with
EcoRI showed two hybridization patterns. The rmt4 probe
tybridized with a 10.3-kbp EcoR1 fragment for strains AR-2,
AR-3, and AR-118 and with a 15.8-kbp fragment for strains
AR-11, AR-15, AR-26, AR-101, AR-105, and AR-112 (Fig. 2).

Genetic environments harboring rmtd genes. A 6.8-kbp
HindIII fragment and a 10.3-kbp EcoRI fragment containing
the rntd gene of AR-2 were cloned into the plasmid vector
pBCSK+. The 6.8- and 10.3-kbp fragments were inserted into
pBCRMTH2 and pBCRMTEZ, respectively. The schematic
structure of the 11.1-kbp sequenced region cloned from strain
AR-2 is shown in Fig. 3. The rmtd gene was located within a
6.2-kbp genetic locus (the rmid Jocus) flanked by a 262-bp
sequence named the ky element that was previously found in
Tn5041 and predicted to be a relic of mobile genetic elements
{Fig. 3). The clements of the 6.2-kbp rmtA4 locus, comprising
rmtA, orfA, and two additional specific sequences, were located
in the following order: transposase gene-like sequence (se-
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quence 1), probable tRNA ribosyltransferase gene (orf4), rmt4,
and Na*/H* antiporter gene-like sequence (sequence 2} (Fig.
3). The 5’ end of the HindIII fragment flanked merR of the mer
operon found in Tnj5041. However, the 3’ end of the EcoRI
fragment was located within a 17-bp sequence which was com-
pletely identical to a part of the terminal inverted repeat of
Tnl72. This 17-bp sequence was within orfQ, located up-
stream of orfT in Tn5041. The G+C content of the 6.2-kbp
mtd locus was about 55%. The 15.8-kbp EcoRI fragment of
AR-11 containing the mntd gene was also cloned into the
plasmid vector pBCSK+, and the resultant recombinant plas-
mid was designated pBCRMTE11L. In the 15.8-kbp EcoRI frag-
ment, 2 5'-truncated orfd (orfd"), mntd, and sequence 2 were
found between IS6100 and a ky element, and the sequence was
completely identical to that of the corresponding region of the
6.2-kbp rmtA locus cloped from strain AR-2. The orfQ and orff
sequences of Tn504] were present both upstream of 186100
and downstream of a ky element in the 15.8-kbp-EcoRI frag-
ment cloned from strain AR-11. In the sequenced areas, the
fragments harboring the rmtd gene appeared to be inserted
between the ky sequences found in Tn5041 (Fig. 3).

DISCUSSION

Aminoglycoside-producing actinomycetes such as Micro-
monospora spp. and Streptomyces spp. protect their 308 mibo-
some through methyfation of its 165 rRNA at the aminogly-
coside-binding A site (10, 30). For example, Kgm, which was
isolated from Micromonospora purpirea (28), methylates (1405,
and Kar, which was isotated from Streptomyces tenjimariensis
{24}, meihylates A1408 (2). The 165 IRNA methylases had been
thought to exist among aminoglycoside-producing environ-
mental actinomycetes such as Micromonaspora spp. or Strep:
tomyees spp (7). However, we recently reported a novel 168
tRNA methylase, RmtA, that was identified in a P. agruginosa
clindcal strain, AR-2 (29). This strain demonstrated an extracr-

FIG. 2. Southern hybridization patterns of EcoRl-digesied peno-
mic DNAs. The number above each lane represents the AR strain
nuember shown in Table 1. The nine strains tested appeared to be di-
vided into two groups by the sizes of EcoRI-digested fragments (10.3
and 15.8 kbp, respectively).
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FIG. 3. Comparison of the genetic organizations of AR-2 and AR-11. Double-headed striped arrows indicate the position of the rmid locus and
that of the region common to both sequenced areas. Inserts of pPBCRMTH2, pBCRMTE?2, and pBCRMTEI! are indicated by horizontal lines,
Rectangles filled with wavy lines, sequences similar to part of Tn5041. Solid arrowheads in the 15.8-kbp EcoR1 fragment, terminal inverted repeats,
mier, the mercury resistance operon, includes merR. Sequence 1, transposase gene-like sequence; sequence 2, Na™/H™ antiporter-like sequence;
orfA, probable {RNA ribosyltransferase gene; orfiQ", part of orf[2; o1£4", part of orfA; IR, probable inverted repeat. Restriction sites: H, HindIII;

E, EcoRl. Sequences | and 2 encode no complete proteins due to several frameshifts and deletions.

dinarily high level of aminoglycoside resistance to various 4,6-
disubstimted deoxystreptamines, including semisynthetic ar-
bekacin, as well as to gentamicin and kanamycin. In the present
study, we investigated the genetic envireniments mediating the
rmt4 genes found in two différent strains of P. aepuginosa. The
G+C content of the rmtd gene was 55%, and those of 16§
rRNA methylase genes found in aminoglycoside-producing ac-
tinomycetes were 64 to 72%. These observations suggested
that the mntd gene might have been acquired by P aeruginosa
from some environmmental bacteria such as aminoglycoside-
producing actinomycetes, although the armd gene, with a 30%
G+C content, was speculated to have originated from un-
known bacteria other than actinomycetes, At any rate, lateral
gene transfer across bacterial genera would become much
more important for acquisition of new antibiotic resistance
profiles hereafter, ‘ :

Although the PFGE patterns of the nine RmtA-producing
strains in this study were highly divergent, Southern hybridiza-
tion showed only two hybridization patterns when genormic
DNAs were digested with EcoRI. This finding indicated that
the rmtd gene might be mediated by some mobile genetic
elements sharing similar genetic environments and spreading
among genetically unrelated strains in geographically separate
hospitals. This speculation would be supported by the finding
that even strains AR-2 and AR-3, isolated at the same hospital,
showed different PFGE patterns. Strains AR-101 and AR-105
also demonstrated quite different PFGE profiles despite being
isolated at the same hospital. Furthermore, the arbakacin re-
sistance profile of AR-2 was transferable to another P. aerugi-
nosa strain by conjugation (29). This suggested that rmid was
mediated by some transferable plasmids in strain AR-2, but we
failed ro visnalize the plasmid either by the method of Kado
and Liu (14) or by cesium chloride-ethidium bromide density

gradient ultracentrifugation (21). This is possibly due to the
instability or the very low copy number of the plasmid which
mediates the rmitd gene.

Tn5041 was previously identified in a strain of a Pseudomo-
nas species as a mercury resistance transposon (3, 16). Tn5041
carres a 4-kbp insert of unknown origin betweén orf(2 and the
mer operon, and several nonfunctional pseudogenes and pos-
sible mobile elements such as the ky element locate in this
region. The 262-bp wy element, containing 38 bp of imperfect
inverted repeats starting with the sequence GGGG and termi-
nating internally with the sequence TAAG, falls into the in-
verted repeats of Tn3 family (4). Transposons belonging to the
Tn3 family usually contain transposase and resolvase genes
and some additionzl genes encoding resistance to. antimicro-
bial agents or heavy metals such as mercury between the ter-
minal inverted repeats. The 6.2-kbp rmie4 locus found in this
study was flanked by an insertion element-like vy element.
Moreover, the rmtd locus had a transposase gene-like $e-
quence (sequence 1) whose 5' part showed 80.2% identity with
part of the transposase gene derived from Pseudomonas putida
{accession number AF109307); the 3’ part of sequence 1 had
67.2% identity with part of the transposase gene derived
from Pseudomonas pseudoalceligenes (aceession number
AF028594), but this sequence had no apparent initiation and
stop codons. Thus, the 6.2-kb rmid locus #self is unlikely to be
an active transposon, although the nucleotide sequences out-
side of the two wy elements were completely identical to the
corresponding regions of Tn5041. The Na*/H* antiporter

- gene-like sequences {sequence 2} found in strains AR-11 and

AR-2 were completely identical; altliough they seemed non-
functional. Multicopy expression of the intact transposase-liki
gene and the Na™*/H* antiporter-like gene might disturb sys-
tematic bacterial cell growth, so these genes might have been
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inactivated during replication and translocation of the rmtAd
locus.

To examine whether strains other than AR-2 and AR-11
also carry part of the sequence found in Tn504I, Southern
hybridization analysis was performed using a ToS041 -specific
DNA probe containing a sequence between the right-hand wy
element and the orf gene, which is conserved in both strains
AR-2 and AR-11. The DNA probes and the »mi4 gene probe
hybridized to the same fragments in all nine strains (data not
shown). This finding strongly suggests the probable implication
of some mobile genetic elements such as TnS04! in the dis-
semination of the rmid gene among strains of P. aeruginosa.

The 5 end of the rmtA locus was replaced by 86100 in strain
AR-11. IS6100 was originally discovered in Mycobacterium for-
tuitum (accession nuraber X53635} (18) and was subsequently
found in several gram-negative and -positive bacteria (9, 26). It
has been reported that transposition of I86100 stimulates ge-
netic rearrangement (12). Thus, it may be possible to speculate

that the region containing orfQ and orff found upstream of

IS6100 might be duplicated during I186/00-mediated recombi-
nation in strain AR-11. The outside sequences of both in-
verted repeats had no DNA homology to the genomic DNA
of P. aeruginosa PAQ-1. This finding suggests that the 15.8-kb
EcoRI fragment of sirain AR-11 might be carried by a much
longer mobile genetic element, since the arbekacin-resistant
profile of AR-11 was not transferred to another P. geruginosa
strain by conjugation, and no apparent plasmid was detected in
this strain by the method of Kado and Lin (14). Additionally,
rmiA gene probes hybridized to the position of chromosomal
DNA (data not shown). These findings strongly suggested that
the rntAd gene and its adjacent regions might be integrated into
the chromosomal DNA in strain AR-11.

P. aeruginosa strains harboring the rmid gene have already
been found in several separate clinical settings in Japan, and a
gene encoding the same kind of 168 rRNA methylase, called
armA, has also been identified in members of the family En-
terobacteriaceae, such as Citrobacter freundii (accession number
NC004464) and K preumoniae (11) (accession number
AY220558), in Europe. ArmA shares 29% identity with RmtA
at the amino acid sequeénce level. Moreover, a2 new plasmid-
mediated 168 rRNA methylase, RmtB, that shares 82% iden-
-tity with RmtA at the amino acid sequence level, has also been
identified in Serratia marcescens in Japan (8) (accession num-
ber AB103506). From our preliminary study on a bacterial

stock, the presence of these genes was also suggested in several -

. strains of K. pneumoniae, E. coli, and Acinetobacter species
isolated in Japan. Thus, further dissemination of these genetic
determinants to various pathogenic gram-negative bacilli could
become a serious concern in the near future.

In Japanese clinical settings, varions aminoglycosides have
been used in the treatment of bacterial infections, since these
agents still have very high efficacies against both gram-positive
and gram-negative bacteria. Arbekacin is a semisynthetic ami-
noglycoside belonging to the kanamycin-group. It has been
approved, for MRSA infection only, since 1990, and it is still
very efficacious for MRSA infection. Under such clinical cir-
cumstances, arbekacin has been preferemtially used in many
clinical settings, although arbekacin-resistant straips which pro-
duce the bifunctional enzyme AAC(6'YAPH(2") have emerged
in MRSA. No such bifunctional enzymes, however, have been
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found in gram-negative bacilli to date. Thus, acquisition of 165
TRNA methylase would give gram-negative bacteria a great
advantage in coping with clinical environments where huge
amounts of semisynthetic aminoglycosides, including arbeka-
ein, are consumed. Hence, one should recall again that bacte-
tia can survive and proliferate in clinical environments, given
their natural hereditary capacity to overcome the hazards of
any environment. .
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A novel aminoglycoside resistance gene, aac(6")-lad, encoding aminogiycoside 6'-N-acetyltransferase, was
identified in Acinetobacter genospecies 3 strain A-51. The gene encoded a 144-amino-acid protein, which shared
modest identity (up to 36.7%) with some of the aminoglycoside 6'-N-acetyltransferases. The results of high-
pressure liguid chromatography assays confirmed that the protein is a functional aminoglycoside 6'-N-
acetyltransferase. The enzyme conferred resistance to amikacin, tobramycin, sisomicin, and isepamicin but not
to gentamicin. The prevalence of this gene among Aeinetobacter clinical isolates in Japan was then investigated.
Of 264 Acinetobacter sp. strains isolated from geographically diverse areas in Japan in 2002, 16 were not
susceptible to amikacin, and eac(6’)-Jad was detected in 7. Five of the producers of aminoglycoside 6'-N-
acetyliransferase type Iad were identified as Acinetobacter baumannii, and two were identified as Acinetobacter
genospecies 3. These results suggest that awe(6')-lad plays a substantial role in amikacin resistance among

Acinetobacter spp. in Japan,

Acinetobacter spp., especially Acinetobacter baumannii, are
emerging pathogens responsible for causing a variety of noso-
comial infections, including pneumonia, urinary tract infec-
tions, and septicemia {1). Qutbreaks have been increasingly
reported in the past 2 decades, particularly from intensive care
units, where patients undergo invasive procedures and receive
broad-spectrum antimicrobial agents, resulting in higher mor-
tality rates (5, 27). Furthermore, because Acinetobacter spp.
have an ability to readily accept foreign DNA, including ge-
netic determinants for antimicrobial resistance, so as to adapt
to and survive in environments that are hazardous to bacterial
growth (6, 17}, they have a propensity for developing resisiance
to multiple classes of useful antimicrobial agents, including
broad-spectrum cephalosporing, Auoroquinolones, and amino-
glycosides (1).

Aminoglycosides are widely used to treat infections caused
by gram-negative bacilli, including Acinetobacter spp. (1). How-
ever, resistance rates to classic aminoglycosides such as genta-
micin and kanamycin are now high among Acinetobacter spp. in
many geographic regions (15). The mechanisms of Acineto-
bacter sp. resistance to newer semisynthetic aminoglycosides
such as amikacin, tobramycin, sisomicin, and isepamicin are
diverse and commonly involve production of aminoglycoside-
modifying enzymes such as aminoglycoside acetyltransferases
{AAC), aminoglycoside nucleotidyltransferases (ANT, or AAD),
and/or aminoglycoside phosphotransferases (APH). Produc-
tion of AAC(3)-1, APH(3")-VI, and ANT(3")-I was reported to
be predominant by worldwide surveys on Acinefobacter spp.,
but there were considerable regional differences in their geno-
types (14, 15, 21). In Japan, although the prevalence of ami-
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@&nih.go.jp.

2075

161

kacin resistance was estimuated to be high, especially among
pon-carbapenem-susceptible Acinefobacter strains (25), the
overall prevalence of aminoglycoside resistance and the mech-
anisms of resistance among Acinetobacter spp. have not been
elucidated to date.

MATERIALS AND METHODS

Bacterinl strains, plaswids, and media. In March 2002, 264 nonrepetitive
straing identified as belonging t0 Acinetobucter spp. were collected from 88
hospitals located in geographically diverse areas in Japun. Ameng thess, 16
strains (6.19%) thai were not susceptible to amikacin (MICs, >16 pg/ml) by
preliminary susceptibility testing were selected for further study. Species identi-
fication was carried out with API 20NE {bioMéricux Japan, Ltd,, Tokyo, Jupun)
complemented by a carben source utilization test und growth at 41 and 44°C (2).
Escherichia eoli XL1-Blue was nsed as the host for cloning experiments with
vector pBCSK+ (Strutagene, La Jolia, Calif.). £. coli BL21{DE3)pLysS was used
with vector pET2%a(+) (Novagen, Madison, Wis.) for expression of aac(6")-fad.
The strains were grown in Luria-Bertani (LB) broth or medivm {Becton Dick-
lnson Diagrostic Systems, Sparks, Md.) supplemented with appropriate antimi-
crobial agents, unless deséribed otherwise.

Antimicrobinl agents and soscepiibility testing. Antimicrobial agents were
obtained from the following sonrces: amikacin, Bristol Pharmacenticals K. K.,
Tokyo, Jupan; arhekacin, kanamycin, ribostamycin, and streptomycin, Meiji
Seika Kaisha Ltd.,, Tokyo, Japun; chloramphenicol, Sankyo Co., Ltd., Tokyo,
Jupun; gentarsicin und sisomicin, Schering-Plough K. K., Osuka, Japan; isepa-
micin, Asahi Kusei Corporation, Tokyo, Jupar; neomycin, Nippen Kayaku Co.,
Ltd., Tokyo, Jupun; rifampin, Dajichi Pharmaceutical Co,, Ltd,, Tokyo, Jupao;
tobramyein, $hionogi Pharmacentical Co., Osaka, Japan.

MICs were determined by the agar dilution methéd with Muelker-Hinton agar
{Becton Dickinson Disgnostic Systems) according to the protocol recommended
by the Nationzl Committee for Clinical Laboratory Standards {16).

Transfer of aminogiycoside resistance genes. Conjugation experiments were
conducted by nsing rifampin-resistant E. colfi CSH2 and Acinetobacter calcoace-
ticus DU, a rifampin-resisiant derivative of A, calcoaceticus ATCC 33305, as the
recipients by the broth mating method (7). Transconjugants were selected on LB
apar supplemented with rifempin (50 pwe/ml) and kanamyein (10 pg/ml).

Cloning and sequencing of the aminoglycoside resistance gene. The genomic
DNA of Acinetobacter genospecies 3 strain A-51 was purtially digesied with
Sau3Al und the resultant fragmenis were ligated to the BumH1-cleaved cloning
siie of plasmid vector pBCSK+ (Stratagene). Electrocompetent E. colf XL1-
Biue was iransformed with these recombinunt plasmids currying lotal-DNA
restriction fragments of varicus sizes prepared from the aminoglycoside-resistunt
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TABLE 1. Susceptibilities of Acinetobacter spp. and E. coli strains with aac{6'}-Iad to varicus aminoglycosides

MIC (pg/mal) of the following aminoglycoside®;

Strain Hospital Specimen
TOB AMK ABK GEN SISO ISP NEO STR

Acinetobacter geaomic species 3, A Sputnm  >1,024  »1,024 1,024 1024 >1.024 >1,024 >1,024 64 >1.024

strain A-51
A. baumannii A-67 B Utine >1,024 64 128 32 ) 1,024 256 8. 256
A. baumannii A-14 B Pus >1,024 512 128 a2 ) 512 256 8 256
A. baumannii A-87 C Sputum 512 128 32 16 4 256 256 4 256
A. baumannii A-88 C Sputum 256 64 128 32 4 123 128 8 256
Acinetobacter genomic species 3, D Sputum 128 16 32 8 1 64 64 1 64

strain A-178
A, baumannii A-260 E Sputum 512 256 128 16 4 256 128 8 128
E. coli XL1-Biue(pA5153) 256 64 128 16 1 64 64 4 4
E. coli XL1-Blue(pA518G5) 512 32 1 013 32 32 013 0.25 2
E. coli X11-Blue(pBCSK+) 0.5 0.25 0.5 0.13 0.13 .13 0.25 6828 1

“KAN, kanamycin; TOB, tobramycin; AMK, amikacin; ABK, arbekucin; GEN, gentamicin; SISO, sisomicin; ISP, isepamicin; NEO, neomycin; STR, streptomycin.

strain. Transformants wete selected by their resistunce to chloramphenicol (30

© wg/m]) and kanamycin (25 pg/ml). The enzymes used for gene manipulution
were purchased from New Engiund Bielabs, Inc. (Beverly, Muss.), or TAKARA
Bio, lnc. (Ohtsu, fapan). The DNA, sequences were determined on both strunds
by wsing BigDye Terminator Cycle Sequencing Ready Reaction kits and an ABI
3100 DNA sequence unalyzer (Applied Bivsystems, Foster City, Calif.). Align-
ments of mucleotide uad amino acid sequences were performed with the GENE-
TYX-MAC computer program (version 10,1.1; Software Devetopment Co., Ltd,,
Tokyo, Jupun).

Purification of the acefyltransferase, For use in N-terminal sequencing and
high-pressure liquid chromatography {HPLC) assays, AACES")-Ind was purified
by wsing a histidine tag purification system. The enzire coding repion of aec(6')-
Iad und its upstreum sequence were amplified by PCR with primers AAC-F
(5"-GCT CTA GAA GAC TGA CTT CGC ATT G-3') and AAC-R (3'-CCC
AAG CTT GAG CTG CTIT TGT AAA AC-Y). The product was double di-
gested with Xbal and Hind{ll and then ligated with pET2%a(+) (Novagen)
digested with the sume enzymes. Electrocompetent E. coli XL1-Blug was trans-
formed with the recombinant plasmids, and trunsformants were selected on LB
agar containing kenamyein (25 wg/ml), Several of the colonies oblained were
fynnd to harbor plasmids with inserts encoding AAC(6)-lad tagged with six
bistidine residues af the C-termioal end. E. coli BL2I(DE3)plysS (Novagen) was
transformed with one such plasmid, pAS1H7. The transformants were cultured
in 1 liter of £B broth supplemented with kanamycin (25 pg/ml) to an Ay of
approximately 0.7. The pellet was washed once with 50 mM phosphate buffer
{pH 7.0) und suspended in 20 mM phosphate buffer (pH 7.4) containing 10 mM
of imidazole. The suspension was passed twice through a French pressure cell
(Ohtake Works Co., Lid, Tokyo, Japan) at 120 MPa and then centrifuged at
30,080 X g for 30 min. Histidine-tugged AAC(6')-Iad contuined in the supernu-
tunt was purified by using HiTrap Chelating HP, included in the HisTrap kit
{Amersham Biosciences, K. K., Tokyo, Jupan), according to the mannfucturer’s
instructions. 1t was elnoted at an imidazole concentration of 300 mM and was
estimated to be more than 95% puwre by sodium dedecy] sulfate-polyacrylumide
gel electrophoresis. Finally, the enzyme was dialyzed twice at 4°C against 500
volumes of 50 mM phosphate buffer (pH 7.4) and was stored in aliquots at —80°C
until use. N-terminal sequencing of the purified enzyme was performed by
Shimadzu Cerporatinn {Kyoto, Jupan).

Preparation of crude extracts. As positive controls for acefylation reactions
and HPLC assays, the following struins were used: AAC(2")-producing Strepto-
myces lvidans TK21pANT12-1', AAC(3)-producing S. lividans TK21/pANTI-1,
und AAC(6')-producing S, lividans TK21jpANTS-2 (8). They were cultuted in
100 ml of TS medium containing 10 pg of ribostumycin/m! and 10 ug of thie-
strepton/ml (Sigma-Aldrich Fapan K. K, Tokyo, Japan) for 48 h. The cells were
then hurvested, washed once with 50 mM phosphbate buffer {pH 7.0), 4nd sus-
pended in the same buffer, The suspension was pussed twice through 2 Freach
pressure cell {Ohtake Werks) at 120 MPu and then centrifuged at 30,000 X g for
30 min. The supernatant was used as the crude enzyme.

Acetylation. Reuction mixtures for ucetylation contained 25 pmol of Tris-
hydrochloride buffer (pH 7.6), 7.5 pmot of MgCl,, 200 nmol of acetyl coenzyme
A (ucety-CoAY, and 50 umol of either iobramycin or neomycin in a final volume
of 500 wl. Acetylation wus initiated by adding S0 pl of the enzyme und was
carried out at 37°C for 30 min. ortho-Phthulsidehyde derivatization was then
performed by adding equal volumes of 2-propunof and the desivatization reagent
to the reaction mixture and heating at 60°C for 10 min. The derivutization

reagent consisted of 8) mM e-phihatuidehyde, 1 M boric acid, and 250 mM
thioglycolic ucid with the pH adjusted to 10.4 with 40% potassium hydroxide.

HPLC assay, HPLC was performed to identify the site of acetylation of sub-
strate aminoglycosides according to the methods described by Lovering et ab. (12).
The system consisted of 4 Separations module 2600 (Waters Corporation, Mil-
ford, Mass.}, 4 Dual & absorbance detector set at 330 nM (Waiers), and a Chem-
cobond 5-ODS-H column (4.6 by 106 mm; Chemeeo Scientific Co., Ltd., Osuku,
Japan). The mobile phase consisted of methunol-water-ucetic acid (61.25:33.75:5)
plus § g of 1-heptanesulfonic acid sodium salt per liter at a flow rate of 2 ml/min.

PCR amplitication. PCR analysis was performed for the 16 non-amikacin-
susceptible Acinetobacrer strains with primers ABA-F (5'-TTT GGC TAT GAT
CCT ATG-3") and ABA-R {5-CAT GTC GAA CAA GTA CGC-3') to amplify
an internal fragment of the aac{6')-fad gene. The conditions used have been
described previously (7). When amplicons were obtuined, they were directly
sequenced with the same primers.

Nucleotide seqs inn ber. The nucleotide sequence of azc(5)-
fad will appeur in GenBank under accession no. AB119105.

RESULTS

Prevalence and resistance profile of Acinetobacter strains
with aac(6’)-lad. Of the 16 non-amikacin-susceptible Acineto-
bacter strains included in this study, 7 were PCR positive for
aac{6')-lad. Five were phenotypically identified as A, bauman-
nii, whereas the remaining two were identified as Acinetobacter
genospecies 3. When the amplicons were sequenced, all were
identical to aac(6')-lad. The MICs of aminoglycosides for
Acinetobacter strains possessing aac(6'}-lud are shown in Table
1. Al the strains studied were resistant to kanamycin, amika-
cin, tobramycin, sisomicin, isepamicin, and streptomycin. In
addition, strain A-51 was resistant to all of the aminoglycosides
tested, including arbekacin, gentamicin, and neomycin.

Molecunlay characterization of aminoglycoside resistance
genes. Several transformants were obtained by selection with
kanamycin and chioramphenicol: When these colonies were
inoculated onto plates containing either amikacin (5 pg/mil) or
gentamicin (5 wg/ml), they grew only on one or the other plate.
The colonics on the plates containing amikacin or gentamicin
were found to harbor recombinant plasmids of various sizes
with inserts originating from the genomic DNA of strain A-51.
Among these, the smallest plasmids (pA5183 from an amika-
cin-resistant colony and pAS513G5 from a gentamicin-resistant
colony) were selected out for further study. The MICs of ami-
noglycosides for E. coli XL1-Blue(pA3183) and X1.1-Blue
(pA515G5Y) are listed in Table 1. pA5183 conferred resistance
to kanamycin, amikacin, tobramycin, sisomicin, and isepami-
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AAC(e')-Iad MIRKATVODPPLLARLAMNVHKRSSLXELVARFEQMTKSND - ~-AVAFILFPIED 51
Aac(eT)-Ic MIVICDHDNLDAWLALRTALWPSGSPEDHRAEMREILASPH«~-HTAFMARGLD 51
AAC(6') -Id MIEACHSVECPGWLQLRFLLWPQDSARERLAEMAIFVAEPNR--FAQFIAYDEA 52
AAC({6')-IE MDEASLSMWVGLRSQLWPDHSYEDHILDSQHILSCPDK-~-¥YVSFLAINNQ 438
AAC(6') -1g KMNIKPASEASLKDWLELRNKLWS -DSERASHLGEMBEQLIAAEKY - - -ALQLLAYSD - 50
AAC(6') ~Ih MNIMPISESQLSDWLALRCLLWP -DHEDVHLOQEMRQLITQAH - - -RLOLLAYTDT 51
AAC(6')-1] MNIMPVSESLMADWLGLRKLLWP-DHDEARHLQEMQRLLOOTO -~ - SLQLLAYSDT 51
AAC(6') -1k MNIRKPASEASLKDWLKLR IKLWN-DLEESHLOEMHQLIAEKH- - -ALQLLVYSD- so
AAC(67)-1] MDSSPLVRPVETTDSASWLSMRCELWPDGT CQEHQSEIAEFLSGKVARPAAVLIAVAPD 59
AAC(67)-Ir MKIMPVSEPFLADWLOLRILLWP-DHEDAHLLEMRQLLEQPH- - - TLOLLSYNDQ 51
BAC(6')-Is MNIMPISESQLSDWLALRSLLWP-DHEDAHLLEMRHVLXQTD---TLOQLLVYSET 51
AAC(67) -1t MHIMPITESQLESDWLVLRCLLWP - DHERADLAEMROLITQAH - - - CLQLLAYTNT Sl
AAC(6')~-Iu MNILPISESQLSDWLALRSLLWP-DHEEAHLOEMRQLLKQTD==--TLQLLAYSET g1
AAC(E7) -Iv MKIMPISESQLSDWLVLRCLLWP-DHEEQHLQEMRQLITQAH - - - CLQLLAYTDT 51
AMNC{E’) -Iw MKEIMPISEALLADWLQLRILLWP-DHEDAHLLEMRQLLTRTD - - -SLQLLAYSET 51
ARC{6')-IX MNIMPISESQLSDWLALRSLLWP-DHDDAHLLEMHQLLKQTD -~ - TLOLLAYTLS 51
AACLE') -1y MDIROMNKTHLEHWRCGLRKQLWPGHPDDAHLADGEETILQA ~DH-~ -LASFIAMADG 52
ARC(E') -1z MIASAPTIRQATRPADAAAWAQLRLGLWP~-DADDPLEELTOSLADAE -~ -GAVFLACAAD 11
- . . oa
AAC(6')«Iad ~QAVGEPAOCQLRHDYVECGTNTSPVGYLEGI FVEKEFRHRGYASELLLKCEDWVKTKGCEQ 110
AAC(6')-Ic GAFVAPARVALRYDYVNGCESSPVAFLEGIYTAERARRQGWAARLIAQVQEWAKQQGCSE 111
AAC(6')~Id NKPLGFVEAALRSDYVNGTNSSPVAFLEGVYVLPEARRRGIAHALVGAVEIWARNRACTE 111
AAC(6')-If SOQAIAPADAAVRHDYVNGCESSPVVYLEGIFVIPEQRGHGVAKLLVAAVODWGVAKGCTE 108
AANC(6Y) -Ig HQAIAMLEASIRFPEYVNGIETSPVGPLEGIYVLPAERRSCGVATMLIRQAEVHAKQPSCTE 110
AAC(6')-Ih QOAIAMLEASIRYEYVNCTQTSFVAFLEGIFVLPEYRRSGIATGLVQQVEIWAKQFACTE 111
AAC(6')-I] QOATAMLEASIRYEYVNGTQTSPVAFLEGIYVLPDYRRSGIATHLVQQVEAWAKPFGCIE 111
AAC{6') -1k DHAVGMLEASIRYEYVNGTETSPVAPLEGIYVLPEYRRLGVATLLVROQVEAWAKQFSCTE 110
ARC(E')-I1 GERLGFAELSIR-PYAEECYSGNVAFLEGWYVVPSARRQGVGVALVKAAEHWARGRGCTE 118
AAC{6') -Ir QOAVAMLEASIRYEYVNGQOQSSPVAFLEGIYVLPEYRRLGVASTLVQQVEHWAKQFACTE 11l
AAC({6'}-18 QLAIAMLEASTIRHEYVNGTQTSPVAPLEGIYVLPEYRRSGIATQLVQCVEEWAKQFACTE 111
AMC(6')-It QKAIGMLEASIRYEYVNGTQTSPVAFLEGIYVLPEYRRSGIATGLVOHVEIWAKQFACTE 111
AACI6'} -In QHAIAMLEASTIRHEYVNGTQTSPVAFLEGIYVLPEYRRSGIATQLVQCVEEWAKQFACTE 111
RAC(6') -TIv QOAIAMLEASIRYEYVNGTQTSPVAPLEGIYVLPEYRRSGIATGLVQHVEIWAKQFSCTE 111
RAC(6') -Tw QRPIAMLEASIRHEYVNGTQTSPVAFLEGIYVLPEHRRSGIATQLVOOVEQWAKQYACTE 111
AAC(6') -Ix QRAVAMLEASIRHEYVNGTQTSPVAFLEGIYILPEYRRSGIATQLVOYVEEWAKQFACTE 111
AAC(E') -1y ~VAIGFADASIRHDYVNGCDSSPVVPLEGIFVLPSFRQRGVAKQLIAAVORWGTNKGCRE 111
AAC(6')-Iz GETVGFAEVRLRHDYVNGTESSPVAFrLEGWYVOPQWQGSGVGRALLAAVOAWTRDAGCRE ~ 115
FIN] 1k w 1, K oikwEw H * *y r x .
AAC({6') -Tad PASDCELDNIDSLAFHLKVGFTEANRMICFTKQL 144
AAC{6')~-Ic LASDTDIANLDSQRLHAALGFAETERVVFYRKTLG 146
AnC(6')-Id FASDASTDNPESHRFHOSLGFKETERVVYFRKMLAPE 149
AAC(6')~IE MASDAALDNHISYOMHQALGFERTERVVFFRERIAG 144
AAC{6')-Ig FASDAALDNVISHAMHRSLGFQETEKVVYFSKKID 145
AAC(6')-Ih FASDAALDNQISHAMHQALGFHRETERVVYFKENIG 146
AMAC{6') ~I] FASDRALDNRISHAMHQALGFHETERVVYFKKHIG 146
AAC(6')-Ik FASPAALDNVISHAMHRALGFQETERVVYRSKKID 145
DAC(6') -2} FASDTQLTNSASTSAHLAAGFTEVAQVRCFRKPL 152
AAC{6')-Ir FASDAATDNTISHAMHRALGFQETECVVYFKENIS 146
AAC(6') -Is PASDAALENTISHAMHRALGPHETERVVYFEXNIG i 1486
AAC{6') -It FASDATLDNQISHAMHRALGFHETERVVYFKKNIG 146
AAC({6') -Iu FASDAALDNTISHAMHRALGFEETERVVYFKKNIS 1448
AbC(6') -Iv FPASDAMLDNQITHAMHQALGFQETERVVYPKENIG 146
AAC(6') -Iw FASDAAIDNTISHAMHQALGFHETERVVYFEKNIS 146
AARC{6')}-1Ix FASDAAIDNTISHAMHRALGFHETERVVYFKKNIG 146
AAC(g') -1y MASDTSPENTISQKVHQALGFPEETERVIPYRKRC 145
AAC(6') -Iz . LASDSRVEDVQAHAAHRACGFEETERVVYFRMPLEPSA 153
sk kk : 1 * k x .

FIG. L. Alignment of the deduced amino acid sequences of AAC(6")-Iad and other aminoglycoside acetyltransferases, including AAC(6")-Ic
(GenBank accession no. M94066), AAC(6')-Id (X12618), AAC(H)-If (X55353), AAC(H)-Ig (L09246), AAC(H')}Th (L29044), AAC(6")-Ij
(L29045), AAC(6")-Tk (L29510), AAC(6")-11 {Z54241, U13880), AAC(6')-Ir (AF031326), AAC(6')-Is (AF031327), AAC(6')-It (AF031338),
AAC(6")-In (AF031329), AAC(6")-Iv (AF031330), AAC(6 )-Iw (AF031331), AAC(S")-Ix {AF031332), AAC(6")-Iy (AF144880), and AAC(6')-1z
(AF140221). Asterisks indicate identical amino acids. Conservative amino acid substitutions are indicated by dots.
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aacH'-Ic

aac6'-1z

FIG. 2. Dendrogram for aminoglycoside 6'-N-acetyltransferases belonging to the subfamily represented by AAC(6")-Ic. The dendrogram was
calculated by the ClustalW computer program, available on the National Institute of Genetics website (hitp://www.ddbj.nig.acjp/E-mail/clustalw-e’
-html), and illusteated with the TreeViewPPC computer program (version 1.6.5 for Macintosh). Branch lengths corres-pond to the mumbers of

amino acid exchanges.

cin, while pA518G5 conferred resistance to kanamycin, genta-
micin, tobramycin, and sisomicin. Neither plasmid conferred
resistance (o streptomycin or neonycin.

pAS5183 contained a 1.0-kb insert with one open reading
frame, though several possible start codons were recognized.
Therefore, N-terminal sequencing of the purified protein was
carried out. Consequently, it was confirmed that the open
reading frame encodes 144 amino acids and has @ G+C con-
tent of 36.1%. The deduced aminc acid sequence displayed the
highest identity with that of AAC(6')-Ty (36.7%) (13). It also
showed moderate identities with the sequences of other
aminoglycoside acetyltransferases [35.2% with AAC(6")-If,
34.6% with AAC(6'}-Ic, 33.3% with AAC(6')-1z, and 29.7%
with AAC{6')-11} (3, 11, 23, 26). The meotifs that are conserved
among the aminoglycoside 6'-N-acetyltransferases (24) were
also found in the newly identified enzyme. This novel amino-
glycoside acetyltransferase gene was thus designated aac(6’)-
ITad. The deduced amino acid sequence of AAC(6")-1ad is shown
in Fig. 1, along with those of known aminoglycoside acetyl-
transferases. The dendrogram of phylogenetic relationships
among aminoglycoside acetyltransferases is shown in Fig. 2.
The 1.1-kb insert of pA515GS contained an aminoglycoside
(2"} adenylyltransferase gene, ant{2")-Ia (4).

Identification of site of medification. The results of HPLC
assays are shown in Table 2. The retention times of o-phthal-
aldehyde derivatives of tobramycin and neomycin after the acet-
ylation reaction with AAC(6"}-Iad coincided onty with those of
positive controls for AAC(6"), confirming that AAC(6")-Tad is a
functional acetylransferase and modifies position 6' of aminogly-
cosides.

Transfer of amineglycoside resistance. The amikacin resis-
tance determinant of A, bauwmannii A-67 and A-74 could be
transferred to the recipient 4. calcoaceticus DU1 by conjuga-
tion at a frequency of approximately 5 X 10™*to 1 X 10~ and
was confirmed by PCR to be gec(6'}-Iad. It was not transferred
to E. coli CSH2. For the rest of the strains, amikacin resistance
was not transferable to A. calcoaceticts DU or E. coli CSH2.
The DNA probes for detection of aac(6’)-lad hybridized with
the large plasmids (>50 kb) harbored by all seven strains {data
not shown).

DISCUSSION

A varicty of aminoglycoside 6'-N-acetyltransferase genes
from Acinefobacter species have been described to date (Fig.
2). aac(6")-Ib and auc{6")-Ih have been identified previously as

TABLE 2. Retention times of aminoglycoside modification
products after acetylation reactions

Retention time {min) of aminoglymside

modification product
Aminoglycoside I !
acetyliransierase Tobramyein Neomycin
With Without With Without
acetyl-CoA  acetyl-CoA  acetyl-CoA  acetyl-CoA
AAC(6")-Iad 33 17.0 49 11.8
Positive controls
AAC(H") 3.3 168 49 11.8
AAC(2) 11.3 15.9 10.5 119
AAC(H) 4.4 16.9 6.7 119
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the most prevalent plasmid-mediated aac(6')-] genes among A.
baumannii strains (18), while other genes have been associated
with specific species. aac(6')-Ig is specific to Acinetobacter hae-
molyticus (10), whereas agc{6")-Ij and aac(6")-Jk are specific to
Acinetobacter genospecies 13 and 6, respectively (9, 19).
aac(6"}-Ir, aac{6")-Is, auc(6'}-It, aac(6')-Iu, aac(6')-Iv, aac(6’)-
Iw, and are(6')-Ix have alse been described for various Acin-
etobucter species (20). However, awe(6')-Iad demonstrated
considerable phylogenetic distance from these aminoglycoside-
modifying enzymes (as shown in Fig. 2), suggesting the emer-
gence of a novel subgroup of aminoglycoside 6'-N-acetyltrans-
ferases.

In the present study, we report identification of a novel
aminoglycoside 6'-N-acetyltransferase gene, aac{6')-lad, in
seven clinical isolates belonging to A. beumannii and Acineto-
bacter genospecies 3. The spectrum of resistance conferred by
the gene product included kanamycin, tobramycin, amikacin,
isepamicin, and sisomicin, a pattern typical of AAC(6")-1 (22).
Preliminary sequencing results suggest that aec(6’)-fad is lo-
cated on a transposon (data not shown); in view of this possi-
bility, along with the fact that the gene is transferable by con-
jogation in some of the producers of the enzyme, it is likely that
aac{6’)-Jad is carried by a plasmid.

Three subgroups have been identified among aminoglyeo-
side 6'-N-acetyltransferases (22). AAC(6')-Tad is closest to the
largest subfamily, which contains the proteins mentioned
above as identified in Acinetobacter species, but the amino acid
sequence identity between AAC(6')-1ad and these proteins is
limited (=36.7%) (Fig. 1). Considering the low G+C content
{36.1%) of aac(6"y-dad for Acinetobacter species, we may spec-
ulate that the gene was acquired from some environmental
species with an intrinsically low G+C content,

PFGE of the seven strains that produce AAC(6’)-Iad
showed five distinct digestion patterns, except for those iso-
lated from the same hospital (data not shown). Taken to-
gether, it is likely that gac{6')-fad was disseminated among
Acinetobacter spp. via plasmid- and transposon-mediated lat-
eral transfer, which is now responsible for reduced susceptibil-
ity to amikacin among Acinetobacter spp. in nearly half of the
cases (7 out of 16 non-amikacin-susceptible sirains) in Japan.

When the susceptibilities of the AAC(6")-Iad producers to
other classes of antimicrobial agents were tested, we found that
none were susceptible to ceftazidime, moxalactam, or aztreo-
nam, and two were resistant to ciprofloxacin as well Only
imipenem and meropenem were uniformly effective in vitro
among the agents tested. The emergence and spread of plas-
mid-mediated aac{6’)-lad genes could contribute to further
acquisition of 2 multidrug-resistant phenotype among 4cinefo-
bacter spp. in Japan, thus limiting the treatment options in
climical settings in the near future.
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Escherichie coli HKY28, a ceftazidime-resistant strain isolated from a urine specimen in Japan, produced an
inhibitor-sensitive AmpC B-lactamase variant, The deduced amino acid sequence of the enzyme contained a
number of substitutions and a tripeptide deletion (Gly286-Ser287-Asp288) compared with the sequence of
native AmpC of E. coli. When the deletion was reverted by a 9-base insertion at the relevant site of ampC in the
clone, the typical inhibitor-resistant phenotype of AmpC was restored, while at the same time the levels of
resistance to ceftazidime, cefpirome, and cefepime were reduced eightfold or more. Molecular modeling studies
indicafed that a structural change took place in the H-I0 helix as a result of the deletion, and this change
caused am alteration of the substrate binding site, leading to a unigue phenotype analogous to that of
inhibitor-sensitive class A extended-spectrum B-lactamases. The degree of inhibition was greater with sulbac-
tam and tazobactam than with clavnlanic acid. To our knowledge, this is the first report to have characterized
an E. coli ampC that encodes chromosomal AmpC B-lactamase sensitive to the available B-lactamase

inhibitors.

The principal and most prevalent mechanism of resistance
to B-lactam agents among pathogenic gram-negative bacteria
is the production of B-lactamases (3, 17). One approach to
overcoming the problem has been the development of B-lac-
tams resistant to the hydrolytic activities of these enzymes. The
other has been the development of P-lactamase inhibitors,
which protect B-lactams from hydrolysis by p-factamases when
the inhibitors are used in combination with B-lactams (28). At
present, three B-lactamase inhibitors, clavulanic acid, sulbac-
tam, and tazobactam, are available for clinical use in combi-
nation with a number of penicillins. These inhibitors mainly
target Ambler class A B-lactamases and inactivate their active-
site serines, thus potentiating the actions of p-lactamase-sen-
sitive compounds. Clavulanic acid and sulbactam are generally
not effective in inhibiting the activities of AmpC B-lactamases,
although some are known to be moderately inhibited by ta-
zobactam (4, 14).

In 1994, we isolated an Escherichia coli clinical strain,
HKY?28, which produced a chromosomal ArapC B-lactamase
that had an inhibitor-sensitive and extended-spectrum activity
profile similar to those of class A extended-spectrum -lacta-
mases {ESBLs). However, the results of PCR experiments with
representative THM- and SHV-derived ESBLs and CTX-M-
type B-lactamases were negative. In the present study we con-

* Comesponding author, Mailing address: Department of Bacterial
Pathogenesis and Infection Control, National Institute of Infectious
Diseases, 4-7-1 Gakuen, Musashi-Murayama, Tokyo 208-0011, Japan.
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yarakawa@nih.go.jp.
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ducted genetic, biochemical, and molecular modeling analyses
of this unique AmpC B-lactamase variant.

MATERIJALS AND METHODS

Bacterisl strains, plasmids, and media. E. coli HKY28 was isolated from z
cultare of urine from un inpatient in Jupan in 1994, £. cofi X1.1-Blue (Stratagene,
Lz Jolia, Calif.) was used as the recipient strain for plasmids. £. coli BMHT71-
18mut§ and E. coli MV1184 (Takura Bio Inc., Ohtsn, Japan) were used as the
hosts in a site-directed mmtugenesis experiment. Plasmid vectors pBCKS+
(Stratagene) and pKFi8k (Takira Bio) were used for the cloning and site-
directed mutagencais experiments, respectively. For enzyme purification, ampC-
deficient E. coll C514-2 (7) was used ug the host to avoid background AmpC
production. Bacteria were grown in Luriz-Bertani (LB) broth supplemented with
the appropriate antibiotics, unless specified otherwise.

Antibiotics and susceptibility testing. The following B-lactam antibiotics und
B-lactamase inhibitors were obtuined from the indicated sources: aztreonam,
Eizai Co., Ltd., Tokyoe, Japag; ampicillin, amoxicillia, and cefminox, Meiji Seika
Kaisha, Ltd.,, Tokyo, Jupan; cefepime, Bristol Pharmaceuticals K. K., Tokyo,
Jupun; cefmetazole and chiorampheicol, Sankyo Co., Lid, Tokyo, Jupux; cefo-
taxime and cefpirome, Aventis Pharma, Ltd., Tokyo, Japan; cefoxitin and imi-
penens, Banyu Phurmuceutical Co., Lid,, Tokyo, Japan: ceftazidime and clavu-
lanic acid, GlaxoSmithKline K. K., Tokyo, Japan; cephuloridine and moxalactar,
Shionogi & Co,, Ltd, Osaks, Fapan; sulbactam, Pfizer Pharmuceuticals inc.,
Tolkyo, Jupun; and tazobactam, Taihe Pharmaceutical Co., Ltd., Tokyo, Japun.

MICs were determined by the agar dilution metkod by the protocol recom-
mended by the Nutionu! Committee for Clinical Laboratory Standards (18).

PCR amplification. Te amplify broad-spectrum B-luctumuse genes from
HKY28, PCR analysis was performed with sets of pomers for varions B-lacte-
mases, including TEM- and SHV-derived ESBLS as well as CTX-M-1-, CTX-
M-2-, and CTX-M-9-type B-lactamuses, as described previously (27).

Transter of ceftazidime resistance, Conjugation experiments were conducted
with E. coli CSH2 es the recipient by broth mating and filter mating methods (7).
Transconjugants were sefected on LB agar supplemented with rifampin (50
pe/ml), nalidixic acid (S0 pg/ml), and ceftazidime (4 pg/mi).

Cloning and sequencing of B-lactamase gene. The basic recombinant DNA
masipulations were carried cut as described by Sumbrook et al. (24). The
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genomic DNA of HKY?28 was prepared and digested with EcoRl. The resultunt
fragments were ligated with plasmid vector pBCKS+, and elecirocompetent E.
coli XL1-Blue was transformed with these recornbinant plusmids, Transformants
were selected for resistance to chloramphenicol (30 pg/ml) and ceftuzidime (4
wgiml). For determination of the MICs and use of the transformanis for site-
directed mutagenesis, the ampC gene of HKY28 was umplified with oligonucle-
otide primess gmpC-U (5'-CGG AAT TCG GTT TTC TAC GGT CIG GC-3")
apd ampC-L (3-CGG GAT CCG ATG ACA GCA AGG AAA AG-3"), which
contained EcoR1 and BamHi cleavage sites (indicated in boldface), respectively,
ut their 5 ends, by using Pyrobest DNA polymeruse (Tukara Bio). The EcoR}-
BzmHI fragment confaining the ampC gene of £. coli HKY28 wus ligated with
PBCKS+ to yield pBE28W, which was then used to transform E. coli X1.1-Blue
and E. coli C514-2. The coding sequences of the cloned fragments were deter-
mined by using custom sequencing primers 45 well as u BigDye Terminator Cycle
Sequehcing Ready Reaction kits and an ABI 3100 DNA sequencer (Applied
Biosystems, Foster City, Calif.). The enzymes used for gene mabipulations were
putchased from Nippon Gene Co. Ltd. (Tokyo, Japan) or New Enpland Biolabs,
Loc. (Beverly, Mass.).

Reversion of AmpC deletion. Site-directed mutagenesis wus performed to
revert the 9-nucleotide deletion in the cloned ampC gene of E. coli HKY28
correspunding to a tripeptide deletion at positions 286 to 288 in AmpC. The
reagenis and strains contained in the Mlan-Express Km mutagenesis kit
(Tukara Bio) were us¢d according to the procedures bused on the oligonucie-
otide-directed dual Amber method (9) provided by the munufacturer. The fol-
lowing mutagenic primer containing the 9-nucleotide insextion (in boldface) was
used: 3'-CCA GTG CAA TTT TAT TGT CACTGC CGT TAA TGA TGA TGT
CAG G-3'. After mutagenesis, the EcoRI-BamHI fragment containing the e-
vertant empC was ligated with pBCKS+ to yield pBE28R, which was then used
to transform £. coli XL1-Blue and E. co¥f C§14-2.

Enzyme purification. £. coli C514-2 harboring pBE28W or pBE28R was cul-
tured overnight in 2 liters of LB broth supplemented with 30 pg of chloram-
phenicot per ml Celis were hurvested by centrifugation snd washed with and
then suspended in 3 ml of 50 mM 3-(M-morpholino)propanesulfonic acid
{MOPS) buffer (pH 6.0). The cells were frozen and thawed twice and were then
nitrucentrifuged at 100,000 X g for 4 k at 4°C, For gel filtration, the supernatant
containing f-lactamase was chromatographed through a HiLoad 16/60 Superdex
200 prepgrade (Pharmacia Biotech, Uppsals, Sweden) colamn precquilibrated
with 50 mM MOPS buffer (pH 6.0). For cation-exchange chromutography, frac-
tions with activity were then applied to 2 HiTrap SP HP column (Pharmacia
Biotech) preequilibrated with the same buffer. The enzymes were eluted with 2
linear gradient of ¢ to 0.5 M NaCl in the sume buffer. The purity of the enzvmes
was checked by a sodium dodecyl sulfate-polyacrylamide gel electrophoresis.

Eazyme assays. Purified AmpC enzymes were assayed against various g-lac-
tum substrates at 37°C in 50 mM phosphute buffer {(pH 7.0) by using ar avto-
spectrophotometer (V-550; Nihon Bunko Ltd., Tokyo, Japun). The specific uc-
tivity of the enzvmes was defined us the activity that hydrolyzed 1 ol of
cephaloridine per min. K, and k., values were obtuined by a direct-weight fit to
the Michaelis-Menten equation by using KaleiduGraph software (Hulinks, To-
kyo, Japan). The concentrations of inhibitors giving & 50% reduction in hydro-
lysis of cephaloridine (ICsy)} were measured after 10 min of preincubation of the
enzymes with the inhibitors at 37°C and cephuloridine as the substrate at 1 mM,
‘The affinities of the enzymes for the iubibitors (K5} were measured by compe-
tition procedures with cephizloridine in the sume buffer with no preincubation of
the enzyme or the inhibitor. To determine the isoelectric points, 10 pl of enzyme
solution was louded oato an lmmobiline DryStrip (pH 3 to 10 and 6 to 1L
Pharmacia Biotech), and electrophoresis was carried out with an 1PGphor elec-
trophoresis systemn (Pharmacia Biotech).

Modeling of subsirate-enzyme complex structures. The crystul structure of the
AmpC B-lactamase {Protein Data Bank aceession number 2BLS) was used as the
reference to build a model of the AmpC enzyme of E. coli HKY28. The tripep-
tide at the H-10 helix wus deleted by the loop search method of the Homology
module instalted in Iosiybt I software (version 2004; Molecular Simoulations Inc.,
San Diego, Calif.). An initial structure of the enzyme was optimized by use of
molecular dynamics calculations at 298 K by the cell multipole method, 4 dis-
tapce-dependent dielectric constant, and a time step of 1 fs for 100 ps by
sumpling the conformation every 1 ps by use of Discover 3 software (version 98.0;
Molecular Simulations Inc.). One bundred conformations were minimized until
the finyl root-mean square deviation became less thun 0.1 keal/mol/A, and the
lowest enexgy conformation was selected for the substrate-docking study, The
substrates were roughly docked into the ligund-binding cleft with the guidance of
a hvdrogen bond of 4 B-lactam carbony] oxygen at the oxyanion hole as well as
a hydrogen bond of the carboxylate oxygen with Tyr150 (12). The initil complex
moug] was minimized, und then the substrate-binding site wus covered by water
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molecules (sphere thickness, 20 A). The structure consisted of the substrate and
the residnes within 10 A from the substraie, which were energy optimized in the
presence of the water molecules by the molecular dynamics and minimization
procedure described above. The lowest-energy structuces were selected as ener-
gy-refined complex models.

Nucleolide seqneace accession pumber. The nucleotide sequence encoding
AmpC characterized in this study sppears in the EMBL/GenBunk/DDBF duta-
buses under accession nomber AB108683,

RESULTS

Susceptibility of parental strain. The MICs of B-lactams for-
parental strain E. coli HKY28 are shown in Table 1. Strain
HKY28 was resistant to ampicillin, amoxicillin, cephaloridine,
cefminox, and cefoxitin. It was also resistant to ceftazidime
(MIC, 32 pg/ml) but remained susceptible to azireonam and
imipenem. Interestingly, the MIC of ampicillin was reduced by
at least 8-fold when it was combined with sulbactam, and the
MICs of cefotaxime were reduced by 16- and 8-fold when it
was combined with sulbactam and tazobactam, respectively.
Addition of sulbactam reduced the MIC of ceftazidime by
eightfold. Overall, the reductions in the MICs were the great-
est with sulbactam, followed by tazobactam and ¢lavulanic -
acid.

PCR analysis of B-lactamase genes. By PCR E. colf HKY28
was negative for the genes for the TEM:, SHV-, CTX-M-1-,
CTX-M-2- and CTX-M-9-type B-lactamases, which are the
prevalent types of ESBLs in Japan.

Transfer of ceftazidime resistance. The ceftazidime resis-
tance of E. coli HKY28 could not be transferred to recipient E.
coli strain CSH?2 by conjugation, despite repeated attempts.

Cloning and sequencing of resistance gene, A 6-kb FcoRI
fragment containing a ceftazidime resistance determinant was
cloned into the vector pBCKS+ and was termed pE753, Nu-
cleotide sequencing analysis revealed a chromosomal locus of
E. coli containing ampC flanked by frdD and ble but without
any other B-lactamase gene. PCR-generated recombinant plas-
mid pBE28W containing ampC of E. coli HKY28 was found to
possess an ampC gene identical to that of pE753 and conferred
resistance to ceftazidime. The deduced amino acid sequence
contained seven amino acid substitutions and three amino acid.
deletions (Gly286, Se1287, and Asp288) of the AmpC product
compared with the sequence of E. coli K-12 (10) (Fig. 1). The
promoter region of the ampC gene contained three mutations -
(2 C-to-T change at position —73, a C-to-T change at position
+6, and a G-to-A change at position +34) and a T insertion
between positions —14 and —13 compared with the sequence
of the correspending region of the E. coli K-12 genome. Re-
combinant plasmid pBE28R, generated by site-directed mm-
tagenesis, was confirmed to possess ampC of E. coli HKY28,
except for the insertion of the 9-nucleotide sequence designed
to restore the tripeptide deleted from ampC of E. coli HKY28.

Susceptibilities of clones to B-lactams. Both E, cofi XI.1-
Blue barboring pBE28W {the HKY2R clone) and that harbor-
ing pBEZ8R (the revertant clone) displayed resistance or re-
duced susceptibilities to all P-lactams except cefpirome,
cefepime, and imipenem; but the degree of resistance varied
significantly between the two clones. The cefotaxime and cefta-
zidime MICs were fourfold or more higher for the HKY28
clone than for the revertant clone. The cefpirome and
cefepime MICs were 64-fold higher for the HKY28 clone than
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TABLE 1. Results of antibiotic susceptibility testing
MIC (/o)
B-Luctam E. cali E. coli XL1- E. coli XL1- E. coli
HKY28 Blue(pBE2§ W) Blue(pBE28 R) XL1-Blue

Amoxicillin 128 >128 »>128 4
Amoxicillin-clavulanate” 128 >128 >128 4
Ampicillin =128 =>128 >128 2
Ampicillin-sulbactam® 32 64 >128 2
Piperaciflin 8 8 : 8 05
Piperacillin-tazobactam® 4 2 4 0.5
Cefotaxime 16 32 8 0.06
Cefotaxime-clavulanate” 8 8 2 .06
Cefotaxime-sulbactam” i 1 2 0.06
Cefotaxime-tazobactam® 2 4 4 006
Ceftazidime 32 128 16 0.06
Ceftazidime-clavulanate” 16 32 8 0.13
Ceftazidime-sulbactam” 4 8 8 0.06
Ceftazidime-tazobactam® 16 8 8 0.13
Cephaloridine 64 128 128 4
Cefminox 32 32 : 32 43
Cefoxitin 16 32 >128 8
Cefmetazole 16 32 128 1
Mozalactam 8 4 8 0.25
Cefpirome 2 4 0.03 0.015
Cefepime 2 4 0.03 0.015
Azireonam 8§ 16 16 0.06
imipenem 0.13 0.13 0.13 0.13

? Fixed concentration of clavulanate, 4 pg/ml
® Fixed conventratien of sulbactam, 4 pg/ml
“ Fixed concentration of tazobactam, 4 pg/ml.

for the revertant clone. On the other hand, the degree of
resistance to cefoxitin and cefmetazole conferred by the rever-
tant clone was significantly higher than that conferred by the
HKY¥28 clone. When various B-lactam—B-lactamase inhibitor
combinations were tested, the piperacillin, cefotaxime, and
ceftazidime MICs for the HKY28 clone were reduced by up to
16-fold. The degree of reduction was the greatest when sul-
bactam was used as the inhibitor. The reductions in the MICs
of the three inhibitors for the revertant clone were fourfold or
less.

Isoclectric focusing. The isoelectric points were estimated to
be 9.9 for the HKY28 AmpC (AmpCP) and 9.8 for the rever-
tant AmpC (AmpCR). When the crude exztract of E. coli
HKXY?28 was subjected to analytical isoelectric focusing, only
one band corresponding 1o AmpCP was visualized with nitro-
cefin, confirming that AmpCP is the only B-lactamase pro-
duced by E. colf HKY28 (data not shown).

Enzyme assays. The specific activites of AmpCP and
AmpCR were 88 and 220 U/mg of protein, respectively. The

kinetic parameters (K, and k) and hydrolytic efficiencies
(kou/K...) of AmpC™ and AmpCR against various B-lactams are
given in Table 2. The k_,, values of AmpCP were greater than
those of AmpCR for cefpirome and cefepime but lower for the
rest of the substrates tested. However, for all substrates with
the exception of cefotaxime, AmpC” exhibited lower K, val-
ues than AmpC®. This difference was approximately 100-fold
for ceftazidime, and overall, AmpCP showed a 2.5-fold greater
hydrolytic efficiency for ceflazidime than AmpC~, despite the
much poorer k.. AmpC® exhibited much lower K, values and
higher %, values for cefpirome and cefepime than AmpC®,
resulting in approximately 40- and 20-fold greater hydrolytic
cfficiencies, respectively.

The IC;s of the B-lactamase inhibitors for AmpCP and
AmpC® and the X, values of the enzymes against the inhibitors
are listed in Table 3. AmpCP exhibited approximately 5- to
10-fold lower K; values than AmpC® against all three inhibi-
tors. Tazobactam was the best inhibitor and had the lowest
IC4, for AmpCP.

TABLE 2, Kinetic activity of AmpC® and AmpCR

AmpCP AmpC*
Substrate
Ko (pM) Koot (57 Fealp (M7 87 Ko (pM) koo (571 RofKo (M7 571
Cephaloridine 100 £ 10 64 = 4 6.4 X 10° 780 + 40 30010 39%10°
Ampicillin 6216 0.43 = 0.06 7.0 % 10* 13x3 40x03 32 % 10°
Cefoxitin 12203 (.043 = 0.006 38 x10* 39201 035 001 9.1 x 10*
Ceftazidime 57+08 0.084 =+ .006 1.5 x 10* 550 £ 10 35201 64 x 10°
Cefotaxime 318 0.37 2 0.02 1.2 x 1ot 1Bx2 12£01 97 % 10¢
Cefpirome 21 =1 1.5 +01 7.1 % 10t 120220 021 £0.03 1.8 % 10°
Cefepime 40+ 5 10+01 2.1 % 10t 200 % 40 021 £0.02 1.1 x 103
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<- signal peptide —>»

e 1
AnpC-D -MFKTTLCILLITASCSTFAAP---QOTNDIVHRTTTPLTEQOK T PCMAVAVIVOGKEYYFIWGY 45
AnpC-R =MEFKTTLCTLLITASCSTFAAP——-QOTNDIVHRTTTPLIFQOK T PGMAVAVI YOGKPYYFTWGY 45
Xi2-AmpC -MFKTTLCALLITASCSTFAAP~~~QOINDETVHRE T TPL TRQOKT FMEVAVIYOGKPYYFIWGY 45

Cit-freu-AmpC MMKKSICCALILTASFSTFAAAKTEOQTADIVNRTITFLMOEQATPGMAVATTYRCGKEYYFITWGK. 45
Ent-clo-GCl MMEKSLOCALT L GTSCSAT ATPVSERQT ARVVANTVIPLMEAQSVPGVRAVAVIYOGKPHYYTFGK 45
Ent-clo-P99 MMRESELOCALLY GTSCSAT ATPVSEROLARVVANTITPLMKAQSVEGVAVAVIVOGKPHYYTRGK. 45

Wk kadks ok kg k. Ths gk hgdkky s ko dekddokor ok kb kg ko

BpC-D ADTARKOPVTOOTLFELGSVSKTF TGVLAGDATARGETKE SOPTTRYWEELTARCWNGITEL HTA 110
AmpC-R ADTAKROPVTOOTL FELGSVSKTFIGVLGEDATARGETKE SOPTTRKYWPELTAKOWNGITLLHLA 110
K12-AmpC ADTARROPVTQOTT FEL GSVSKTFTOVL GGDATARGEIKLSDPTTRYWPEL/PAKANGI TLLHL A, 110

Cit-freu-Ampl ADTANNHPVIOQTLFELGSVSKITNGVLGCDRIARGEIKLSDEVIKYWPELTGKIWRGISLLHTIA 110
Ent-clo-GC1 ADTAANKPVTPOTLFELGSTSKTFIGVLGEDATARGEL SEDDPVIRYWPOLTGROWOGTRVIDLA 110
Ent-clo-P99 ADTAANKFVTERQTLEFEL GETSK TETGVLGGIATARGET STDDAV TRYWPQLTGKOWOGTRMIDIA. 110

Fikk ::*** ********:****.**i*** *hkk¥k * * kekhkkoekk *Fkk kK .k RKE
e e e a H . . LIS

# a
ArpoC-D TYTAGGLPLAVEDEVESSSDLLRE Y ONHWOPANAPGTORLYANS STGLFGAT AVKPSGLSFEQAMK, 175
AnmpC-R TYTAGCLPLOVPDEVESSSDLT REYONAOPAWAPGTORLYANSSIGLEFGAT AVKPSGL SFEQEMK. 175
K12-AmpC TYTAGGLPLOVEDEVESSSDLI RFY MW PAWAPCTORLYANS S IGLFGALAVRPSGLSFEQAM) 175

Cit-freu-2mpC TYTAGGLPLOTFGINTDKAEL I RFYONWOPOWTPGAKRLYANSS IGLFGALAVKSSGMSYEFAMT 175
Ent-clo-GC1 TYTAGCLELOVPDENTINASLL REY OO PORERCTTRLY ANAS TCGLFGAT AVKPSGMPYEQAMT 175
Ent-clo-p99 TYTAGGLPLOVEPDEVTTNASLLRF Y ONWPCWKEGTTRLYANAS IGLEGAL AVKPSMEYEQRMT 175

kkkkkdhkhkok ok o kkFhhkdikkhk ok Kk, khhkk kdkkddkrkhkhx **._:*:*

] @ :
AMpC-D TRVEQPLKT NHTWINVPSAEERNYANGYREGKAVH- —~VSPRAL DARAVCUKSTTETMARIVOEN 237
AMOC-R © TRVFQPLKLNHIWINVESAEEKNYAWCYREGKAVH-- ~VSPRAL DAFAYGVKSTTECMARWVOSN 237
K12-BmpC TRVFQPL KT NHTWINVPPAEERNY AWV RECKAVH- - ~VSPGAT DAEAYGURSTTECMARIVOSN 237

Cit-fren-AmpC RRVLQPLKLAHTWITVEQSEORNYAWCYLEGKPYH---VSPEQL DAFAVGVKSSVIEMARWVORN 237
Ent-clo-GC1 TRVLEKPLKL DHTWINVPKAEEAH Y WG YRDGRAVRAVRVS FGMLOADAYVCVRTNVUCMANWIMAN 240
Ent-clo-P99 TRVLEPLEKLITHIWINVPKAERAHYAWCYRDGKAVR —— VS FGMLDADAVGVRINVOLVMANWUMAN 237

**::**** ****.** :*: :***** :**_*: kkk ***:*****:.: ***-** :*
286
@

AmpC-D mmmmmsmmmmmnmﬁmn 302
ApC-R ]
K12-AmpC
Cit-freu-papC
Ent-clo-GCl
Ent-clo-P95

‘ @
ApC-D PPTRPAVRASWHRTCATGGFGSY VAR T PEKELGIVMLANEKNY PNPARVAARINOTT NAT O 361
AapC-R PPTPAVRASWHRIGATGCFGSYVAFT PEKELGTVMLANKNY PNPARVARAWO TTNALO 36l
E12-AupC PPTPAVRASWWHR TGATEEFGSY VAR I PEKEDLGTVMLANKINY ENPARVDAANOILNATQ 361
Cit~freu-AmpC PPAPAVK ASWVHR IS TOCFGSYVAFVPERNL G TVMLANK SY PNPARVERNARIT FKI ) 361
Ent-clo-GCl PPAPPVKASWVHR TGS TOCFGSYVAFT PERQIGTVMLANTSYPNPARVEAAYHIT FAT ) 364
Ent-clo-P99 PPAPPVEASWVHRIG STGGFGSYVAF TPEKDIGIVMLANT SY PNPARVERAYHIT FAT () 36l

**.*.*:********:**********:***::*******'-******* **::**: *%

FIG. 1. Predicted amino acid sequence of the AmpC B-lactamase of E. coli HKY28 aligned with that of E. coii K-12 (16). The 3-amino-acid
deletion in the HKY28 AmpC is shaded. Underlines, the B-lactamase active site SV3K, the conserved tripepiide XTG, and the class C motif YXN;
#, position of Tyr150; @, positions of the amino acid substitutions observed between the AmpCP of strain FIKY28 and the AmpC of strain K-12;
numbers on the right, nombers of amino acid residues from the N terminus of each mature protein; *, amino acid residues conserved among the
six AmpC-type enzymes; colons and dots, amino acid substifutions that result in homologuus amino acid residues; Cit-frew, Citrobacter freundii,
Ent-clo, E. cloacae; double underline, AmpC {}-loop domain.
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TABLE 3. ICys and K, values of P-lactamase inhibitors for AmpC® and AmpCR

Clavulanic acid Sulbactam Tuazobactim
pB-Eactamase
1Cs0 (pM) K; (uM) 1G5 (pM) K, (eM) 1Cs0 (M) K (pM)
AmpCD 9x1 320 =30 3902 92+0.2 14+01 8.7x24
AmpCR 140 £ 20 4,100 & 1,600 4 %4 780 + 150 25+%1 1,100 £ 120

Molecalar modeling study. A molecular modeling study was
conducted to elucidate the mechanism for the lower K, of
AmpCP for ceftazidime (Fig. 2). In the AmpC of E. coli K-12,
the tripeptide Gly286-Ser287-Asp288 loops out in the direction
of ceftazidime (Fig. 2B). Conversely, the tripeptide deletion in
AmpCP creates an open site in the vicinity of the R-2 side
chain of ceftazidime (Fig. 2C}. Similar models were obtained
for cefpirome and cefepime (datz not shown).

DISCUSSION

E. coli HKY?28 produced an AmpC B-lactamase which con-
ferred resistance to ceftazidime and reduced susceptibility to
cefotaxime (MICs, 32 and 16 pg/ml, fespectively). This resis-
tance was significantly compromised by the B-lactamase inhib-
itors sulbactam and tazobactam and to some extent by clavu-
lanic acid. This was an uncommon finding, since E. coli rarely
acquires resistance to ceftazidime solely by the production of
chromosomal B-lactarnase. Also, the AmpC B-lactamase,

_which belongs to Ambler class C B-lactamases, is not usually
inhibited well by B-lactamase inhibitors. We therefore investi-
gated the AmpC B-lactamase of the strain.

‘When the ampC gene was cloned and expressed in E, coli
XL1-Blue, it conferred resistance to ceftazidime and cefo-
taxime, and the resistance could be reversed by any of the three
commerciatly available B-lactamase inhibitors. Sulbactam and
tazobactam were much more potent inhibitors in terms of
lowering the MICs than clavulanic acid, a distinct profile com-
pared with those of class A ESBLs, which are generally inbib-
ited well by any of the three inhibitors (4).

Sequencing of the entire ampC structural gene of E. coli
HKY?28 revealed the presence of seven amino acid alterations
and a tripeptide deletion at positions 286 to 288 corresponding
1o Gly-Ser-Asp in the deduced amino acid sequence of AmpC
(Fig. 1). None of the substituted residues has been implicated
in playing a functional role in the hydrolysis of p-lactams (23,
25). On the other band, residues 287 to 289, which overlap the
residues deleted from AmpCP, is known to be positioned in

close prozimity to R-2 substituents of B-lactams (16). The

levels of resistance to ceftazidime and cefotaxime were re-
duced by 4-fold or more, while those of newer oxyiminocepha-
losporins, such as cefepime and cefpirome, were also reduced
by 64-fold for the revertant clope producing AmpC®. The
three p-lactamase inhibitors no longer reversed resistance to
cefotaxime and ceftazidime in the revertant clone. AmpC® has
a G214R substitution in the so-called £} loop, and this substi-
tution may have some influence on the expansion of substrate
specificity, especially for cephamycins such as cefoxitin and
cefmetazole. The kinetic values of AmpCR for broad-spectrum
cephalosporins, inciuding cefotaxime, ceftazidime, cefepime,
and cefpirome, as well as cephamycins, such as cefoxitin, indi-
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cate that AmpCF certainly has some unusual properties. Some
of the five amino acid substitutions found in AmpC® might
contribute to such a phenotype. In addition, the three amino
acid deletions at the H-10 domain observed in AmpC" might
provide this enzyme with a special characteristic, such as en-
hanced susceptibility to @-lactamase inhibitors and an aug-
mented ability to hydrolyze ceftazidime, cefepime, and cefpi-
rome. However, the deletion might result in a decrease in the
ability to hydrolyze cephamycins.

The results of the kinetics studies were very much in accor-
dance with the susceptibility profiles. AmpC® generally exhib-
ited lower K, values than ArmpC® against all substrates tested
except cefotazime. These reductions in K, values were accom-
panied by compromised k_,, values, with the exception of those
for cefpirome and cefepime. AmpC® showed both lower K,
values and greater k_,, values for these two agents, resulting in
40- and 20-fold better hydrolytic efficiencies, respeciively, com-
pared with those of AmpC®. The kinetic data for cefotaxime
did not comelate well with the MICs. A similar observation was
reported for an atypical AmpC of an Enterobacter cloucae
clinical isofate lacking 6 amino acids at positions 289 to 294,
located adjacent to the deletion identified in AmpCP (2). By
consideration of the fact that these data were obtained for two
clones which differed only by the presence and the absence of
the 3 amino acids in AmpC, one possibility is that AmpCP is
unstable.

The results of inhibition studies confirmed the role of the
Gly286-Ser287-Asp288 deletion in the increased sensitivity of
AmpCP to all three commercially available B-lactamase inhib-
itors. The tripeptide deletion in AmpC® was shown to lower
the K, values against the inhibitors by approximaicly 10- to
100-fold. In terms of ICss, sulbactam and tazobactam were
potent inhibitors of AmpCP, whereas clavulanic acid only
mildly inhibited the enzyme. The AmpC B-lactamase of E.
cloacae P99 s inhibited well by tazobactam but is inhibited only
modestly by sulbactarn and is bardly inhibited at all by clavu-
lanic acid (4). In this respect, AmpCP is an AmpC B-lactamase
that is unusually sensitive, especially to sulbactam.

Gly286-Ser287-Asp288 is located in the H-10 helix of AmpC
(16). While the functional roles of these residues in the cata-
lytic mechanism have not been clearly elucidated, Asp288 of
the E. coli AmpC has been suggested to play a role in recog-
nizing the carboxylate group of B-lactams (23, 25). In native
AmpC, Ser287 forms hydrogen bonds with Asn346 and Arg349
(23), but these bonds are lost in AmpCP, along with the dele-
tion of Asp288. The result of the molecular modeling study
provided a structural explanation for the lowered K, of
AmpCP for ceftazidime, as shown in Fig. 2. In the E. coli K-12
AmpC, the tripeptide Gly286-Ser287-Asp288 impeded access
of ceftazidime to the active site of the enzyme, resulting in high
K, values, whereas the tripeplide deletion in AmpC® was



