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In 1996, Serratia marcescens KU3838 was isolated from the urine of a patient with a urinary tract infection
at a hospital in northern Japan and was found to contain the plasmid pKU501. Previously, we determined that
pKU501 carries blay,,, and the genes for TEM-1-type -lactamases as well as producing both types of
B-lactamases (H. Yano, A. Kuga, K. Irinoda, R. Okamoto, T. Kobayashi, and M. Inoue, J. Antibiot. 52:1135-
1139, 1999). pKU502 is a recombinant plasmid that contains a 1.5-kb DNA fragment, including the metallo-
B-lactamase gene, and is obtained by PCR amplification of pKU501. The sequence of the metallo-f3-lactamase
gene in pKU502 was determined and revealed that this metallo-3-lactamase gene differed from the gene
encoding IMP-1 by one point mutation, leading to one amino acid substitution: 640-A in the base sequence of
the IMP-1 gene was replaced by G, and Ser-196 was replaced by Gly in the mature enzyme. This enzyme was
designated IMP-6. The strains that produced IMP-6 were resistant to carbapenems. The MICs of panipenem
and especially meropenem were higher than the MIC of imipenem for these strains. The k_,/K,, value of IMP-6
was about sevenfold higher against meropenem than against imipenem, although the MIC of meropenem for
KU1917, which produced IMP-1, was lower than that of imipenem, and the MIC of panipenem was equal to
that of imipenem. These results support the hypothesis that IMP-6 has extended substrate profiles against
carbapenems. However, the activity of IMP-6 was very low against penicillin G and piperacillin. These results
suggest that IMP-6 acquired high activity against carbapenems, especially meropenem, via the point mutation
but in the process lost activity against penicillins. Although IMP-6 has reduced activity against penicillins due
to this point mutation, pKUS501 confers resistance to a variety of antimicrobial agents because it also produces

TEM-1-type enzyme.

Carbapenems such as imipenem, panipenem, and mero-
penem are the most potent agents for treatment of gram-
negative infections due to the stability of these agents against
the majority of B-lactamases and their high rate of permeation
through bacterial outer membranes. In addition, imipenem,
panipenem, and meropenem have a high affinity for penicillin-
binding protein (PBP) 2 of gram-negative bacteria except for
Pseudomonas aeruginosa. In P. aeruginosa, imipenem and pa-
nipenem have a high affinity for PBP 2 and meropenem has an
affinity for PBP 3 (6, 19, 40).

However, some clinical isolates have been reported to be
resistant to carbapenems due to production of metallo-p-lac-
tamases. There have been increasing reports, especially from
Japan (7, 14, 21, 27, 35), of gram-negative bacteria that carry
the transferable carbapenem resistance gene bla y,p, including
isolates of P. aeruginosa and Serratia marcescens. The metallo-
B-lactamases are class B enzymes in Ambler’s molecular clas-
sification (1) and belong to Bush group 3 (3, 31). Most of these
metallo-B-lactamases confer resistance not only to carbapen-
ems but also to other B-lactams and are poorly inhibited by the
presence of B-lactamase inhibitors such as clavulanic acid, sul-
bactam, and tazobactam (31). Therefore, there is a possibility
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that therapeutic failures occur in patients infected with the
strains that produce metallo-B-lactamase, and the spread of
these strains has resulted in serious medical problems in hos-
pitals.

Previously, we described pKUS501 as a novel plasmid carry-
ing not only bla;,p but also the genes for TEM-1-type B-lac-
tamases as well as producing both types of B-lactamases (41).
A strain carrying pKUS01 was more resistant to meropenem
and panipenem, especially meropenem, than to imipenem. In
this report, we describe the metallo-B-lactamase encoded by
pKUS501 that hydrolyzes carbapenems, especially meropenem.

MATERIALS AND METHODS

Bacterial strains and plasmids. The bacterial strains and plasmids used in this
study are listed in Table 1. In 1996, Serratia marcescens KU3838 was isolated
from the urine of a patient with a urinary tract infection at a hospital in northern
Japan (41) and was found to contain plasmid pKUS01. Escherichia coli K12
MLA4901 (18) was used as the recipient for plasmids. E. coli KU3999 is a
transconjugant that contains the conjugative plasmid pKU501 from S. marce-
scens KU3838 to E. coli K12 ML4901. Plasmids pHSG398 (37) and pBluescript
(36) are vector plasmids that confer resistance to chloramphenicol and tetracy-
cline-ampicillin, respectively. E. coli KU1917 is a transformant that contains
pMS361 (16), which carries the 4.1-kb fragment encoding IMP-1 on the multi-
cloning region of pHSG398.

Antibacterial agents. The antibacterial agents listed below were used in this
study. Reference powders of known potency for the drugs were provided by the
respective manufacturers. Penicillin G (Meiji Seika Kaisha., Ltd., Tokyo, Japan)
and piperacillin (Toyama Chemical Co., Ltd., Toyama, Japan) were used as
representative penicillins, while cephalothin (Shionogi and Co., Ltd., Osaka,
Japan), cefotiam (Takeda Chemical Industries, Ltd., Osaka, Japan), cefmetazole
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TABLE 1. Bacterial strains and plasmids used in this study

Designation Relevant markers®

Source, derivation, and/or reference

Bacterial strains

E. coli K12
ML4901 F~, galK2 galT22 hsdR lacY1 metB1 relA supE44 NA25 NA mutant from x1037 (18)
KU3999 MLA4901 carrying pKUS501, which produces TEM-1 and IMP-6 B-lactamases Conjugation from KU3838
KU4866 MLA4901 carrying pKU502, which produces TEM-1 and IMP-6 B-lactamases Transferred pKU502 to ML4901
KU4867 MLA4901 carrying pKUS503, which produces IMP-6 B-lactamase Transferred pKUS503 to ML4901
KU1917 MLA4901 carrying pMS361, which produces IMP-1 B-lactamase Transferred pMS361 to ML4901 (16)

S. marcesens
KU3838 Clinical isolates carrying pKU501 This paper

Plasmids

pKUS501 Isolated from KU3838 This paper

pKU502 1.5-kb fragment containing IMP-6 gene from pKUS501 cloned into pBluescript This paper

pKU503 1.5-kb fragment containing IMP-6 gene from pKU502 cloned into pHSG398 This paper

pBluescript Cloning vector, TET", AMP" 36

pHSG398 Cloning vector, CHL' 37

pMS361 pHSG398 with insertion of 4.1-kb fragment of pMS354, a segregant plasmid 16

derived from pMS350

“ Abbreviations: CHL, chloramphenicol; TET, tetracycline; AMP, ampicillin.

(Sankyo Co., Ltd., Tokyo, Japan), cefotaxime (Nippon Hoechst Marion Roussel,
Tokyo, Japan), and cefepime (Bristol-Myers Squibb K. K., Tokyo, Japan) were
used as representative cephems. Other B-lactams, including imipenem (Banyu
Pharmaceutical Co., Ltd., Tokyo, Japan), panipenem (Sankyo Co.), meropenem
(Sumitomo Pharmaceutical Ltd., Osaka, Japan), and aztreonam (Eizai Co., Ltd.,
Tokyo, Japan), as well as chloramphenicol (Sankyo Co.), tetracycline (Lederle
Japan, Tokyo, Japan), streptomycin (Meiji Seika Kaisha), and nalidixic acid
(Daiichi Pharmaceutical Co., Ltd., Tokyo, Japan) were also used. Clavulanic acid
(SmithKline Beecham Pharmaceuticals, Tokyo, Japan) was used as a represen-
tative B-lactamase inhibitor.

Transconjugation. Conjugation was done by broth method, as previously de-
scribed (10). Exponential-phase L-broth (24) cultures of donor strain ML4901
and recipient strain KU3838 were mixed at a volume ratio of 1:10. This mating
mixture was incubated for 2 h at 35°C. The transconjugants were selected on
sensitivity disk agar (Nissui Pharmaceutical Co., Tokyo, Japan) containing 32 pg
of nalidixic acid and cefotaxime per ml.

PCR amplification, cloning, and sequencing of the metallo-p-lactamase gene.
Isolation of plasmid DNA using the small-scale alkaline method (33) and gene
amplification by PCR (29, 41) were performed as previously described. Primer
pairs P1 (5'-CGG ATG AAG GCA CGA ACC CA-3') and P2 (5'-AAG CAG
ACT TGA CCT GAT AGT-3") (TaKaRa Shuzo Co., Ltd. Kyoto, Japan), which
were chosen on the basis of the published pMS350 integron and 3'-conserved
region sequence (17), were used in the PCR experiments. pKU501 was used as
a template DNA. The PCR experiments involved using a commercially available
PCR kit (Gene Amp PCR reaction kit with Ampli 7ag DNA polymerase;
TaKaRa Shuzo Co.) and a DNA thermal cycler PH2000 (Perkin-Elmer Cetus
Instruments, Emeryville, Calif.) and involved 25 cycles of denaturation at 94°C
for 1 min, annealing at 55°C for 1 min, and elongation at 72°C for 1 min, followed
by heating at 72°C for 30 min. The 1.5-kb DNA fragment obtained by PCR
amplification of pKUS501 was purified and cloned into the EcoRYV site of pBlue-
script using the TA-cloning technique (9) with T4 DNA ligase (Nippon Gene,
Tokyo, Japan). The recombinant DNAs were introduced into E. coli K12
MLA4901 by electroporation with a Bio-Rad gene pulser and a pulse controller
unit (Bio-Rad Laboratories, Hercules, Calif.).

EcoRl EcoRV HindlIll

The nucleotide sequence of both strands of four cloned amplicons, obtained
from independent PCRs, was determined using the dideoxy chain termination
method of Sanger et al. (34) with the ALFred DNA sequencer (Amersham
Pharmacia Biotech, Tokyo, Japan) and the Thermo Sequenase fluorescence-
labeled primer sequencing kit (Amersham Pharmacia Biotech). After we con-
firmed that these recombinant DNAs had identical sequences, this plasmid was
designated pKUS02. The transformant that contained the pKUS502 for E. coli
K12 ML4901 was designated KU4866.

In order to eliminate the ampicillin resistance gene in pBluescript, DNA from
pKUS02 was digested with Sa/l and EcoRI (TaKaRa Shuzo Co.). The fragments
were then ligated into the Sa/l and EcoRI sites of pHSG398. This recombinant
plasmid was designated pKU503. pKUS503 was introduced into E. coli K12
MLA4901 by electroporation, and the transformant was designated KU4867.

Drug susceptibility assay. MICs were determined by the agar dilution method
with sensitivity disk agar (Nissui Pharmaceutical Co.) in accordance with the
specified drug sensitivity assay methods of the Japan Society of Chemotherapy,
except for the antibiotic concentrations used (12).

B-Lactamase preparation and purification. Purification of the metallo-B-lac-
tamase was performed according to a previously reported method (26). E. coli
KU4867 harboring plasmid pKU503 was cultured in Mueller-Hinton broth (Nis-
sui Pharmaceutical Co.), diluted 100-fold into 5 liters of the same broth, and
incubated overnight with shaking at 35°C. The cells were harvested by centrifu-
gation at 6,000 X g for 10 min and suspended in 50 mM phosphate buffer (pH
7.0) with 10 M ZnCl,. The cells were disrupted by sonication (model UD-201;
Tomy Seiko, Tokyo, Japan), and the cellular debris was removed by centrifuga-
tion at 18,000 X g for 30 min at 4°C. Streptomycin (2% [wt/vol]) was added to the
supernatant, and the mixture was agitated for 2 h at 4°C. After centrifugation at
18,000 X g for 30 min at 4°C, the supernatant was dialyzed against 5 mM
phosphate buffer (pH 7.0) with 10 uM ZnCl,. The dialysate was centrifuged at
18,000 X g for 30 min at 4°C, and the supernatant then obtained was applied to
a carboxymethyl cellulose CM52 column (Whatman Ltd., Kent, United King-
dom). The metalloenzyme was eluted in 50 mM phosphate buffer (pH 7.0) with
10 wM ZnCl,, and the active enzyme fractions were pooled and concentrated.
The concentrated enzyme was applied to a Sephadex G-75 column (Amersham
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FIG. 1. Schematic representation of the structure of IMP-6 and its flanking regions in pKU502. The 1,523-bp fragment encoding IMP-6 was
ligated into the EcoRYV site of pBluescript. Open reading frames (ORFs) are indicated by arrows. @, position of the sequences similar to the

GTTRRRY sequence; (), position of the inverted repeat.
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CGGATGAAGGCACGAACCCAGTGGACATAAGCCTGTTCGGTTAGTAAGCTGTAATGCAAG 60
I F ARV WHV Y AQETULULS Y H L Y

TAGCGTATGCGCTCACGCAACTGGTCCAGAACCTTGACCGAACGCAGCGCTGGTAACGGC 120
R I R ER L Q D L V KV S RL P P L P A
Into
GCAGTGGCGGTTTTCATGGCTTGTTATGACTGTTTTTTTGTACAGTCTATGCCTCGGGCA 180

T A T K M

TCCAAGCAGCAAGCGCGTTACGCCGTGGGTCGATGTTTGATGTTATGGAGCAGCAACGAT 240
= blayyp_¢

GTTACGCAGCAGGGCAGTCGCCCTARAACARNGTTACANRAGGARAAGTATGAGCARGTT 300
M S K L

ATCTGTATTCTTTATATTTTTGT TTTGCAGCATTGCTACCGCAGCAGAGTCTTTGCCAGA 360

$ V F F I F L F ¢ 8 I A T A AUZE S L P D

HindIII
TTTAAAAATTGAAAAGCTTGATGAAGGCGTTTATGTTCATACTTCGTTTGAAGAAGTTAA 420
L XK I E K L. b E GV Y V HT S8 F E E V N

CGGGTGGGGCGTTGTTCCTAAACATGETTTGGTGGTTCTTGTARATGCTGAGGCTTACCT 480
G W ¢V VvV P K HGLV VL VN ATEATYTL

AATTGACACTCCATTTACGGCTAAAGATACTGAAAAGTTAGTCACTTGGTTTGTGGAGCE 540
I p TP F T A KDTEI KTLV TWF V E R

TGGCTATAAAATAAAAGGCAGCATTTCCTCTCATTTTCATAGCGACAGCACGGGCGGAAT 600
G ¥ K I XK 6 s I 8 8 H F H 8 D S T G G T

AGAGTGGCTTAATTCTCGATCTATCCCCACGTATGCATCTGAATTARCAAATGARCTGCT 660
E WL N S R S I P T ¥ 2 8 E L T NE L L

TAAARAAAGACGGTAAGGTTCAAGCCACAAATTCATTTAGCGGAGTTARCTATTGGCTAGT 720
K K D G K VvV Q AT N S F 8 GV N Y W L V

Smal
TAARAATAAAATTGAAGTTTTTTATCCAGGCCCGGGACACACTCCAGATAACGTAGTGGT 780
K N K I E vV F ¥ P G P GHTT P D NV V V

TTGGTTGCCTGAAAGGAAAATATTATTCGGTGGTTGTTTTATTAAACCGTACGGTTTAGG 840
W L P ERX I L F G 6 CF I K P Y G L G
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HindITI
CAATTTGGGTGACGCAAATATAGAQGCTTGGCCAAAGTCCGCCAAATTATTAAAGTCCAA 900
N L 66 DA NTIUEA AWU?PI KSAI KTILTLZ K 8§ K

ATATGGTAAGGCAARAACTGGTTGTTCCAGGTCACAGTGAAGTTGGAGACGCATCACTCTT 960
Y G K A K L V V P G H S E V GD A S L L

GAAACTTACATTAGAGCAGGCGGTTAAAGGGTTAAACGAAAGTARARAACCATCAAARCC 1020
K L T L E Q¢ A VY K G L NE S K K P S5 K P

AAGCAACTAAATTTCTAACAAGTCGTTGCAGCACGCCACTACGTGGCTGGACAGTTTGTA 1080
S N *

AGITGCECTTTTGTGETTTGETICGC GTATTQEACAACQEGCAACTTACAAACTGCC 1140

= orf3

GCTGAACTTAGJGTTAGTJCCGCAGATAATCCGCTTTATGCAGGCAGCCATTTATTCCAG 1200
M 0 A A I Y 8 S8

CGTTTCGCCTTTCCCARGGGTTTTCTCCTTTGGAGTTTAGGCTGCTCGCCGEGCTTCGTC 1260
v § P F PRV F S F GV L AUA AIRI RA S 8

TGCTGGCTTEGCETCAGTTTCAAGCCTTTTTTGCCTCCAGCGCTTGCCAGTCAATCGCTA 1320
A G L A SV S 8§ L F CL QQRUL PV NR Y

TCAGCTATCATTCTTGCBACGTTGCACCGCTTCCGTGGCACAGCGCTTTTTCGGTGTGCG 1380
Q L 8 FL QR CTAS SV A QR FF G V R

CCCGTCTTCAAGTCCAGGCGTTCCCTTTTGGCTTCGGGTCTAACTCTGCGGTTCAAGCCG 1440
P 8§ 8§ 8 P GV P F W UL R V *

GACTACGGCGGCGECTTACCTTGACIETTAGATIGCACTAAGCACATAATTGCTCACAGCC 1500

3'-conserved resion

AAACTATCAGGTCAAGTCTGCTT 1523

FIG. 2. Nucleotide sequence of IMP-6 and its flanking regions. The 1,523-bp sequence determined is shown, and nucleotide 1 corresponds to
the first nucleotide of the EcoRYV site upstream of the putative integron (In0). The start codon is indicated by horizontal open arrows, and the
corresponding translated protein sequence is shown below the nucleotide sequence. The signal peptide for secretion of IMP-6 protein is underlined
(23, 30). Sequences similar to the GTTRRRY sequences are indicated by boxes. The region containing a large inverted repeat sequence is
indicated by horizontal arrows. The 3’-conserved region is double-underlined. A vertical arrow indicates a nucleotide mutation leading to an amino
acid substitution: 640-A in the base sequence encoding IMP-1 is converted to G, and Ser-196 is replaced by Gly in the mature enzyme.

Pharmacia Biotech) and eluted with 5 mM phosphate buffer (pH 7.0)-10 pM
ZnCl,. The active enzyme fractions were pooled and concentrated. The concen-
trated enzyme was applied to a Mono S column equipped with fast-protein-
liquid-chromatography equipment (Amersham Pharmacia Biotech). The enzyme
was eluted with a 0 to 0.5 M linear gradient of sodium chloride and detected by
absorbance at 280 nm and by enzyme activity. The purity of the preparation was
checked by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (39), and
final preparation showed a single band with more than 95% purity.

Assay of B-lactamase. Enzyme activity was determined by spectrophotometry
(UV2000; Shimazu Corp., Tokyo, Japan) at 30°C in 50 mM phosphate buffer (pH
7.0) with 10 pM ZnCl, (41). One unit of enzyme activity was defined as the
amount of enzyme hydrolyzing 1 pmol of substrate in 1 min at 30°C. Protein
concentrations were determined by using the Bio-Rad protein assay (Bio-Rad
Laboratories) as the standard.

Values for the Michaelis constant (K,,,) and the maximum rate of hydrolysis
(Vimax) Were determined from the direct fitting of the data to the Henri-
Michaelis-Menten equation (4, 8) with eight different substrates at concentra-
tions from 12.5 to 100 wM for cephalothin, cefotaxime, aztreonam, and mero-
penem and from 50 to 1,000 uM for penicillin G, piperacillin, imipenem, and
panipenem. The turnover number (k,) was derived by dividing the 1, by the

cat nax

number of moles of the enzyme present. The specific constant (k.,/K,,,) was also
calculated from these values.

When the K, value was less than 10 wM, it was measured as a K; in a
competition experiment with imipenem as the substrate at concentrations from
25 to 50 M, after preincubation with a B-lactamase inhibitor at concentrations
from 50 to 100 pM for 5 min, and data were analyzed using a Dixon plot (13).

Nucleotide sequence accession number. The nucleotide sequence data re-
ported in this paper will appear in the DDBJ, EMBL, and GenBank nucleotide
sequence databases with the accession number AB040994.

RESULTS

Sequence of the metallo-B-lactamase gene. A schematic rep-
resentation of the structure of the metallo-B-lactamase gene
and its flanking regions in pKUS502 is shown in Fig. 1. The
putative integrase gene and a gene of unknown function were
identified in the upstream and downstream regions of the me-
tallo-B-lactamase gene, respectively.
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TABLE 2. MICs of different antibiotics for bacterial strains
MIC (pg/mly*
Strain Plasmid B-Lactamase(s)

PIP PIP/CLA® CEF CMZ  CIM CTX FEP IPM PAM  MEM ATM

S. marcescens ~ pKUS501 TEM-1, IMP-6 >128 >128 >128 >128 >128 >128 >128 32 >128  >128 128
KU3838

E. coli KU3999 pKU501 TEM-1, IMP-6 >128 32 >128 >128 128 >128 16 8 32 64 0.25
E. coli KU4866 pKUS502 TEM-1, IMP-6 >128 1 >128 >128 >128 >128 16 2 8 64 0.25
E. coli KU4867 pKUS503 IMP-6 1 0.5 >128 >128 >128 >128 32 2 4 64 0.06
E. coli KU1917 pMS361 IMP-1 4 4 >128 128 128 64 05 2 2 0.5 0.06
E. coli MLA4901 0° 04 2 0.5 4 0.25 0.03 0.13 0.13 0.25 0.5 0.25 0.06

“ Abbreviations: PIP, piperacillin; CLA, clavulanic acid; CEF, cephalothin; CMZ, cefmetazole; CTM, cefotiam; CTX, cefotaxime; FEP, cefepime; IPM, imipenem;

PAM, panipenem; MEM, meropenem; ATM, aztreonam.
> MICs were determined in the presence of clavulamic acid (5 pg/ml).
¢ Contains no plasmid.
4 Does not produce TEM-1, IMP-1, and IMP-6.

The 1,523-bp sequence of the metallo-B-lactamase gene and
its flanking regions in pKU502 is shown in Fig. 2. Sequence
analysis revealed that this metallo-B-lactamase gene differed
from that carried by pMS350 (IMP-1) by one point mutation,
leading to one amino acid substitution: 640-A in the base
sequence of IMP-1 was converted to G, and Ser-196 was re-
placed by Gly in the mature enzyme (Fig. 2). Since this one
amino acid substitution has not been previously described in
IMP-type enzymes produced by clinical strains, the enzyme in
the current study was designated IMP-6.

Susceptibility to antibiotics. The MICs of B-lactams for S.
marcescens KU3838 and the transconjugant strain of E. coli
KU3999, which acquired pKUS01 by conjugation at a fre-
quency of 107, as well as those of the transformant strains of
E. coli KU4866, KU4867, and KU1917 are shown in Table 2.

S. marcescens KU3838 was highly resistant to almost all
B-lactam antibiotics, including piperacillin, piperacillin/clavu-
lanic acid, aztreonam, and carbapenems. The MICs of all se-
lected carbapenems were 0.5 pg/ml or less for the parent
E. coli K12 ML4901 strain and increased for both the trans-
conjugant (KU3999) and the transformants (KU4866 and
KU4867) all of which bear carbapenem resistance genes. The
MIC:s of cephalosporins were increased significantly compared
with those for the parent E. coli K12 ML4901 strain.

Moreover, KU4866, the transformant that contained
pKUS502, was resistant to piperacillin, cephalosporins, and car-
bapenems. In the presence of clavulanic acid (5 wg/ml), the
MIC of piperacillin was decreased. KU4867, the transformant
that contained pKUS503, was resistant to cephalosporins and
carbapenems but susceptible to piperacillin. As with KU3999,
the MICs of meropenem and panipenem, especially of mero-
penem, for both KU4866 and KU4867 were also higher than
that of imipenem, and both strains were sensitive to aztreo-
nam. The MIC of meropenem for KU1917, the transformant
carrying an IMP-1 type B-lactamase gene, was lower than that
of imipenem, and the MIC of panipenem was equal to that of
imipenem.

Assay of B-lactamase. IMP-6 was purified from the culture
supernatant of KU4867 as described in Materials and Meth-
ods. IMP-6 was completely purified by a carboxymethyl cellu-
lose CM52, a Sephadex G-75, and Mono S column chroma-
tography, and the specific activity of purified enzyme (38.6
U/mg of protein) was 701-fold higher than that of the crude

extract (0.055 U/mg of protein), using 100 uM of imipenem as
the substrate. The values of k., K,,, and k. /K,, for eight
antibiotics are shown in Table 3. As for carbapenems, the
k../K,, value of the IMP-1 for meropenem was almost equal
than that for imipenem (22). However, the k.,/K,,, value of the
IMP-6 for meropenem was about sevenfold higher than that
for imipenem. In addition, the values of k_,/K,, of the IMP-6
for cephalothin and cefotaxime were higher than that of
IMP-1. On the other hand, the values of k_,,/K,,, of the IMP-6
for penicillins were low compared with those of the IMP-1. No
hydrolysis of aztreonam was detected.

DISCUSSION

Antibiotic resistance has evolved over the past 50 years from
the rapid microbiological development of resistant strains to a
serious medical problem in hospitals all over the world (11).
The use of broad-spectrum antimicrobial agents has had a
profound effect on the emergence of antibiotic resistance (28).
Resistance to various classes of antibiotics, including recently
developed ones, has been reported in almost all species, for
example, gram-negative bacteria possessing carbapenem-hy-
drolyzing metallo-B-lactamases (2).

The majority of the carbapenem-hydrolyzing metallo-B-lac-
tamase genes are chromosomally encoded (31). After a plas-
mid-mediated metallo-B-lactamase carried by P. aeruginosa
was reported by Watanabe et al. (39) in 1991, the metallo-B-
lactamases have been found frequently among gram-negative
isolates, such as members of the family Enterobacteriaceae and
P. aeruginosa (7, 14, 21, 27, 35). The majority of isolates of
IMP-1 type metallo-B-lactamase-producing gram-negative
bacteria have been reported from Japan. In addition, variants
of blayyp, such as IMP-2 and IMP-3, have been reported re-
cently by Cornaglia et al. (5), Riccio et al. (32), and Iyobe et al.
(15). The transfer of a plasmid carrying a metallo-B-lactamase
gene suggests the possibility of clinical spread of plasmid-en-
coded metallo-B-lactamases by cell-to-cell contact. Since me-
tallo-B-lactamases confer resistance not only to carbapenems
but also to other B-lactams except for monobactams, antibiot-
ics are frequently ineffective against gram-negative rods carry-
ing this enzyme. Therefore, the appearance of metallo-B-lac-
tamase-producing bacterial pathogens is a matter of major
concern for antimicrobial chemotherapy. In this study, we
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TABLE 3. Hydrolysis of various B-lactam antibiotics by IMP-6 and IMP-1 type metallo-B-lactamases

IMP-6* IMP-1?
Substrate
Kea 571 Koy (RM)* Kea/Km (WM™ s71) Kea 571 Ky (M)° Kea K (WM 71571

Penicillin G 5149 220 + 30 0.23 320 = 30 520 =30 0.62
Piperacillin 22 £0.31 230 = 31 0.09 ND“ ND 0.72
Cephalothin 374 + 6.6 4.7 = 0.31°¢ 79.6 48 £ 4 212 24
Cefotaxime 55+31 3.8 £0.15¢ 14.5 1305 4x05 0.35
Aztreonam NH ND ND >0.01 >1,000 <0.0001
Imipenem 68 =7.0 110 = 7.5 0.61 46 =3 394 1.2
Panipenem 180 = 19.5 250 =21 0.71 50=*5 10x2 0.12
Meropenem 32 +0.99 7.6 = 0.21¢ 42 44 =6 303 1.5

“IMP-6 was purified from KU4867.
> IMP-1 values were reported by Laraki et al. (22).

¢ Data represent the mean*standard deviation of more than three measurements.

4 ND, not determined.
¢ K., was obtained as the K; value.
/NH, no hydrolysis detected.

characterized a new carbapenem-hydrolyzing metallo-B3-lacta-
mase, IMP-6.

KU3999, KU4866, and KU4867, which produce IMP-6, were
resistant to carbapenems. The MICs especially of meropenem
but also of panipenem were higher than the MIC of imipenem
for these strains. However, the MIC of meropenem for
KU1917, which produced IMP-1, was lower than that of imi-
penem, and the MIC of panipenem was equal to that of imi-
penem. The k_,/K,, values of the IMP-6 against meropenem
and panipenem, especially against meropenem, were higher
than that against imipenem. In previous studies on IMP-1 (22,
26), the k.,/K,, values against panipenem and meropenem
were almost equal to or less than the k_,/K,,, against imipenem.
These results support the hypothesis that IMP-6 is extended
substrate profiles against carbapenems. The DNA sequence of
the IMP-6 gene shows that its high activity against carbapen-
ems is due to a point mutation that changes Ser-196 of IMP-1
to Gly. This suggests that the hydroxyl group of Ser-196 plays
an important role in meropenem hydrolysis.

Metallo-B-lactamases confer resistance not only to carba-
penems but also to penicillins and cephems (31). However, the
k../K,, values of KU4867, carrying a plasmid pKUS503 with
deletion of the ampicillin resistance gene in pBluescript, were
very low against penicillin G and piperacillin. The MICs of
piperacillin and piperacillin/clavulanic acid for this strain were
1 and 0.5 pg/ml, respectively, as with the recipient E. coli strain
MLA901. These results showed that IMP-6 hydrolyzes penicil-
lins very poorly and also suggest that IMP-6 acquired high
activity against carbapenems, especially meropenem, via the
point mutation but lost activity against penicillins. pKU501
carries bla;p and the genes for TEM-1-type B-lactamases and
produces both enzymes, as we have reported previously (41).
Therefore, although IMP-6 is inactive against penicillins due to
this point mutation, pKUS501 confers resistance to a variety of
antimicrobial agents because it also produces TEM-1 type en-
zyme.

Iyobe et al. (15) have reported an IMP-3 metallo-B-lacta-
mase in which the gene differed from IMP-1 by a seven-point
mutation, leading to two amino acid substitutions: both 314-
and 640-A in the base sequence of IMP-1 were converted to G,
and both Glu-87 and Ser-196 were replaced by Gly in the
mature enzyme. Iyobe et al. obtained pMS402, which has a

hybrid bla gene from blayp., and bla;y,p_5, by DNA recombi-
nation techniques and found that pMS402 has identical amino
acid sequences to IMP-6, in which Ser-196 was replaced by
Gly. They showed that the kinetic parameters between the
hybrid and IMP-3 had similar patterns against various B-lac-
tams and that the values of k_,/K,, of both the hybrid and
IMP-3 for penicillins were much lower than those of IMP-1.
Iyobe et al. mentioned that replacement of Ser-196 by Gly is
important to hydrolyze B-lactams (15). However, they did not
evaluate the kinetic parameters for hydrolysis of carbapenems
such as panipenem and meropenem. This study is a first report
of IMP-6 in a clinical sample and shows that IMP-6 acquired
high activity against carbapenems, especially meropenem.

Recently, clinical isolates producing class A extended-spec-
trum B-lactamases (ESBLs) that differ by a few point muta-
tions have been described (13, 20, 25, 38). These enzymes
hydrolyze cephalosporins and monobactams, in addition to
ampicillin and piperacillin. However, ESBLs do not hydrolyze
cefoxitin and cefmetazole, which belong to the cephamycin
group, or carbapenems. The IMP-6 gene differed from IMP-1
by a one-point mutation, like ESBLs. More rational and ap-
propriate use of antibiotics may reduce the selective pressure
for resistance mutations such as IMP-6.
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