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FIG. 1. Comparison of the amino acid sequence of GES-3 with
those of the GES-1, GES-2, and IBC-1 B-lactamases. Only the substi-
tuted amino acid residnes are indicated by the single-letter amino acid
code. Dashes represent positions where no amino acid substitution was
observed among the four enzymes. The amino acid residues conserved
among class A B-lactamases are indicated with asterisks.

Genetic environment of blaggg 5. Two distinet BamHI frag-
ments carrying the blacng 5 gene were cloned; their sizes were
approgimately 6.7 and 11.6 kb, respectively, and pKGBS525 had
the 6.7-kb fragment. Sequencing analysis of the entire insert on
pKGB525 revealed that the blagpg s gene was located as a
gene cassette within a class 1 integron structure, as was ob-
served in the other GES-type B-lactamase genes, blacpg 4,
blagpg s and blayse., (Fig. 2). The 59-base element down-
stream of the blagyg s gene was made up of 110 bp and was
different from that of the truncated 59-base element of
blagpgy on pTK1 (GenBank accession number AF156486),
but shared it 99% nucleotide identity with those of blag g » 0n
pLAP-1 (GenBank accession number AF326355) and bla 1B
on pHT9-2 (GenBank accession number AF208529).

The second gene cassette adjacent to the bla e -, gene was
a fused aacAl-orfG gene cassette. The results of the disk dif-
fusion test indicated that the presence of an aacA! component,
which encodes aminoglycoside-6'-N-acetyltransferase, con-
ferred kanamiycin resistance to the transformant E. cali XL1-
Blue(pKGB525) (data not shown). The nucleotide sequence of
this fused gene cassette shared 100% identity with that in a
class 1 integron on plasmid pCMXR1 (GenBank accession
number AB061794). The function of the product encoded by
orfG has not been characterized in detail. The third gene
cassette is 327 bp and was named orf4. The orfd gene was
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suggested to be a gene cassette by recognition of the features
typical of these clements: (i) the presence at the casselte
boundaries of 7-bp core site sequences that completely fit the
consensus sequence and (ii) the presence of a 59-base element
of 78 bp downstream of the orf4 gene. However, no remark-
able similarity between the hypothetical protein encoded by
orfA and any other known protein sequences was detected in a
search performed with the BLAST program. The 3’ conserved
segment of this integron showed a characteristic organization.
The gacEAI gene was truncated at nucleotide position 114 by
the insertion sequence IS26. In the region downstream of 1826,
an IS6100 element and two ORFs of unknown function, i.e.,
orf5 and orf6, were found. The nucleotide sequence of the
1.4-kb region containing 186100, orf5, and orf6 was identical to
that seen downstream of the sull gene of the class 1 integron in
the chromosomal multidrug resistance locus of Salmonella en-
terica subsp. enterica serovar Typhimurivm (GenBank acces-
sion number AF261825). Sequencing analysis of pKGM525
carrying the second blagpy 2 gene on an 11.6-kb fragment was
also done, and the bla¢g 5 gene was also found in a class 1
integron structure with the same gene cassette configuration as
in pKGB525. The nucleotide sequence of the region from intl]
to IS26 was the same as that found in pKGB525 carrying a
6.7-kb BamHI fragment.

Construction of IBC-1 by site-directed mutagenesis. Only
one amino acid substitution, M62T, was found between the
sequences of GES-3 and IBC-1 (Fig. 1). Therefore, to examine
whether this amino acid substitution affects the MICs of B-
lactams for the E. coli clounes producing each enzyme, we
constructed plasmid pIBCI, which encodes the IBC-1 enzyme
under the same promoter as that for GES-3, by site-directed
mutagenesis of the blagp, ; gene within the parental plasmid,
pGES3. However, this single substitution did not markediy
influence the MICs for the E. coli clones (dara not shown).

PCR detection and genotypic comparisen. The remaining
five nonrepetitive ceftazidime-resistant K. pneumoniae strains,
strains KG914, KG1116, KG545, KG502, and KG827, were all
found to be blag, positive by PCR. The results of PFGE
analysis of all six isolates are shown in Fig. 3. Their fingerprint-
ing patterns were very similar but in some cases were distinct. -
We examiined the fingerprinting patterns from 48.5 to 194 kb in
detail under other conditions (data not shown). Overall, there
were from three to seven band differences among the six
strains examined. The ERIC-PCR patterns amplified with the
ERIC-2 primer were indistinguishable from one another (data
not shown). Taken together with the fact that these isolates
were collected over a 1-year period, we speculate that they
were genetically related and had probably spread via nosoco-
mial transmission of an endemic clone.

Plasmid profiles and Southern hybridization. The plasmid
profiles of the six bla;g-positive strains showed the presence
of a large plasmid of approximately similar size in five of the six
strains (Fig. 4A), while some of them possessed additional
plasmids which were smaller and more diverse in size. Hybrid-
ization analyses with the probe specific for the GES-type B-
lactamase genes, including bla, 54, revealed that the location
of this gene varied among the strains tested. Hybridization
signals for large plasmids were detected for strains KG914,
KG1116, and KG502 (Fig. 4B). Hybridization signals for both
plasmids and chromosomal positions were observed for
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TABLE 3. MICs of antimicrobial agents for the parental strain, fransconjugant, and transformant
MIC (pg/ml)
p-Lactam® K pneumonine E. coli CSH- - e E. coli XL1- E. coli XL1-
KGS525 2ApKGC25) E. coli CSH-2 Blue(pKGB525)° Blue(pBCSK+)

Ampicillin >128 >128 4 >128 4
Ampicillin + sulbactam >128 2 2 2 2
Amoxicillin >128 >128 8 >128 4
Amoxicillin + clavulanate >128 32 4 32 4
Piperacillin 128 16 1 16 i
Piperacillin + tazobactam 128 0.5 1 0.5 0.5
Cefotaxime 64 2 0.13 2 0.13
Cefotaxime + claviulanate 8 0.06 .06 0.06 0.06
Cefotaxime -+ sulbactam 32 0.06 .06 0.06 0.06
Cefotaxime -+ tazobactam 64 0.06 0.06 0.06 0.06
Ceftazidime >1,024 128 0.13 128 0.13
Ceftazidime + clavolanate 256 4 0.13 4 0.06
Ceftazidime + sulbactam >128 0.25 0.13 0.5 0.13
Ceftazidime + tazobactam >128 0.5 0.13 0.5 0.13
Cephaloridine >128 16 2 16 2

" Cefminox : 8 0.5 0.5 1 0.5
Moxalactam 4 0.25 0.13 0.5 0.13
Cefpirome >128 1 0.06 2 0.06
Cefepime 16 0.13 0.06 0.25 (.06
Aztreonam 64 4 0.06 4 0.06
Imipenem 025 0.5 0.25 0.13 0.13
Gentamicin 2 0.13 0.13 <(0.06 <0.06
Amikacin 64 2 0.25 4 0.25
Levofloxacin <0.06 0.13 0.13 <0.06 <0.06
Ciprofloxacin <0.06 <0.06 <0.06 <0.06 <0.06

“ Clavulunate, tazobactam, and sulbactam were used at 2 fied concentration of 4 wg/ml euch.
» pKGC525 is 4 resident plasmid found in K. pneumoniae strain KG525, and it curries the blagus.s gene.
¢ pKGB525 is a recombinant plasmid that carries a4 6.7-kb BamH1 insert that mediates the blacrg.a gene.

KG525. One of the hybridized plasmids from each of KG914,
KG1116, and K(G525 were similar in size. A single hybridiza-
tion signal corresponding to the chromosomal position was
detected for each of the strains KG545 and KG827 (Fig. 4C).

pIs of B-lactamases. The pl value of the purified GES-3
enzyme was determined to be 7.0 (Fig. 5A). IEF of crude
extracts from six GES-type B-lactamase-producing clinical
strains revealed two bands with pls of 7.6 and 7.0 (Fig. 5B).
The band with pI 7.0 was also detected in a GES-3-producing

E. coli transformant which harbored the blagrs. gene of K
pneumoniae strain KG525. The band with a pl of 7.6 corre-
sponds to the chromosomally encoded LEN-1 (1) or SHV-type
penicillinase of K. preumoniae.

DISCUSSION

Considerable differences in the levels of resistance to various
cephalosporins were observed among the E. coli clones pro-

truncated gacEAl

Intl1 blagrsa aacAl orfG orfA ‘. 1S26
pkGB525 —( )

Intd1 blaggs.1 aac(6')-Ib'  dfrXVb cmlA4 aadA2 gacEAl  sull
pTK-1 ‘_—“‘[[E i e :

il blagess ~ DIBOXAS  aac(3)-]
pLAP-1 [[E
(AF347074)
1826 aac(6')-Ib blac. orfS

pAK33 T

FIG. 2. Schematic comparison of the class 1 integron on pKGB525 with those on
and pAK33 (34). Filled circles indicate the positions of GTTRRRY (core site) or the 59-base elements

(GenBank accession number AF326355),

pTK1 (GenBank accession number AF156486), pLAP-1

around the gene cassettes. pKGMS525, which carries the 11.6-kb BamHI insert, was also sequenced; and the micleotide sequence from intlI to 1826

was the same as that found in pKGB525.
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FI1G. 3. PFGE analysis of K. preumoniae isolates. Lanes: 1 and &,
PFGE marker; 2, K prneumoniae KG914; 3, K. pneumoniac KG1116; 4,
K pneumoniae KG525; 5, K preumoniae KXG545; 6, K pneumoniae
KG502; 7. K prneumoniae XG827.

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. coli clone producing
GES-1 was 128 pg/ml (24), while that for an E. coli clone
producing GES-2 was 8 pg/ml (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 Southern hybridization analysis.
(A) Plasmid profiles of each strain prepared by the method of Kado
and Liu (16); (B) hybridization to large plasmids harbored by each
straing (C) hybridization to the chromosomal position of each strain.
The photograph of the resunlts 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 blaggg gene was suggested to be encoded by the
chromosome. In strain KG525, the blagrg gene was suggested to be
encoded by both the plasmid and the chromosome. Lanes: M, HindI11-
digested DNA marker; 1, K pneumoniae KG914; 2, K. pneumoniae
KG1116; 3, K preumoniae KG525; 4, K pneumoniae KG545; 5, K. pneu-
monige KG502; 6, K. pneumoniae KG827.
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substrate specificitics of these enzymes. On the other hand, the
MIC of ceftazidime for an E. coli clone producing IBC-1 was
>256 wg/ml (11). The only amino acid substitution observed
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. colf clone (MIC, >256
pg/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 substitu-
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-
spectrum enzyme activity.

In the present study, we also isolated a novel GES-type class
A enzyme, GES-3, from K preumoniae strains which caused
neonatal nosocomial infections in 2002 in Japan. Sequence
analysis of the genetic environments of the bla .y 4 genes on
pKGB525 carrying a 6.7-kb insert and pKGMS25 carrying a
11.6-kb insert revealed that the blagrg - genes were located as
gene cassettes in class 1 integrons, as observed in other GES-
type B-lactamase genes, including blg, g, (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 help of class
1 integrons possessing very siniilar 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 humans, 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 10 belong to the same genetic lineage that caused the
nosocomial spread. The minor differences in the fingerprinting
patterns obtained 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 bla; -4 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 g
genes might have spread within the NICU setting over the
1-year period and might have undergone genetic rearrange-
ments, including translocation and muitiplication of the bla
gene.

The presence of muitiple blagps 5 genes in strain KG525 is
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probably the result of these genetic rearrangements. Translo-
cation and multiplication of the blagys 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 re-
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 171 PR
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 nmulticopy 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-10 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 K. pneumoniae
strains in the present study. For instance, strains KG9%14,
KG1116, and KG525 were susceptible to cefmetazole (MIGs,
16 ug/ml), whereas strains KG545, KG502, and KG827 were
resistant to this agent (MICs, 2128 pg/ml). In particular, strain
KGS502 showed high-level resistance to other cephamycins,
such as cefoxitin (MIC, >128 pg/ml), cefminox (MIC, >128
pg/ml), and moxalactam (MIC, 128 pg/ml). An evolutionary
event similar to that observed in the TEM enzymes (3) might
have occurred in these K. preumonige strains to give them
further resistance to a broad range of antibiotics. The MIC of
imipenem for strain KG502 was 8 pg/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 blue. Lanes: M,
pI marker; GES-3, purified GES-3 enzyme. (B) IEF and staining with
nitrocefin. Lanes: 1, GES-3-producing E. coli transformant that har-
bors pKGB525 carrying blages.a; 2, K. pneumoniae XG914; 3, K. pneu-
monige KG1116: 4, K. pneumonine XG525; 5, K. pneumonige KG545;
6, K. pneumoniae XG502; 7, K. pneumoniae KG827. The bands of pl
7.63 (pl 7.6 in the text) are the chromosomally encoded LEN-1 or
SHV-1 B-lactamase of K. preumoniae, and the bands at pl 6.98 (pI 7.0
in the text) are GIIS-3. Several B-lactamases with activities at pls lower
than 7.0 were speculated to be partially unfolded GES-3 B-lactamase,
because these bands were also found in the IEF gels of an E. coli clone
harboring only the blagps., gene (data not 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.

ACKNOWLEDGMENTS

We are grateful to Leonidas S. Tzouvelekis, Laboratory of Bacteri-
ology, Hellenic Pasteur Institute, Athens, Greece, for kindly providing
E. cloacae HT9-producing IBC-1 and E. coli D5 containing pHTS-2
and to Komiko Kai for technical help.

This work was supported by grants F12-Shinko-19 and HI2-
Shinko-20 from the Mimistry of Health, Labor and Welfare of Japan.

REFERENCES

1. Arakawa, Y., M. Ohta, N. Kide, Y. Fujii, T. Komatsu, and N. Kato. 1986,
Close evolutionary relationship between the chromosomally encoded B-
lactamase gene of Klebsiclla pneumoniae and the TEM PB-lactamuse gene
mediated by R-plasmids. FEBS Lett. 207:69-74.

2. Avakaws, Y., N. Shibata, K. Shibayama, H. Kurokawa, T. Yagi, H. Fojiwara,
and M. Goto. 2000. Convenient test for screening metullo-B-lactamuse-
producing pram-negative bacteria by using thiol compounds, J. Clin. Micro-
biol. 38:40-43,

3. Bradford, P. A., C. E. Cherubin, V. Idemyor, B. A. Rasmussen, and K. Bush,
1994, Multiply resistant Klebsiclla pneumoniae strains from two Chicago
hospitals: identification of the extended-spectrum TEM-12 and TEM-10
ceftazidime-hydrolyzing B-lactamases in a single isolate. Antimicrob. Agents
Chemother. 38:761-766.

4. Bradford, P. A., C. Urban, N. Maviane, S. J. Projan, J. J. Rahal, and K.
Bush. 1997. Imipenei resistance in Klebsiella pneimoniae is associated with
the combination of ACT-1, a plasmid-mediated AmpC B-lactumase, and the
Joss of an outer membrane protein. Antimicrob. Agents Chemother. 41:563-
569.

5. Burwen, D. R., 8. N. Banerjee, R. P. Gaynes, et al. 1994. Ceftazidime
resistance among selected nosocomial gram-negative bacilli in the United
States. J. Infect. Dis. 170:1622-1625.

6. Bush, K., G. A. Jacoby, and A. A, Medeiros. 1995. A functional classification
scheme for P-lactamases and its correlation with molecnlar structure. Anti-
wicrob. Agents Chemother. 39:1211-1233.

7. Chaves, J., M. G. Ladona, C. Segura, A. Coiva, R. Reig, and C. Ampurdanes.
2001 SHV-1 B-lactamase is mainly a chromosoroally encoded species-spe-
cific enzyme in Klebsiella pneumoniae. Antimicrob. Agents Chemother. 45:
2856-2861.



VoL. 48, 2004

8.

1.

11.

12

13

14,

15,

16.

17.

18.

19.

23.

Doi, Y., N. Shibata, K. Shibayama, K. Kamachi, H. Kurekawa, K.
Yokeyama, T. Yagi, and Y, Avakawa. 2002, Churacterization of 4 novel
plasmid-mediated cephulosporinase (CMY-9) and its genetic environment in
an Escherichia coli clinical isolate. Antimicrob, Agents Chemother, 46:2427-
2434,

. Duarte, A., F. Boavida, I. Gresso, M. Correia, L. M. Lilo, J. M. Cristino, and

M. J. Salgade. 2003. Qutbreuak of GES-1 B-lactamase-producing multidrag-
resistant Klebsiella preumoniae in 1 university hospital in Lisbon, Portugal.
Antimicrob. Agents Chemother. 47:1481-1482,

Dubois, V., L. Poirel, C. Marie, C. Arpin, P. Nordmann, and C. Quentin,
2002. Molecular characterization of a novel class 1 integron containing
blagug., and a fused product of auc3-IbjaacG’-Ib' gene cassettes in Pseudo-
monas acriginosa. Antimicrob. Agents Chemother. 46:638-645,

Giakkoupi, P, L. 8. Trouvelelds, A. Tsakris, V. Loukova, D. Sofianou, and E.
Frelepi. 2000, 1BC-1, a novel integron-associated class A B-lactamage with
extended-spectrum properties produced by an Enterobacter cloacae clinical
strain. Antimicrob, Agents Chemother. 44:2247-2253,

Girlich, D., L. Poirel, A. Leelaporg, A, Karim, C. Tribuddharat, M. Fen-
newald, and P. Nordmaunn. 2001, Molecular epidemiology of the integron-
located VEB-1 extended-spectrum B-lactamase in nosocomial enterobacte-
rial isolates in Banpkok, Thailand. J. Clin, Microbiol. 39:175-182,
Gniadkowski, M., I. Schneider, A. Paluchs, R. Jungwirth, B. Mikiewicz, and
A. Bauernfeind. 1998, Cefotaxime-resistant Enterobacteriuceae isolates from
a hospital in Warsaw, Polund: identification of a new CTX-M-3 cefotaxime-
hydrolyzing B-lactamase that is closely related to the CTX-M-1/MEN-1
enzyme. Antimicrob, Agents Chemother, 42:827-832,

Hall, R. M., D. E. Brookes, and . W, Stokes. 1991. Site-specific insertion of
genes into integrons: role of the 59-buse element and determination of the
recombination cross-over point. Mol. Microbiol. 5:1941-1959.

Hall, R. M., and C. M. Collis. 1995, Site-specific insertion of genes into
integrons: role of 39-base element und determination of the recombination
crogs-over point. Mol. Microbiol. 15:593-600.

Kado, C. I, and 8. T. Liu. 1981. Rapid procedure for detection and isolation
of large and small plasmids. J. Bucteriol. 145:1365-1373.

Kartali, G., E. Tzelepi, 8. Ponrparas, C. Kentepoulon, F. Kontoes, D. Sofi-
anow, A. N. Mania(is, and A, Tsakris. 2002, Outbreak of infections cansed by
Enterobacter cloacae producing the integron-associated B-lactamase IBC-1 in
a neonatal intensive care unit of a Greek hospital. Antimicrob. Agents
Chemother. 46:1577--1580.

Matsumoto, Y., and M. Inoue. 1599. Characterization of SFO-1, a plasmid-
mediated inducible class A B-luctumase from Enterobacter cloacae. Antimi-
crob. Agents Chemother. 43:307-313,

Mavroidi, A., E. Tzelepi, A. Tsakris, V. Miriagon, D. Sofianon, and L. S.
Trouvelekis. 2001 An integron-associated P-lactamase (IBC-2) from
Pseudomonas aeruginosa is u variant of the exiended-spectrum B-lactamuse
IBC-1. J. Antimicrob. Chemother. 48:627-630.

. Naas, T, F. Benaoudia, 8. Massuard, and P. Nordmann. 2000. Integron-

located VEB-1 extended-spectrum B-lactamase gene in a Proteus mirabilis
clinical isolate from Vietnam. J. Antimicrob. Chemother. 46:703-711.

. National Committee for Clinical Laboratory Standards. 2003. Methods for

dilation antimicrobial susceptibility tests for bacteria that grow aerobically,
5th ed. Document M7-AS5, Natiooul Commitiee for Clinical Laboratory
Standards, Wayne, Pa.

. Paulsen, L T., T. G. Liitiejohn, P. Radstrom, L. Sundstrom, O. Skeld, G.

Swedberg, and R. A. Skurray. 1993. The 3’ conserved segment of integrons
contains a gene associated with multidrug resistance o antiseptics and dis-
infectants. Antimicrob. Agents Chemother. 37:761-~768.

Petit, A., D. L. Sirot, C. M. Chanal, J. L. Sirot, R. Labia, G. Gerbaud, and
R. A. Cluzel. 1988, Novel plasmid-mediated B-lactamase in clinical isolates of
Klebsiella pneumoniae more resistant to ceftazidime than 1o other broad-
spectrum cephalosporins. Antimicrob, Agents Chemother, 32:626-630.

. Poirel, L., §. Le Thomas, T. Naas, A. Kurim, and P. Nordmann. 2000.

Biochemical sequence analyses of GES-1, a novel class A extended-spectrum
B-lactamase, and the class 1 imtegron 1n52 from Klebsiella pneumoniae. An-
timicrob, Agents Chemother. 44:622-632.

. Poirel, L., T. Naas, M. Guibert, E. B. Chaibi, R. Labia, and P. Nordmann.

1999. Molecular and biochemical characterization of VEB-1, u novel class A

GES-TYPE B-LACTAMASE-PRODUCING K. PNEUMONIAE IN A NICU

26.

27

28.

29.

31

32,

33

38,

40.

41.

154

1967

extended-spectrum B-lactamase encoded by an Escherichia coli integron
gene. Antimicrob, Agents Chemother. 43:573--581.

Poirel, L., T. Naas, 1. Nicolas, L. Collet, S. Bellais, J. D. Cavallo, and P.
Nordmann. 2000. Characterization of VIM-2, a carbapenem-hydrolyzing
metfallo-B-luctumase and its plasmid- and integron-borne gene from a
Pseudomonas aeruginosa clinical isolate in France, Antimicrob. Agents Che-
mother. 44:891-897.

Poirvel, L., G. F. Weldhagen, C. De Champs, and P. Nordmann. 2002. A
nosocomial outbreak of Psendomonas aenuginosa isolates expressing the ex-
tended-spectrum P-lactamase GES-2 in South Africa. J. Antimicrob. Che-
mother, 49:561-365,

Poirel, L., G. F. Weldhagen, T. Naas, C. De Champs, M. G. Dove, and P.
Nordmann. 2001. GES-2, a class A B-lactamase from Pseudomonas aenugi-
nosa with increased hydrolysis of imipenem. Antimicrob. Agents Chemother,
45:2598-2603.

Rasheed, J. K, C. Jay, B. Metchock, F. Berkowitz, L. Weigel, J. Crellin, C.
Steward, B. Hill, A. A. Medeives, and F. C. Tenover. 1997. Evolution of
extended-spectrum B-lactum resistance (SHV-8) in a strain of Escherichia
coli during multiple episodes of bacteremia. Antimicrob. Agents Chemother.
41:647-633.

. Riccio, M. L., N. Franeeschini, L. Boschi, B. Caravelli, G. Cornaglia, R.

Fontana, G. Amicosante, and G. M. Rossolini. 2000. Characterization of the
metallo-B-lactamase determinant of Acinetobacter bawmannii AC-54/97 re-
veals the existence of blayy, allelic variants carried by gene cassettes of
different phylogeny. Antimicrob. Agents Chemother, 44:1229-1235.
Sabate, M., R. Tarrago, ¥. Mavarro, E. Miro, C. Verges, J. Barbe, and G.
Prats. 2000. Cloning and sequence of the gene encoding a novel cefotaxime-
hydrolyzing B-lactamase (CTX-M-9) from Escherichia coli in Spain. Antimi-
crob. Agents Chemother, 44:1970-1973.

Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular cloning: a
laboratory manual, 2nd ed. Cold Spring Hurbor Laboratory Press, Cold
Spring Harbor, N.Y.

Senda, K., Y. Arakawa, 8. Ichiyama, K. Nakashima, H. Ito, S. Ohsuka, K.
Shimokata, N. Kato, and M. Ohta. 1996, PCR detection of metallo-f-
luctamase gene (bleyy,p) in gram-negative rods resistant to broad-spectrum
B-luctams. 1. Clin. Microbiol. 34:2909-2913.

. 8hi, Z.Y., P. Y. Liy, Y. J. Lau, Y. H. Lin, and B. 8. Hu, 1996. Epidemiclogical

typing of isolates from an outbreak of infection with multidrug-resistant
Enterobacter clogcac by repetitive extragenic palizdromic unit bl-primed
PCR and pulsed-field gel electrophoresis. J. Clin. Microbiol. 34:2784-2790.

. Stauffer, G. V., M. D. Plamann, and L. T. Staufler. 1981, Construction and

expression of hybrid plasmids containing the Escherichia coli glyA genes.
Gene 14:63-72, :

. van der Zee, A, N. Steer, E. Thijssen, J. Nelson, A. vag’t Veen, and A

Buiting. 2003. Use of multienzyme multiplex PCR umplified fragment length
polymorphism typing in analysis of outbreaks of multiresistant Kiebsiella
preumoniae in 4n intensive care unit. J, Clin, Microbiol. 42:798-802.

. Yourli, 8., L. 8. Tzouvelekis, E. Tzelepi, K. Lebessi, N. J. Legakis, and V.

Miriagou. 2003. Characterization of Inl11, a class 1 integron that curries the
extended-spectrum B-lactamase gene blage.,. FEMS Microbiol, Lett. 225:
149-153.

Yagi, T., H. Kurokaws, K. Senda, 8. Ichiyama, H. Ito, S. Ohsuka, K.
Shibayama, K. Shimokata, N. Kato, M. Ohta, and Y. Arakawa. 1997. Nos-
ocomial spread of cephem-resistant Escherichia coli strains carrying nultiple
Toho-1-like B-lactumase genes. Antimicrob. Agents Chemother. 41:2606~
2611

. Yagi, T., H. Kurckawa, N. Shibata, K. Shibayama, and Y, Arakawa. 2000. A

preliminary survey of extended-spectrum B-lactamases (ESBLS) in clinical
isolates of Klebsiclla pneumoniae and Escherichia coli in Japan. FEMS. Mi-
crobiol. Letl. 184:53-56.

Ymn, J. J, W. C. Ko, Y. C. Jung, C. L. Chuang, and J. J. Wu. 2002,
Emergence of Kiebsiclla pnewumoniae isolates producing inducible DHA-1
B-lactamase in a university hospital in Taiwan. J. Clin. Microbiol. 40:3121~
3126.

Yan, J. J., W. C. Ko, 8. H. Tsai, H. M. Wu, X. T. Jin, and J. J. Wu. 2000.
Dissemination of CTX-M-3 and CMY-2 B-lactamases among clinical isolates
of Escherichia coli in southern Taiwan. J. Clin. Microbiol. 38:4320-4325.



ANTIMICROBIAL AGENTS AND CHEMOTHERAPY, June 2004, p. 2069-2074

0066-4804/04/$08.00+0 DOI: 10.1128/AAC.48.6.2069-2074.2004

Vol. 48, No. 6

Copyright © 2004, American Society for Microbiology. All Rights Reserved.

Genetic Environments of the rmtd Gene in Pseudomonas aeruginosa
Clinical Isolates
Kunikazu Yamane, Yohei Doi, Keiko Yokoyama, Tetsuya Yagi, Hiroshi Kurokawa,
Naohiro Shibata, Keigo Shibayama, Haru Kato, and Yoshichika Arakawa™

Departinent of Bacterial Pathogenesis and Infection Control, National Institute
of Infectious Diseases, Tokyo, Japan

Received 24 August 2003/Returned for modification 24 December 2003/Accepted 22 February 2004

Nine Psendomonas aeruginosa strains showing very high levels of resistance to various aminoglycosides have
been isolated from clinical specimens in seven separate Japanese hospitals in five prefectures since 1997. These
strains harbor the newly identified 16S rRNA methylase gene (rmtA). When an pmtd gene probe was hybridized -

with genomic DNAs of the nine strains digested with Kco

15.8-kb regions containing the rmtd genes of strains

pared. In strain AR-2, a transposase gene-like sequence
gene (orf4) were located upstream of rmiA, and a Na*/H*

RI, two distinct patterns were observed. The 11.1- and

AR-2 and AR-11, respectively, were sequenced and com-

(sequence 1) and a probable {RNA ribosyltransferase

antiporter gene-like sequence (sequence 2) was iden-

tified downstream of rmtd. This 6.2-kbp insert (the rmtd locus) was flanked by 262-bp wy elements. Part of the
orfQ gene adjacent to an inverted repeat was found outside of the rmed. locus. In strain AR-11, the rmtAd gene

and sequence 2 were found, but the 5
region was present on each side of the rmtd
55%, and since the newly identified rmed g
Tn5041, further dissemination of the rmtd gene cou

end of the orfd gene was truncated and replaced with I1S6.1 00. An orfQ-orfl
gene in strain AR-11. The G+C content of the rmiA gene was about
ene may well be mediated by some mobile genetic elements such as
Id become an actual clinical problem in-the near future.

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

these, production of AAC(6")-II and AAD(2")-1 is the most’
common mechanism for resistance to aminoglycosides in’

P. aeruginosa (1), although ribosomal mutations also play some
part in aminoglycoside resistance (20). Arbekacin, one of the
semisynthetic aminoglycosides belonging to the kanamycin group,
is very efficacious for treatment of infections caused by both
gram-positive and gram-negative bacteria, and since 1990 it has
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"Y/APH(2")] is able to inactivate arbekacin. How-
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Pathogenesis and Infection Control, National Institute of Infectious
Diseases, 4-7-1 Gakuen, Musashi-Murayama, Tokyo 208-0011, Japan.
Phone: §1-42-561-0771, 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
mitA, which encodes a new 168 rRNA methylase (29). Produc-
tion of 168 rRNA methylase had beer reported among amino-
glycoside-producing actinomycetes, including Micromonospord
spp. and Streptomyces spp., but this novel aminoglycoside re-
sistance mechanism had not been identified in clinical patho-
gens before, although a similar putative 165 rRNA methylase,
ArmA, was found quite recently in Klebsiella pneurnoniae in
Europe (11). In the present study, we investigated the genetic
environments of the rmmtd genes harbored by two different
P. aeruginosa strains isolated in separate Japanese hospitals.

(Some of the findings presented in this manuscript have
been reported at the 102nd General Meeting of the American
Society for Microbiology [abstr. A-28, 2002] by Y. Doi and at
its 1031d General Meeting [abstr. A-105, 2003] by K. Yamane.)

MATERIALS AND METHODS

Screening of 168 rRNA methylase producers. In October 2001, a total of 903
nonrepetitive clinical strains of P. aeruginosa were collected from 278 medical
institutions located in 22 prefectures across Jupan. Potential producers of rmntd
were first screened for a lack of susceptibility to gentamicin, amikacin, and
arbekacin (MICs, 2232 pg/ml). Our bacterial stock of 210 P. aeruginosa strains
isolated clinically since 1997 was also subjected to & screening test for the mtd
gene. Strains that formed colonies on aminoglycoside-containing Mueller-Hin-
ton agar plates were subjected to PCR unalyses to check whether or not they
harbored the rmitA gene, Primers used for amplification of the mitd gene were
RMTA-F (§-CTA GCG TCC ATC CTT TCC TC-3) and RMTAR (5-TTT
GCT TCC ATG CCC TTG CC-3), which amplify a 635-bp DNA fragment
within the mutd gene. Template DNAs used were prepared by boiling the buc-
terial suspension at 100°C for 10 min. Cycling parameters consisted of an initial
cycle at 94°C for 5 min; 30 cycles of 94°C for 30's, annealing at 60°C for 30 s, and
egtension at 74°C for 2 min; and 2 final 5-min incubsation at 74°C. Detection of
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TABLE 1. Bacterial strains and plasmids used in this study

Strain{s) or plasmid Characteristics f:fl:r (Ziger
Strains
P. aeruginosa AR-2, AR-3, AR-11, AR-15, AR-26,  Clinical isolates carrying the rmt4 gene This study
AR-101, AR-105, AR-112, and AR-118
E. coli X11-Blue SUpE44 recAl endAl gyrA96 thi hsdR17(ry~ my™) relAl lnc [F~ proAB*  Stratagene
lacl® ZAM15::TnI0(Tet™)]
Plasmids
pBCSK+ Cloning vector; chloramphenicol resistant Stratagene
pBCRMTH?2 Recombinant plasmid cartying a 6.8-kb HindIll fragment containing the  This study
rmtd gene of P. aeruginosa strain AR-2 :
pBCRMTE2 Recombinant plasmid carvying a 10.3-kb EcoRI fragment containing the  This study
rmtd gene of P. aeruginosa strain AR-2
pBCRMTE1 Recombinant plasmid carrying a 15.8-kb EcoRI fragment containing the  This study

rmtd gene of P. aeruginosa strain AR-11

AAC(6')/APH(2") was carried out as described by 1da et al. (13). Clinical isolates
und plasmids used in this study are listed in Table 1.

Antibiotics and susceptibilily testing. Antibiotics were obtained from the
following sources: amikacin, Bristol Pharmaceuticals K. XK., Tokyo, Japan; ar-
bekacin, kanamyein, and streptomycin, Meiji Seika Kauisha Ltd,, Tokyo, Japan;
chloramphenicol, Sankyo Co., Ltd,, Tokyo, Jupan; gentamicin and sisomicin,
Schering-Plongh K. K., Osuka, Japan; hygromycin B, Sigma-Aldrich Japan K. X.,
Tokyo, Japan; isepamicin, Asahi Kasei Corporation, Tokyo, Japan; neomycin,
Nippon Kayaku Co., Ltd., Tokyo, Japan; rifampin, Daiichi Pharmaceutical Co.,
Ltd., Tokyo, Japan; tobramycin, Shionogi Pharmaceutical Co., Ltd., Osaka, Ju-
pan. MICs were determined by the agar dilution method according to the
protocol recommended by the National Committee for Clinical Laboratory Stan-
dards in docnment M7-A5 (19).

PFGE unalysis. Spel (New England Biolubs, Beverly, Mass.)-digested genomic
DNAs of £. aeruginosa isolates were subjected to pulsed-field gel electrophoresis
(PFGE) analysis by using a CHEF-DRII system (Bio-Rad Luaboratories, Her-
cules, Calif.) under conditions described elsewhere (5). The pulses were in-
creased linearly from 4 to 8 s for 10 b, after which the phase was 8ta 50 s for 12 h
in this study. Banding patterns of the strains were compared visually; distinct
patterns were defined by more than three fragment differences, in accordance
with the criteria proposed by Tenover et al. (27).

Southern hybridization analysis of the rmtd gene. Total DNAs of all strains
were digested with EcoRI (New England Biolabs), electrophoresed through
1.0% agarose gels, transferred to nylon membranes (Bio-Rad Luboratories) by
the method of Sonthern (25), and then hybridized with digoxigenin-labeled A
gene fragments by use of the PCR DIG detection system (Roche Diagnostics,
Tokyo, Japan).

Cloning of the rmtd gene. Basic recombinant-DNA techniques were carried
out as described by Sambrook et al. (21). EcoRI und Hindlll (New England
Biolubs) were used for digestion of genomic DNA. The resultunt fragments were
ligaied into the plasmid vector pBCSK+ (Stratagene, La Jolla, Calif), and
electrocompetent Escherichia coli XL1-Blue (Stratugene) was transformed with
these recombinant plasmids. Transformants were selected on Luria-Bertuni agar
plates supplemented with 4 gy of urbekacin/ml and 30 pg of chloramphenicolfl.

DBNA sequencing. DNA sequences were determined as 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, Calif.).
The sequences of the-cloned fragments were determined with custom sequencing
primers. Nucleotide sequence alignment was performed with GENETYX-MAC
(version 10.1.1; Software Development Co., Ltd., Tokyo, Japan). The nucleotide
sequence was analyzed by the FASTA service of the DINA Data Bank of Japan
(DDBJ) homology search systen.

Nucleotide € accession s. The nucleotide sequence data deter-
mined in this study will appear in the DDBJ database under nucleotide 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%) were 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 {or rmitd by
PCR analysis. 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 rmmtd. AAC(6')/APH(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-10S. These nine rmid-positive strains have
been isolated from seven separate medical institutions 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 mmtd
gene are shown in Table 2. All the strains were highly resistant

TABLE 2. Results of antibiotic susceptibility testing

MIC (pgfml) for the following P. aeruginosa strain:

Aminoglycoside

AR-2 AR-3 AR-11 AR-15 AR-26 AR-101 AR-105 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
Tobramycin >1,024 >1,024 >1,024 >1,024 >1,024 >1,024 >1,024 >1,024 >1,024
Arbekacin >1,024 >1,024 >1,024 >1,024 >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. aeruginosa
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,
amikacin, 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 hygrontycin 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 rmtd gene were apparently different from
each other. This finding suggests not a clonal expansion of an
rmtd -carrying strain but plasmid-mediated transmission of the
rmiA 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 hybridization. DNA fragments digested with
BeoRI showed two hybridization patierns. The rmtd probe
hybridized with a 10.3-kbp EcoRI 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. Z).

Genetic environments harboring rmtd genes. A 6.8-kbp
HindIII fragment and a 10.3-kbp EcoRI fragment containing
the rmtA gene of AR-2 were cloned into the plasmid vector
pBCSK+. The 6.8- and 10.3-kbp fragments were inserted into
pBCRMTH2 and pBCRMTE2, respectively. The schematic
structure of the 11.1-kbp sequenced region cloned from strain
AR-2 is shown in Fig. 3. The rmtA gene was located within a
6.2-kbp genetic locus (the mntd locus) flanked by a 262-bp
sequence named the wy element that was previously found in
Tn5041 and predicted to be a relic of mobile genetic elements
(Fig. 3). The elements of the 6.2-kbp rmiA 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), rmtd,
and Na*/H* antiporter gene-like sequence (sequence 2) (Fig.
3). The 5 end of the HindHI fragment flanked merR of the mer
operon found in Tn5041. However, the 3' end of the EcoRlI
fragment was located within a 17-bp sequence which was com-
pletely identical to a part of the terminal inverted repeat of
Tnl721. This 17-bp sequence was within orfQ, located up-
stream. of orfl in Tn5041. The G+C content of the 6.2-kbp
ymtA locus was about 55%. The 15.8-kbp EcoRI fragment of
AR-11 containing the rmtd genc was also cloned into the
plasmid vector pBCSK+, and the resultant recombinant plas-
mid was designated pPBCRMTE11. In the 15.8-kbp EcoRI frag-
ment, a 5'-truncated orfA (orfd"), rmtd, and sequence 2 were
found between IS6100 and a xy element, and the sequence was
completely identical to that of the corresponding region of the
6.2-kbp rmtA locus cloned from strain AR:2. The orfQ and orfl
sequences of Tn504] were present both upstream of 1S6160
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 30S ribo-
some through methylation of its 168 TRNA at the aminogly-
coside-binding A site (10, 30). For example, Kgm, which was
isolated from Micromonospora purpurea (28), methylates G1405,
and Kam, which was isolated from Streptornyces tenjimariensis
(24), methylates A1408 (2). The 168 IRNA methylases had been
thought to exist among aminoglycoside-producing environ-
mental actinomycetes such as Micromonospora spp. o1 Strep-
tomyces spp (7). However, we recently reported a novel 168
rRNA methylase, RmtA, that was identified in a P. aeruginosa
clinical strain, AR-2 (29). This strain demonstrated an extraos-

FIG. 2. Southern hybridization patterns of EcoRl-digested geno-
mic DNAs. The number above each lane represents the AR strain
number 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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f || PBCRMTEZ | i

Tns504/
orfl orfQ » orf4’

rmtA

% common sequence region %

Tnio41

sequence 2 k¥ ’ orfQ orfl ~ R

H H lkbp g
1 PBCRMTEI11 'I -

FIG. 3. Comparison of the genetic organizations of AR-2 and AR-11. Double-headed striped arrows indicate the position of the rmt4 locus and
that of the region common to both sequenced areas. Inserts of pBCRMTH2, pBCRMTE?, and pBCRMTEI1! are indicated by horizontal lines.
Rectangles filled with wavy lines, sequences similar to part of Tn5041. Solid arrowheads in the 15.8-kbp BcoRI fragment, terminal inverted repeats.
mer, the mercury resistance operon, includes merR. Sequence 1, transposase gene-like sequence; sequence 2, Na¥/H* antiporter-like sequence;
orfA, probable tRNA ribosyltransferase gene; orfQ’, part of orfQ; orfd’, part of orf4; IR, probable inverted repeat. Restriction sites: H, HindIII;
E, EcoRI. Sequences 1 and 2 encode no complete proteins due to several frameshifts and deletions.

dinarily high level of aminoglycoside resistance to various 4,6-
disubstituted deoxystreptamines, including semisynthetic ar-
bekacin, as well as to gentamicin and kanamycin. In the present
study, we investigated the genctic environments mediating the
rmtA genes found in two different strains of P. aeruginosa. The
G+C content of the rmtd gene was 55%, and those of 165
rRNA methylase genes found in aminoglycoside-producing ac-
tinomycetes were 64 to 72%. These observations suggested
that the rmtA gene might have been acquired by P. aeruginosa
from some environmental bacteria such as aminoglycoside-
producing actinomycetes, although the arm4 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. ' :

Alithough the PFGE patterns of the nine RmtA-producing
strains in this study were highly divergent, Southern hybridiza-
tion showed only two hybridization patterns when genomic
DNAs were digested with EcoRIL This finding indicated that
the rmiA 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 rmtd was
mediated by some transferable plasmids in strain AR-2, but we
failed to visualize the plasmid either by the method of Kado
and Liu (14) or by cesium chloride-cthidium bromide density

gradient ultracentrifugation (21). This is possibly due to the
instability or the very low copy number of the plasmid which
mediates the rmt4 gene.

Tn5041 was previously identified in a strain of a Pseudomio-
nas species as a mercury resistance transposon (3, 16). Tn5041
carries a 4-kbp insert of unknown origin between orf(Q and the
mer operon, and several nonfunctional pseudogenes and pos-
sible mobile clements such as the wy clement locate in this
region. The 262-bp ky 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 additional genes encoding resistance to antimicro-
bial agents or heavy metals such as mercury between the ter-
minal inverted repeats. The 6.2-kbp rmtd locus found in this
study was flanked by an insertion clement-like wy element.
Moreover, the rmt4 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 pseudoalcaligenes (accession number
AF028594), but this sequence had no apparent initiation and
stop codons. Thus, the 6.2-kb rmid locus itself 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; although they seemed non-
functional. Multicopy expression of the intact transposase-like
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 rmtA
locus.

To examine whether strains other than AR-2 and AR-11
also carry part of the sequence found in Tn5041, Southern
hybridization analysis was performed using a Tn5041 -specific
DNA probe containing a sequence between the right-hand xy
element and the orfQ gene, which is conserved in both strains
AR-2 and AR-11. The DNA probes and the rntd 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 Tn504] in the dis-
semination of the rmitd gene among sirains of P. aeruginosa.

The 5’ end of the rmtd locus was replaced by IS6100 in strain
AR-11. IS6100 was originally discovered in Mycobacterium for-
tuitum (accession number X53635) (18) and was subsequently
found in several gram-negative and -positive bacteria (9, 26). It
has been reported that transposition of I86/00 stimulates ge-
netic rearrangement (12). Thus, it may be possible to speculate
that the region containing orfQ and orfl found upstream of
186100 might be duplicated during 156100-mediated recombi-
pation 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 strain AR-11 might be carried by a mich
longer mobile genetic element, since the arbekacin-resistant
profile of AR-11 was not transferred to another P. aeruginosa
strain by conjugation, and no apparent plasmid was detected in
this strain by the method of Kado and Liu (14). Additionally,
rmitA gene probes bybridized to the position of chromosomal
DNA (data not shown). These findings strongly suggested that
the rntd gene and its adjacent regions might be integrated into
the chromosomal DNA in strain AR-11. »

P. geruginosa strains harboring the rmid gene have already
been found in several separate clinical settings in Japan, and a
gene encoding the same kind of 165 rRNA methylase, called
armA, has also been identified in members of the family En-
terobucteriaceae, such as Citrobacter freundii (accession number
NC004464) and K. pneumoniae (11) (accession number
AY220558), in Europe. ArmA shares 29% identity with RmtA
at the amino acid sequence level. Moreover, a new plasmid-
mediated 165 rRNA methylase, RmtB, that shares 82% iden-
tity with RmtA at the amino acid sequence level, has also been
jdentified 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, various 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 preferentially used in many
clinical settings, although arbekacin-resistant strains which pro-
duce the bifunctional enzyme AAC(6')/APH(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 168
rRNA methylase would give gram-negative bacteria a great
advantage in coping with clinical environments where huge
amounts of semisynthetic aminoglycosides, including arbeka-
cin, are consumed. Hence, one should recall again that bacte-
ria 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,
identified in 4cinetobacter genospecies 3 strain A-

modest identity (ap to 36.7%) with some of the aminoglycoside 6
assays confirmed that the protein is
ferred resistance to amikacin, tobramycin, sisomicin, and isepamicin but not
among Acinetobacter clinical isolates in Japan was then investigated.

pressure liguid chromatography
acetyltransferase. The enzyme con
to gentamicin. The prevalence of this gene

Of 264 Acinetobacter sp. strains isolated from geographically
and aac(6)-Iod was detected in 7. Fiv
ified as Acinetobacter baumannii, and two were identified as Acinetobacter
hat aac(6')-Iad plays a substantial role in amikacin resistance among

susceptible to amikacin,
acetyltransferase type Iad were ident
genospecies 3, These results suggest t
Acinetobacter spp. in Japan.

aac(6')-Ind, encoding aminoglycoside 6'-N-acetyltransierase, was
51. The gene encoded a 144-amino-acid protein, which shared

-N-acetyltransferases. The results of high-
a functional amineglycoside 6'-N-

diverse areas in Japan in 2002, 16 were not
e of the producers of aminoglycoside 6'-N-

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). Outbreaks 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 resistance
to multiple classes of useful antimicrobial agents, including
broad-spectrum cephalosporins, fluoroquinolones, and amino-
glycosides (1).

Aminoglycosides are widely used to treat infections caused
by gram-negative bacilli, including Acinefobacter 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 A4cineto-
bacter sp. resistance {0 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 nucleotidyitransferases (ANT, or AAD),
and/or aminoglycoside phosphotransferases (APH). Produc-
tion of AAC(3)-1, APH(3')-VI, and ANT(3")-1 was reported to
be predominant by worldwide surveys on Acinetobacter spp.,
but there were considerable regional differences in their geno-
types (14, 15, 21). In Japan, although the prevalence of ami-

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

MATERIALS AND METHODS

Bacterial straing, plasmids, and media. In March 2002, 264 nonrepetitive
strains identified ne belonging to Acinetobacter spp. were collected from 88
hospitals Jocated in geographically diverse areas in Jupan. Among these, 16
strains (6.1%) that 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, Japun)
complemented by a carbon source utilization test and growth at 41 and 44°C (2).
Escherichia coli XL1-Blue was used as the host for cloning experiments with
vector pBCSK+ (Stratagene, La Jolla, Calif). E. coli BL21(DE3)pLysS was used
with vector pET29a(+) (Novagen, Madison, Wis.) for expression of suc(6')-lad.
The strains were grown in Luria-Bertani (LB) broth or medijum (Becion Dick-
inson Diagnostic Systems, Sparks, Md.) supplemented with appropriate antimi-
crobial agents, unless described otherwise.

Auntimicrobial agents and susceptibilify testing. Antimicrobial agents were
obtained from the following sources: amikacin, Bristol Pharmaceuticals K. K.,
Tokyo, Japam; arbekacin, kanamycin, rbostamycin, and streptomycin, Melji
Seika Kauisha Ltd., Tokyo, Japan; chloramphenicol, Sankyo Co., Ltd., Tokyo,
Japan; gentamicin and sisomicin, Schering-Plough K. K., Osuka, Japan; isepa-
micin, Asahi Kasei Corporation, Tokyo, Jupan; neomycin, Nippon Kayaku Co.,
Lid., Tokyo, Jupan; rifampin, Daiichi Phurmaceutical Co., Lid., Tokyo, Jupan;
tobramycin, Shionogi Pharmaceutical Co., Osaka, Jupan.

MICs were determined by the agar dilation method with Mueller-Hinton agar
(Becton Dickinson Diagnostic Systems) according to the protocol recommended
by the National Committee for Clinical Laboratory Standards (16).

Transfer of aminoglycoside resistance genes. Conjugation experiments were
conducted by using rifampin-resistant £. cofi CSH2 and Acinetabacter calcoace-
ficus DU,  rifampin-resistant derivative of A. ealconceticus ATCC 33303, as the
recipients by the broth mating method (7). Transconjugants were selected on LB
agar supplemented with rifampin (50 wg/ml) und kanamyein (10 pg/ml).

Cloning and seq ing of the glycoside resistance gene. The genomic
DNA of Acinerobacter genospecies 3 strain A-51 was partially digested with
Sau3AL and the resuliant fragments were ligated to the Bam}i-cleaved cloning
site of plasmid vector pBCSK+ (Stratagene). Electrocompetent E. coli XL1-
Blue was fransformed with these recombinant plasmids carrying total-DNA
restriction fragments of various sizes prepared from the aminoglycoside-resistant
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TABLE 1. Susceptibilities of Acinetobacter spp. and E. coli strains with aac(6')-Ind to various aminoglycosides

MIC (ug/ml) of the following aminoglycoside®:

Strain Hospital ~Specimen
KAN TOB AMK  ABK GEN 180 18P NEO  STR

Acinetobucter genoniic species 3, A Sputum  >1,024  >1,024 1,024 1,024 >1,024 >1,024 >1,024 64 >1,024

strain A-51
A, baumannii A-67 B Urine >1,024 64 128 32 8 1,024 256 8 . 256
A. bawmannii A-74 B Pus >1,024 512 128 32 8 512 256 8 256
A. baumannii A-87 C Sputun 512 128 32 16 4 256 256 4 256
A. baumannii A-88 C Sputunt 256 64 128 32 4 128 128 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-Blue(pA51S3) 256 64 128 16 1 64 64 4 4
E. eoli XL1-Blue(pA518GS5) 512 32 1 0.13 32 32 013 025 2
E. coli XL1-Blue(pBCSK+) 0.5 0.25 0.5 0.13 0.13 0.13 0.25 025 1

“ KAN, kanamycin; TOB, tobramycin; AMK, amikacin; ABK, arbekacin; GEN, gentamicin; SISO, sisomicin; ISP, isepamicin; NEO, neomycin; STR, streptomyein,

strain. Transformunts were selected by their resistance to chloramphenicol (30
pg/ml) and kanamycin (25 wg/ml). The enzymes used for gene manipulation
were purchased from New England Biolabs, Inc. (Beverly, Muss.}, or TAKARA
Bio, Inc. (Ohtsu, Japan). The DNA sequences were determined on hoth strands
by using BigDye Terminator Cycle Sequencing Ready Reaction kits and an ABI
3100 DNA sequence analyzer {(Applied Biosystems, Foster City, Calif.). Align-
ments of nucleotide and amino acid sequences were performed with the GENE-
TYX-MAC computer program (version 10.1.1; Sofiware Development Co., Ltd.,,
Tokyo, Jupun).

Purilication of the acetyliransferase. For use in N-terminal sequencing and
high-pressure liquid chromatography (HPLC) assays, AAC(6")-1ad was purified
by using a histidine tap purification system. The entire coding region of azc(6")-
lad and its upstream sequence were amplified by PCR with primers AAC-F
(5'-GCT CTA GAA GAC TGA CTT CGC ATT G-3°) and AAC-R (5"-CCC
AAG CTT GAG CTG CTT TGT AAA AC-3'). The product was double di-
gested with Xbal and HindIll and then ligated with pET29a(+) (Novagen)
digested with the same enzymes. Electrocompetent £. coli XL1-Blue was trans-
formed with the recombinant plasmids, and transformants were selected on LB
agar containing kanamycin (25 ug/ml). Several of the colonies oblained were
foand to barbor plasmids with inserts encoding AAC(6")-lad tagged with six
histidine residues at the C-terminal end. E. coli BL21(DE3)pLysS (Novagen) was
transformed with one such plasmid, pASiH7. The transformants were cultured
in 1 liter of LB broth supplemented with kanamycin (25 pg/ml) to un Agy, of
approximately 0.7. The pellet was washed once with 50 mM phosphate buffer
(pH 7.0) and 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., Ltd., Tokyo, Jupan) at 120 MPa and then centrifuged at
30,000 X g for 30 min, Histidine-tagged AAC(6")-lad contained in the snperna-
tant was purified by using HiTrap Chelating HP, included in the HisTrap kit
(Amersham Biosciences, K. K., Tokyo, Japan), according to the manufacturer's
instructions. 1t was eluted at an imidazole concentration of 300 mM and was
estintated to be miore than 95% pure by sodium dodecyl sulfate-polyacrylamide
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 Corporation (Kyoto, Japan).

Preparation of crude extracts. As positive controls for acetylation reactions
and HPLC assays, the following strains were used: AAC(2')-producing Strepto-
myees lividans TK2YpANT12-1', AAC(3)-producing S. hvidans TK21/pANT3-1,
and AAC(6")-producing 8. lividuns TK21/pANTS-2 (8). They were cultured in
100 ml of TS medium containing 10 pg of ribostamycin/ml and 10 pg of thio-
strepton/ml (Sigma-Aldrich Japan K. K., Tokyo, Japan) for 48 h. The cells were
then harvested, washed once with 50 mM phosphate buffer {pH 7.0), and sus-
pended in the same buffer. The suspension was passed twice through a French
pressure cell {Ohtake Works) at 120 MPa and then centrifuged at 30,000 X g for
30 min. The supernatani was used as the crude enzyme.

Acetylation. Reuction mixtures for acetylation contained 25 pmol of Tris-
hydrochloride buffer (pH 7.6), 7.5 mmol of MgCl,, 200 nmol of acetyl coenzyme
A (acetyl-CoA), und 50 pmol of either tobramyein or neomyein in a final volume
of 500 ul. Acetylation was initiated by adding 50 jl of the enzyme and was
carried out at 37°C for 30 min. ortho-Phthalaldehyde derivatization was then
performed by adding equal volumes of 2-propunol and the derivatization reagent
to the reaction mixture and heating at 60°C for 10 min. The derivatization

reagent consisted of 80 mM o-phthalaldehyde, 1 M boric acid, and 250 mM
thioglycolic acid 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 al. (12).
The systen consisted of a Separations module 2690 (Waters Corporation, Mil-
ford, Mass.}, a Dual X absorbance detector set at 330 nM (Waters), and a Chem-
cobond 5-ODS-H column (4.6 by 100 mm; Chemco Scientific Co., Ltd., Osuka,
Japan). The mobile phase consisted of methanol-water-acetic acid (61.25:33.75:5)
phus 5 g of 1-heptanesulfonic acid sodium sult per liter at a flow rate of 2 ml/min,

PCR amplification. PCR analysis was performed for the 16 non-amikacin-
susceptible Acinetobacter strains with primers ABA-F (3*-TTT GGC TAT GAT
CCT ATG-2") and ABA-R (5'-CAT GTC GAA CAA GTA CGC-3") to amplify
an internal fragment of the aac(6')-lad gene. The conditions used have been
described previously (7). When amplicons were obtained, they were directly
sequenced with the same primers.

tide e nceessi

ber. The mucleotide sequence of aac(6')-
Jad will appear in GenBank under accession no, AB119105.

RESULTS

Prevalence and resistance profile of Acinetobacter sirains
with anc(6')-fad. 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')-lnd. The MICs of aminoglycosides for
Acinetobacter strains possessing aac{6')-Jad are shown in Table
1. All the strains studied were resistant to kanamycin, amika-
cin, tobramycin, sisomicin, isepamicin, and streptomycin. In
addition, strain A-51 was resistant (o all of the aminoglycosides
tested, including arbekacin, gentamicin, and neomyein.

Molecular characterization of aminoglycoside resistance
genes. Several transformants were obtained by selection with
kanamycin and chloramphenicol. When these colonies were
inoculated onto plates containing either amikacin (5 pg/ml) or
gentamicin (5 pg/ml), they grew only on one or the other plate.
The colonies 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 (pA51S3 from an amika-
cin-resistant colony and pA51SGS5 from a gentamicin-resistant
colony) were selected out for further study. The MICs of ami-
noglycosides for E. coli XL1-Blue(pA5153) and XL1-Blue
(pAS1SGS) are listed in Table 1. pA5183 conferred resistance
to kanamycin, amikacin, tobramycin, sisomicin, and isepami-
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AAC(6') ~1ad
AAC(6')-Ic
AAC(6')-Id
ARC(6')-If
AAC(6') -1Ig
AAC(6')-Ih
BAC(6')-Ij
AAC(6') -Ik
AAC(6')-1Il
AAC(6')-Ir
AAC(6') -Is
AAC(6') -1t
AAC(6')~Iu
AAC(6")-Iv
AAC(6') ~1Iw
AAC(6') ~IX
AAC(6') -1y
AAC(6') -1z

AAC(6')-Iad
AAC(6')-Ic
AAC(6')-1Id
AAC(6')-If
AAC(6')-Ig
AAC(6')-Ih
AAC(6')-1I]
AAC(6')-Ik
BAC(6')-I1
AAC(6')-Ir
AAC(6')~Is
AAC(6') =TIt
AAC(6') -In
AAC(6') -Iv
AAC(6')~-Iw
AAC(6')-Ix
AAC(6')-TIy
AAC(6')-Iz

AAC(6') -Iad
AAC(6')-Ic
AAC(6') -Id
AAC(6')-If
AAC(6') -Ig
AAC{6')-Ih
ARC(6')~1Ij
AAC({6') -Ik
AAC(6')-I1
AAC{6")-Ir
AAC(6') -1Is
AAC(6') -1t
AAC(6') ~Iu
AAC(6') -Iv
AAC(6')-1Iw
AAC(6')-Ix
AAC(6') -1y
BAC(6') -1z .

aac(6')-Ind OF ACINETOBACTER SPP.

MIRKATVQDPPLLARLAMNVWKESSLKELVAEFEQMTKSND—--AVAFILFIED 51
MIVICDHDNLDAWLALRTALWPSGSPEDHRAEMREILASPH-—-HTAFMARGLD 51
MIEACHSVECPGWLQLRFLLWPQDSADEHLAEMAIFVAEPNR--FAQFIAYDEA 52
MDEASLSMWVGLRSQLWPDHSYEDHILDSQHILSCPDK—-YVSFLAINNQ 48
MNIKPASEASLKDWLELRNKLWS—DSEASHLQEMHQLLAEKY—-—ALQLLAYSD- 50
MNIMPISESQLSDWLALRCLLWP—DHEDVHLQEMRQLITQAH—--RLQLLAYTDT 51
MNIMPVSESLMADWLGLRKLLWP—DHDEAHLQEMQRLLQQTQ-——SLQLLAYSDT 51
MNIKPASEASLKDWLKLRIKLWN-DLEESHLQEMHQLLAEKH---ALQLLVYSD— 50
MDSSPLVRPVETTDSASWLSMRCELWPDGTCQEHQSEIAEFLSGKVARPAAVLIAVAPD 59
MKIMPVSEPFLADWLQLRILLWP-DHEDAHLLEMRQLLEQPH--—TLQLLSYNDQ 51
MNIMPISESQLSDWLALRSLLWP—DHEDAHLLEMRHVLKQTD---TLQLLVYSET 51
MHIMPITESQLSDWLVLRCLLWP—DHEDADLQEMRQLITQAH———CLQLLAYTNT 51
MNILPISESQLSDWLALRSLLWP-DHEEAHLQEMRQLLKQTD---TLQLLAYSET 51
MKIMPISESQLSDWLVLRCLLWP—DHEEQHLQEMRQLITQAH--—CLQLLAYTDT 51
MKIMPISEALLADWLQLRILLWP-DHEDAHLLEMRQLLTRTD---SLQLLAYSET 51
MNIMPISESQLSDWLALRSLLWP-DHDDAHLLEMHQLLKQTD---TLQLLAYTDS 51
MDIRQMNKTHLEHWRGLRKQLWPGHPDDAHLADGEEILQA—DH--LASFIAMADG 52
MIASAPTIRQATPADAAAWAQLRLGLWP—-DADDPLEELTQSLADAE-—-GAVFLACAAD 55
%k . . .

—QAVGFAQCQLRHDYVEGTNTSPVGYLEGIFVEKEFRHRGYASELLLKCEDWVKTKGCLQ 110
GAFVAFAEVALRYDYVNGCESSPVAFLEGIYTAERARRQGWAARLIAQVQEWAKQQGCSE 111
NKPLGFVEAALRSDYVNGTNSSPVAFLEGVYVLPEARRRGIAHALVGAVEIWARNRACTE 111
SQAIAFADAAVRHDYVNGCESSPVVYLEGIFVIPEQRGHGVAKLLVAAVQDWGVAKGCTE 108
HQAIAMLEASIRFEYVNGTETSPVGFLEGIYVLPAHRRSGVATMLIRQAEVWAKQFSCTE 110
QQAIAMLEASIRYEYVNGTQTSPVAFLEGIFVLPEYRRSGIATGLVQQVEIWAKQFACTE 111
QQAIAMLEASIRYEYVNGTQTSPVAFLEGIYVLPDYRRSGIATHLVQQVEAWAKPFGCIE 111
DHAVGMLEASIRYEYVNGTETSPVAFLEGIYVLPEYRRLGVATLLVRQVEAWAKQFSCTE 110
GEALGFAELSIR—PYAEECYSGNVAFLEGWYVVPSARRQGVGVALVKAAEHWARGRGCTE 118
QQAVAMLEASIRYEYVNGQQSSPVAFLEGIYVLPEYRRLGVASTLVQQVEHWAKQFACTE 111
QLAIAMLEASIRHEYVNGTQTSPVAFLEGIYVLPEYRRSGIATQLVQCVEEWAKQFACTE 111
QKAIGMLEASIRYEYVNGTQTSPVAFLEGIYVLPEYRRSGIATGLVQHVEIWAKQFACTE 111
QHAIAMLEASIRHEYVNGTQTSPVAFLEGIYVLPEYRRSGIATQLVQCVEEWAKQFACTE 111
QQAIAMLEASIRYEYVNGTQTSPVAFLEGIYVLPEYRRSGIATGLVQHVEIWAKQFSCTE 111
QQPIAMLEASIRHEYVNGTQTSPVAFLEGIYVLPEHRRSGIATQLVQQVEQWAKQYACTE 111
QQAVAMLEASIRHEYVNGTQTSPVAFLEGIYILPEYRRSGIATQLVQYVEEWAKQFACTE 111
-VAIGFADASIRHDYVNGCDSSPVVFLEGIFVLPSFRQRGVAKQLIAAVQRWGTNKGCRE 111
GETVGFAEVRLRHDYVNGTESSPVGFLEGWYVQPQWQGSGVGRALLAAVQAWTRDAGCRE' 115

[ ik gy PP H * . * 1 HE S
PASDCELDNIDSLAFHLKVGFTEANRMICFTKQL 144
LASDTDIANLDSQRLHAALGFAETERVVFYRKILG 146
FASDASTDNPESHRFHQSLGFKETERVVYFRKMLAPE 149
MASDAALDNHISYQMHQALGFEETERVVFFRKRIAG 144
FASDAALDNVISHAMHRSLGFQETEKVVYFSKKID 145
FASDAALDNQISHAMHQALGFHETERVVYFKKNIG 146
FASDAALDNRI SHAMHQALGFHETERVVYFKKHIG 146
FASDAALDNVISHAMHRALGFQETERVVYFSKKID 145
PASDTQLTNSASTSAHLAAGFTEVAQVRCFRKPL 152
FASDAALDNTISHAMHRALGFQETECVVYFKKNIS 146
PASDAALENTISHAMHRALGFHETERVVYFKKNIG 146
FASDATLDNQI SHAMHRALGFHETERVVYFKKNIG 146
FASDAALDNTISHAMHRALGFHETERVVYFKKNIS 146
FASDAALDNQITHAMHQALGFQETERVVYFKKNIG 146
FASDAAIDNTISHAMHQALGFHETERVVYFKKNIS 146
FASDAAIDNTISHAMHRALGFHETERVVYFKKNIG 146
MASDTSPENTISQKVHQALGFEETERVIFYRKRC 145
153

LASDSRVEDVQAHAAHRACGFEETERVVYFRMPLEPSA
Pk E s : * LR :
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FIG. 1. Alignment of the deduced amino acid sequences of AAC(6")-Iad and other aminoglycoside acetyltransferases, including AAC(6')-lc

(GenBank accession no. M94066),

(L29045),

AAC(6')-Tk (L29510), AAC(6")-1I (254241, U

AAC(6')-In (AF031329), AAC(6")-Iv (AF031330), AAC(6

(AF140221). Asterisks indicate identical

AAC(6)-Id (X12618), AAC(6')-IE (X55353), AAC(6')-Ig (LO9246), AAC(6')-Th (L29044), AAC(G')-lj

13880), AAC(6')-Ir (AF031326), AAC(6')-Is (AF031327), AAC(6')-It (AF031328),
"-Iw (AF031331), AAC(6")-Ix (AF031332), AAC(6")-Iy (AF144880), and AAC(6')-1z

amino acids. Conservative amino acid substitutions are indicated by dots.
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aacO'-Iw
v aac6'-Ix
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aac6'-It

aac6'-Ih
aac6'-Ij

aac6-Ir

aac6'-Tk

aac6'-Ig

aac6'-ly

aac6'-If
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aac6'-Ic

aac6'-Iz

FIG. 2. Dendrogram for aminoglycoside 6'-N-acetyltransferases belonging to the subfamily represented by AAC(6')-Ie. The dendrogram was
calculated by the ClustalW computer program, available on the National Instituie of Genetics website (http:/Awww.ddbj.nig.ac.jp/E-mail/clustalw-¢
-html), and illustrated with the TreeViewPPC computer program (version 1.6.5 for Macintosh). Branch lengths correspond to the mumbers of

anino acid exchanges.

cin, while pA51SG35 conferred resistance to kanamycin, genta-
micin, tcbramycin, and sisomicin. Neither plasmid conferred
resistance to streptomycin or neomycin.

pAS51S83 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 a G+C con-
tent of 36.1%. The deduced amino acid sequence displayed the
highest identity with that of AAC(6')-Iy (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 motifs 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")-
Iad. The deduced amino acid sequence of AAC(6")-Iad 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 pAS51SGS5 contained an aminoglycoside
(2") adenylyltransferase gene, ant(2")-la (4).

Identification of site of modification. 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 only with those of
positive controls for AAC(6"), confirming that AAC(6")-Tad is a
functional acetyltransferase and modifies position 6’ of aminogly-
cosides.

Transfer of aminoglycoside resistance. The amikacin resis-
tance determinant of 4. baumannii A-67 and A-74 could be
transferred to the recipient 4. calcoaceticus DU by conjuga-
tion at a frequency of approximately 5 X 10™%to 1 X 1072 and
was confirmed by PCR to be aac(6')-lad. It was not transferred
to E. coli CSH2. For the rest of the strains, amikacin resistance
was not transferable to A, calcoaceticus DUL or E. coli CSH2.
The DNA probes for detection of aac(6')-Iad hybridized with
the large plasmids (>50 kb) harbored by all seven strains (data
not shown). '

DISCUSSION

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

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

Retention time {min} of uminoglycoside
modification product

Aminoglycoside

acetyltransferase Tobramycin Neomycin
With Without With Without
acetyl-CoA  acetyl-CoA  acetyl-CoA  acetyl-CoA
AAC(6")-1ad 33 17.0 4.9 11.8
Positive controls
AAC(6") 33 16.9 4.9 11.8
AAC(2') 113 16.9 10.5 11.9
AAC(3) 4.4 16.9 6.7 11.9

164



VoL. 48, 2004

the most prevalent plasmid-mediated aac(6')-] genes amongA4.
baumanni strains (18), while other genes have been associated
with specific species. aac(6")-Ig is specific to Acinetobacter hae-
molyticus (10), whereas aac(6')-Ij and aac(6")-Ik arc specific to
Acinetobacter genospecies 13 and 6, respectively (9, 19).
aac(6')-Ir, aac(6")-Is, aac(6')-It, aac(6')-Iu, aac(6')-Iv, aac(6')-
Iw, and aac(6')-Fx have also been described for various Acin-
etobacter species (20). However, aac(6')-lad 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. baumannii 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")-I (22).
Preliminary sequencing results suggest that aac{6')-lad 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-
jugation in some of the producers of the enzyme, it is likely that
aac(6')-lad is carried by a plasmid.

Three subgroups have been identified among aminoglyco-
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
(36.19%) of aac(6")-lad for Acinetobacter specics, 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 aac(6')-lad was dissemninated 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 strains) 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')-Iad genes could contribute to further
acquisition of a multidrug-resistant phenotype among Acineto-
bacter spp. in Japan, thus limiting the treatment options in
clinical settings in the near future.
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Escherichin 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 anpC in the
clone, the typical inhibitor-resistant phenotype of AmpC was restored, while at the same time ihe levels of
resistance to ceftazidime, cefpirome, and cefepime were reduced eightfold or more. Molecular modeling studies

indicated that a structural change took place in the H-10 helix as a result of the deletion,
substrate binding site, leading to a anique phenotype analogous to that of

cansed an alteration of the

inhibitor-sensitive class A extended-spectrum B-lactamases. The
tam and tazobactam than with clavalanic acid. To our knowledge,

and this change

degree of inhibition was greater with sulbac-
this is the first report to have characterized

an E. coli ampC that encodes chromosomal AmpC [-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 P-lactamases (3, 17). One approach to
overcoming the probiem has been the development of B-lac-
tams resistant to the hydrolytic activities of these enzymes. The
other has been the development of B-lactamase inhibitors,
which protect B-lactams from hydrolysis by B-lactamases when
the inhibitors are used in combination with B-factams (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 B-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 AmpC B-lactamase
that had an inhibitor-sensitive and extended-spectrum activity
profile similar to those of class A extended-spectrum B-lacta-
mases (ESBLs). However, the results of PCR experiments with
representative TEM- and SHV-derived ESBLs and CTX-M-
type B-lactamases were negative. In the present study we con-

* Corresponding author. Mailing address: Department of Bacterial
Pathogenesis and Infection Control, National Instituie of Infections
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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ducted genetic, biochemical, and molecular modeling analyses
of this unique AmpC B-lactamase variant.

MATERIALS AND METHODS

Dacierial strains, plasmids, and media. E. coli HK Y28 was isolated from a
culture of urine from an inpatient in Japan in 1994. E. coli XL.1-Rlue (Stratagene,
La Jolla, Calif.) was used as the recipient strain for plusmids. E. coli BMH71-
18mutS and E. coli MV1184 (Takara Bio lnc., Ohtsu, Jupan) were used 45 the
hosts in a site-directed mmtagenesis experiment. Plasmid vectors pBCKS+
(Stratagene) and pKF18k (Takara Bio) were used for the cloning and site-
directed mutagenesis experiments, respectively. For enzyme purification, ampC-
deficient £. coli CS14-2 (7) was used as the host to avoid background AmpC
production. Bacteria were grown in Luria-Bertani (LB) broth supplemented with
the appropriate antibiotics, unless specified otherwise.

Antibiotics and susceptibility testing. The following B-lactum antibiotics and
B-lactamase inhibitors were obtained from the indicated sources: aztreonam,
Eizai Co., Ltd., Tokyo, Japan; ampicillin, amoxicillin, and cefminox, Meiji Seika
Kuaisha, Ltd,, Tokyo, Jupan; cefepime, Bristol Pharmacenticals K. K., Tokyo,
Jupun; cefmetazole und chioramphenicol, Sankyo Co., Ltd., Tokyo, Jupan; cefo-
taxime and cefpirome, Aventis Pharma, Ltd,, Tokyo, Japan; cefoxitin and imi-
penem, Banyu Phurmaceutica) Co., Lid,, Tokyo, Japan; ceftuazidime and clavu-
lanic acid, GlaxoSmithKline XK. K., Tokyo, Jupan; cephuloridine apd moxalactsm,
Shivnogi & Co,, Ltd,, Osaks, Jupan; sulbactam, Pfizer Pharmuceuticals Inc.,
Tokyo, Japan; and tazobactam, Taiho Pharmaceutical Co., Ltd., Tokyo, Japan.

MICs were determined by the agar dilution method by the protocol recon-
mended by the Natiopal Committee for Clinical Laboratory Standards (18).

PCR amplification. To amplify broad-spectrum p-lactamase penes from
HKY?28, PCR analysis was performed with sets of primers for various B-lacta-
mases, including TEM- and SHYV-derived ESBLs as well as CIX-M-1-, CTX-
M-2-, and CTX-M-9-iype B-lactamases, us described previously (27).

Transfer of cefiazidime resistance. Conjugation experiments were conducted
with £, coli CSH2 as the recipient by brath mating and filtex mating methods (7).
Trunsconjugants were selected on LB agar supplemented with rifampin (50
pg/ml), nalidixic acid (50 pg/mi), and ceftuzidime (4 pg/ml).

Clouing and sequencing of P-lactamase gene. The basic recombinant DNA
manipulations were carried out as described by Sambrook et al (24). The



VoL. 48, 2004

genomic DNA of HK'Y28 wus prepared and digested with EcoR1. The resultant
fragments were ligated with plasmid vector pBCKS+, and electrocompetent E.
coli XL.1-Blue was transformed with these recombinant plasmids. Transformants
were selected for resistance to chloramphenicol (30 pg/ml) and ceftazidime (4
pg/ml). For determination of the MICs und use of the transformanis for site-
directed mutagenesis, the ampC gene of HKY28 was umplified with oligooucle-
otide primers empC-U (5'-CGG AAT TCG GTT TTC TAC GGT CTG GC-3")
and ampC-L (5'-CGG GAT CCG ATG ACA GCA AGG AAA AG-3"), which
contained EcoRl and BamH1 cleavage sites (indicated in boldface), respectively,
at their 5’ ends, by using Pyrobest DNA polymerase (Takara Bio). The EcoRI-
BamH! frugment containing the ampC gene of £. coli HKY?28 was ligated with
pBCKS+ to yield pBE28W, which was then used to trunsform £. coli XL.1-Blue
and E. coli C814-2. The coding sequences of the cloned fragments were deter-
mined by vsing custom sequencing primers us well as a BigDye Terminator Cycle
Sequencing Ready Reaction kits and an ABI 3100 DNA sequencer (Applied
Biosystems, Foster City, Calif.). The enzymes used for gene manipulations were
purchased from Nippon Gene Co. Lid. (Tokyo, Jupan) or New England Biolabs,
ine. (Beverly, Mass.).

Reversion of AmpC deletion. Site-directed mulagenesis was performed to
revert the 9-nucleotide deletion in the cloned ampC gene of E. coli HKY28
corresponding to a tripeptide deletion at positions 286 to 288 in AmpC. The
reagents and strains contained in the Mutan-Express Km mutagenesis kit
(Takars Bio) were used uccording to the procedures based on the oligonucle-
otide-directed dual Amber method (9) provided by the manufacturer. The fol-
lowing mutagenic primer containing the 9-nucleotide insertion (in boldface) was
used: 5'-CCA GTG CAATTT TAT TGT CACTGC CGT TAA TGA TGA TGT
CAG G-3'. After mutagenesis, the EcoRI-BamH!I fragment containing the re-
vertant ampC was ligated with pBCKS+ to yield pBE28R, which was then used
to transform £. coli X1.1-Blue and E. coli C514-2,

inzyme purification. £, coli C514-2 harboring pBE28W or pBE28R was cul-
tured overnight in 2 liters of LB broth supplemented with 30 pg of chioram-
phenicol per ml. Cells were harvested by centrifugation snd washed with and
then suspended in 3 ml of 50 mM 3-(N-morpholino)propanesnlfonic acid
(MOPS) buffer (pH 6.0). The cells were frozen and thawed twice and were then
ultracentrifuged at 100,000 X g for 4 h at 4°C. For gel filtratjon, the supernatunt
containing B-lactamase was chromatographed through a HiLoad 16/60 Superdex
200 prepgrade (Pharmacia Biotech, Uppsala, Sweden) column preequilibrated
with 50 mM MOPS buffer (pH 6.0). For cation-exchange chromatography, frac-
tions with aclivity were then applied to a HiTrap SP HP column (Pharmacia
Biotech) preequilibrated with the same buffer. The enzymes were eluted with a
linear gradient of 0 to (L5 M NaClin the same buffer. The purity of the enzymes
was checked by a sodium dodecy! sulfate-polyacrylamide gel electrophoresis.

Enzyme assays. Purified AmpC enzymes were assayed against various g-lac-
tam substrates at 37°C in 50 mM phosphate buffer (pH 7.0) by using an auto-
spectrophotometer (V-550; Nihon Bunko Ltd., Tokyo, Japan). The specific ac-
tivity of the enzymes was defined as the activity that hydrolyzed 1 pmol of
cephaloridine per min. &, and k. values were obtained by a direct-weight it to
the Michuaelis-Menten equation by using KaleidaGraph software (Hulinks, To-
kyo, Jupan). The concentrations of inhibitors giving a 50% reduction in hydro-
lysis of cephaloridine {1Csq) were measured after 10 min of preincubation of the
enzymes with the inhibitors at 37°C and cephaloridine as the substrate at 1 mM.
The affinities of the enzymes for the inhibitors (Ks) were measured by compe-
tition procedures with cephaloridine in the same buffer with no preincubation of
the enzyme or the inhibitor. To determine the isoelectric points, 10 pl of enzyme
solution was loaded onto an Immobiline DryStrip (pH 3 to 10 and 6 to 11;
Pharmacia Biotech), and electrophoresis was carried out with an 1PGphor elec-
trophoresis system (Pharmacia Biotech).

Modeling of subsirate-enzyme complex stynetures. The crystal structure of the
AmpC B-lactamase (Protein Dutu Bank accession number 2BLS) was used as the
reference to build a model of the AmpC enzyme of £. coli HKY28. The tripep-
tide at the H-10 helix was deleted by the loop seurch method of the Homology
module installed in Insight 11 software (version 2000; Molecalur Simulutions {nc.,
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, a dis-
tance-dependent dielectric constant, and a time step of 1 fs for 100 ps by
sampling the conformation every 1 ps by use of Discover 3 software (version 98.0;
Molecular Simulations Inc.). One bundred conformations were minimized until
the final root-mean square deviation became less than 0.1 keal/mol/A, and the
lowest energy conformation was selected for the substrate-docking study. The
substrates were roughly docked into the ligand-binding cleft with the guidance of
a hydrogen bond of a B-lactam carbonyl oxygen at the oxyanion hole as well as
a hydrogen bond of the carboxylate oxygen with Tyr150 (12). The initial complex
model was minimized, and then the substrate-binding site was covered by water
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molecules (sphere thickness, 20 A), The structure consisted of the substrate and
the vesidues within 10 A from the substrate, which were energy optimized in the
presence of the water molecules by the molecular dynamics and minimization
procedure described above. The lowest-energy structures were selected as ener-
gy-refined complex models.

Nuel } number. The nucleotide sequence encoding
AmpC characterized in this study sppears in the EMBL/GenBank/DDBJ data-
bases under accession number AB108683.

{ide

RESULTS

Susceptibility of parental strain. The MICs of B-lactams for
parental strain E. coli HKY28 are shown in Table 1. Strain
HKY?28 was resistant to ampicillin, amoxicillin, cephaloridine,
cefminox, and cefoxitin. It was also resistant to ceftazidime
(MIC, 32 pg/ml) but remained susceptible to aztreonam 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 clavulanic -
acid.

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

Transfer of ceftazidime resistance. The ceftazidime resis-
tance of E. coli HK'Y28 could not be transferred to recipient E.
coli strain CSH2 by conjugation, despite repeated attempts.

Cloning and sequoencing of resistance gene. A 6-kb EcoRI
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 blc but without
any other B-lactamase gene. PCR-gencrated recombinant plas-
mid pBE28W containing ampC of E. coli HK'Y28 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, Ser287, 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
(a 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 corresponding region of the E. coli X-12 genome. Re-
combinant plasmid pBE28R, generated by site-directed mu-
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 HIY28.

Susceptibilities of clones to B-lactams. Both E. coli XL1-
Blue barboring pBE28W (the HKY28 clone) and that harbor-
ing pBE28R (the revertant clone) displayed resistance or re-
duced susceptibilities to all B-lactams except cefpirome,
cefepime, and imipenemns; 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 HKY?28 clone than
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TABLE 1. Results of antibiotic susceptibility testing
MIC (pg/ml)
B-Lactam E. coli E. coli XL1- E. coli XL1- E. coli
HKY?28 Blue(pBE28 W) Blue(pBE28 R) XLi-Blue

Amoxicillin 128 >128 >128 4
Amoxicillin-clavulanate? 128 >128 >128 4
Ampicillin >128 >128 >128 2
Ampicillin-sulbactam” 32 64 >128 2
Piperacillin 8 8 8 0.5
Piperacillin-tazobactam® 4 2 4 0.5
Cefotaxime 16 32 8 0.06
Cefotaxime-clavolanate” 8 8 2 .06
Cefotaxime-sulbactam” 1 1 2 0.06
Cefotaxime-tazobactam® 2 4 4 0.06
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 0.5
Cefoxitin 16 32 >128 8
Cefmetazole 16 32 128 1
Moxalactam 8 4 8 0.25
Cefpirome 2 4 0.03 0.015
Cefepime 2 4 0.03 0.015
Aztreonam 8 16 16 0.06
Imipenem 0.13 0.13 0.13 0.13

“ Fixed concentration of clavulanate, 4 pg/ml
b Fixed concentration 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~@-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 iscelectric points were estimated to
be 9.9 for the HKY28 AmpC (AmpCP”) and 9.8 for the rever-
tant AmpC (AmpCR). When the crude extract of E. coli
HKY28 was subjected to analytical isoelectric focusing, only
one band corresponding to AmpC® was visualized with nitro-
cefin, confirming that AmpCP is the only B-lactamase pro-
duced by E. coli 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
(keui/K,,) OF AmpCP and AmpCR against various -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, AmpCP 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 ceftazidime than AmpCR, despite the
much poorer k. AmpC® exhibited much lower K, values and
higher k., values for cefpirome and cefepime than AmpCF,
resulting in approximately 40- and 20-fold greater hydrolytic
efficiencies, respectively.

The ICsos of the p-lactamase inhibitors for AmpCP and
AmpCP and the K; 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. Tazobactanm was the best inhibitor and had the lowest
IC,, for AmpCP®.

TABLE 2. Kinetic activity of AmpCP and AmpC®

AmpCP AmpC*
Substrate
Ky (WM) bogg (571 KeulKp (M7 871 K, (M) Feeay (571 KealKn (M7 57
Cephaloridine 100 = 10 64 +4 6.4 X 107 780 + 40 300 £ 10 39 % 10°
Ampicillin 6.2 £ 1.6 0.43 = (.06 7.0 % 10* 13x3 4003 3.2 % 10°
Cefoxitin 1.2+03 0.043 = 0.006 3.8 % 10* 3901 0.35 = 0.01 9.1 X% 10*
Ceftazidime 57 %08 0.084 £ 0.006 1.5 x 10* 550 =10 3.5%+0.1 64 % 10°
Cefotaxime 31+8 0.37 £0.02 1.2 % 10* 13£2 1.2+£0.1 9.7 % 10*
Ceipirome 21+1 15+01 7.1 % 10* 120 =20 0.21 £ 0.03 1.8 % 10°
Cefepime 49 + 5 1.0+01 2.1 x10* 200 £ 40 021 £0.02 1.1x10%
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