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Pseudomonas aeruginosa COL-1 was identified in a blood culture of a 39-year-old-woman treated with
imipenem in Marseilles, France, in 1996. This strain was resistant to 3-lactams, including ureidopenicillins,
ticarcillin-clavulanic acid, cefepime, ceftazidime, imipenem, and meropenem, but remained susceptible to the
monobactam aztreonam. The carbapenem-hydrolyzing 3-lactamase gene of P. aeruginosa COL-1 was cloned,
sequenced, and expressed in Escherichia coli DH10B. The deduced 266-amino-acid protein was an Ambler class
B B-lactamase, with amino acid identities of 32% with B-II from Bacillus cereus; 31% with IMP-1 from several
gram-negative rods in Japan, including P. aeruginosa; 27% with CcrA from Bacteroides fragilis; 24% with BlaB
from Chryseobacterium meningosepticum; 24% with IND-1 from Chryseobacterium indologenes; 21% with CphA-1
from Aeromonas hydrophila; and 11% with L-1 from Stenotrophomonas maltophilia. It was most closely related
to VIM-1 (3-lactamase recently reported from Italian P. aeruginosa clinical isolates (90% amino acid identity).
Purified VIM-2 B-lactamase had a pI of 5.6, a relative molecular mass of 29.7 kDa, and a broad substrate
hydrolysis range, including penicillins, cephalosporins, cephamycins, oxacephamycins, and carbapenems, but
not monobactams. As a metallo-3-lactamase, its activity was zinc dependent and inhibited by EDTA (50%
inhibitory concentration, 50 pM). VIM-2 conferred a resistance pattern to B-lactams in E. coli DH10B that
paralleled its in vitro hydrolytic properties, except for susceptibility to ureidopenicillins, carbapenems, and
cefepime. blay,,, , was located on a ca. 45-kb plasmid that in addition conferred resistance to sulfamides and
that was not self-transmissible either from P. aeruginosa to E. coli or from E. coli to E. coli. blayy,_, was the only
gene cassette located within the variable region of a novel class 1 integron, In56, that was weakly related to the
blay;y,.1-containing integron. VIM-2 is the second carbapenem-hydrolyzing metalloenzyme characterized from

a P. aeruginosa isolate outside Japan.

Among the class B metalloenzymes, two carbapenem-hydro-
lyzing 3-lactamases have been genetically characterized in Pseu-
domonas aeruginosa: IMP-1 and VIM-1 (7, 10, 15). Both en-
zymes possess the broadest substrate of hydrolysis range
among P. aeruginosa B-lactamases, including penicillins, ceph-
alosporins, cephamycins, oxacephamycins, and carbapenems,
but not monobactams. Their activity is zinc dependent and is
inhibited by EDTA. Since 1991, IMP-1 has spread among
gram-negative rods, including P. aeruginosa, Pseudomonas
putida, Pseudomonas fluorescens, Burkholderia cepacia, Alcali-
genes xylosoxidans, and members of the family Enterobacteri-
aceae in Japan (7). According to the results of a 1996 to 1997
survey of IMP-1-producing gram-negative bacteria in Japan,
1.3% of P. aeruginosa isolates and 4.4% of Serratia marcescens
isolates produced IMP-1 through acquisition of plasmids (H.
Kurokawa, T. Yagi, N. Shibata, K. Shibayama, and Y. Ara-
kawa, Letter, Lancet 354:955, 1999). Other uncharacterized
carbapenem-hydrolyzing B-lactamases have been reported in
P. aeruginosa and Acinetobacter baumannii isolates in Europe
(5; N. M. Woodford, M.-F. 1. Palepou, G. S. Babini, J. Bates,
and D. M. Livermore, Letter, Lancet 352:546-547, 1998).
VIM-1 has been described recently from several P. aeruginosa
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Italian isolates and shares 28% amino acid identity with IMP-1
(10; G. Cornaglia, Abstr. 39th Intersci. Conf. Antimicrob. Agents
Chemother., abstr. 1482, 1999). bla;yp., is plasmid or chromo-
some located, while blay, .., was identified as chromosome
borne only (7, 10).

blan., and bla;yp_, are encoded within the variable region
of class 1 integrons (1, 9, 10). Integrons are genetic structures
capable of capturing gene cassettes. Class 1 integrons, which
are most commonly isolates from antibiotic-resistant clinical
isolates, possess two conserved segments (5'-CS and 3’-CS)
located on either side of the integrated genes (20). Gene cas-
settes are discrete mobile units comprising a gene, usually an
antibiotic resistance gene, and a recombination site that is
recognized by the integrase (20). The cassette-associated re-
combination sites, known as 59-base elements, are located
downstream of inserted genes and are of variable length (23).
Integron-located resistance genes provide them with a wide
potential for expression and dissemination.

In this work, we report analysis of the B-lactamase content
and genetic support of P. aeruginosa COL-1 isolated in France
in 1996, which hydrolyzed imipenem but remained susceptible
to monobactams.

MATERIALS AND METHODS

Bacterial strains. The bacterial strains and plasmids used in this work are
listed in Table 1. The P. aeruginosa COL-1 isolate was identified with the API-20
NE system (bioMérieux, Marcy I’Etoile, France).
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TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid

Relevant genotype or phenotype

Source or reference

Strains
E. coli
DH10B
mreBC)P80dlacZAM1S5 AlacX74
JM109

araD139 A(ara, leu)7697 deoR endAl galKI galU nupG recAl rpsL F'-mcrA A(mrr-hsdRMS-

Gibco BRL, Paris,
France

endAl gyrA96 hsdR17 A(lac proA) relA recAl supE44 thi F' (lacl lacZAM15 proAB™ traD36) 17

In vitro-obtained Rifampin resistant 17
rifampin-resistant
JM109
P. aeruginosa
COL-1 Carbapenem-resistant clinical isolate This study
MKAM 12 Carbapenem-resistant clinical isolate producing IMP-1 Y. Arakawa
In vitro-obtained cip- Ciprofloxacin resistant ilv leu streptromycin resistant 17
rofloxacin-resistant
P. aeruginosa PU21
Plasmids
pNOR-2000 45-kb natural plasmid that encoded blay . This study
pBK-CMV Neomycin resistant kanamycin resistant Stratagene, Inc. (Ozyme,
Saint-Quentin-en-Yve-
lines, France)
pNOR-2001 Recombinant plasmid containing a 3,843-bp BamHI insert encoding blay, ., into pBK-CMV This study

Antimicrobial agents and susceptibility testing. The antimicrobial agents and
the agar dilution technique for MIC determination have been described else-
where (16). Antibiotic-containing disks were used for routine antibiograms by
the disk diffusion assay (Sanofi-Diagnostics Pasteur, Marnes-La-Coquette,
France).

Molecular techniques. A search for blay .- or blayp-like genes in P. aeru-
ginosa was performed by PCR amplification with the following sets of primers:
for blayy.,, VIM-1A (5'-TCTACATGACCGCGTCTGTC-3') and VIM-1B
(5'-TGTGCTTTGACAACGTTCGC-3'; and for blayyp.;, IMP-1A (5'-CTACC
GCAGCAGAGTCTTTGC-3') and IMP-1B (5'-GAACAACCAGTTTTGCCT
TACC-3") (10, 15). Whole-cell DNA of P. aeruginosa COL-1 or of P. aeruginosa
MKAM 12, which produced IMP-1 (Table 1), was extracted as described previ-
ously (16) and used as a template in these PCR experiments (22). BamHI- or
HindIII-restricted genomic DNA of P. aeruginosa COL-1 was ligated into either
BamHI or HindII-restricted pPBK-CMYV phagemid as described previously (16).
Selection (amoxicillin [30 pg/ml] or imipenem (2 pg/ml) and kanamycin [30
pg/ml]) and analysis of recombinant plasmids and the electroporation technique
used have been described previously (16).

Transfer of resistance genes into in vitro-obtained rifampin-resistant Esche-
richia coli IM109 or ciprofloxacin-resistant P. aeruginosa PU21 was attempted by
liquid and solid conjugation assays at 30 and 37°C (17). Transconjugant selection
was performed on Trypticase soy (TS) agar plates containing rifampin (200 g/
ml), ciprofloxacin (4 wg/ml) and amoxicillin (30 wg/ml), or imipenem (2 pg/ml).
Plasmid DNA extraction of P. aeruginosa COL-1 was attempted by different
methods as described previously (17). The plasmid extract from P. aeruginosa
COL-1 culture was electroporated into E. coli DH10B with selection on amoxi-
cillin- or imipenem-containing TS plates. Conjugations were repeated with an
E. coli DH10B electrotransformant as the donor and rifampin-resistant E. coli
strain JM109 as the recipient.

To identify the location of the B-lactamase gene, whole-cell DNA of P. aerugi-
nosa and unrestricted and restricted plasmid DNAs of P. aeruginosa COL-1 and
of a corresponding E. coli electrotransformant were run on a 0.7% agarose gel,
transferred onto a Hybond N* membrane (Amersham Pharmacia Biotech, Or-
say, France), and hybridized with a PCR-obtained 801-bp internal probe for
blayyy., (VIM-2A; 5'-ATGTTCAAACTTTTGAGTAGTAAG-3' and VIM-2B;
CTACTCAACGACTGAGCG-3"). The nonradioactive ECL (enhanced chemi-
luminescence) random prime system was used (Amersham Pharmacia Biotech).
Briefly, it includes a nucleic acid labeling, hybridization, and detection system
based on a combination of enhanced chemiluminescence detection and random
primer labeling of DNA.

DNA sequencing and protein analysis. The cloned DNA fragment inserted
into recombinant plasmid pNOR-2001 was sequenced on both strands with an
Applied Biosystems sequencer (ABI 373). The nucleotide and deduced amino
acid sequences were analyzed and compared to sequences available over the
internet as described previously (16).

B-Lactamase extraction and purification. B-Lactamase extraction was ob-
tained from 6 liters of TS broth culture of E. coli DH10B(pNOR-2001) as
described previously (16). Similar unpurified B-lactamase extract was obtained
from a 10-ml culture of P. aeruginosa COL-1 subsequently resuspended in 0.5 ml
of sodium phosphate buffer.

The B-lactamase extract of E. coli DH10B(pNOR-2001) was dialyzed over-

night in 50 mM Bis-Tris buffer (pH 6.5). The B-lactamase extract was loaded
onto a preequilibrated Q-Sepharose column (Amersham Pharmacia Biotech).
The B-lactamase was eluted in 200 mM NaCl and subsequently dialyzed over-
night against 50 mM phosphate buffer containing 150 mM NaCl (pH 7.0). This
prepurified extract was loaded onto a 1.6- by 47-cm gel filtration column packed
with Superdex 75 (Amersham Pharmacia Biotech) equilibrated with 50 mM
phosphate buffer (pH 7.0) containing 150 mM NaCl. The fraction containing the
B-lactamase activity was dialyzed overnight against 30 mM cacodylate buffer (pH
6.5) containing 50 puM ZnCl, prior to a 10-fold concentration with Centrisart-
C30 columns (Sartorius, Goettingen, Germany). At each purification step, the
B-lactamase activity was determined qualitatively by nitrocefin hydrolysis (Oxoid,
Dardilly, France) or quantitatively in a spectrophotometer with 100 wM imipen-
em (297 nm, —Ag = 9,210 M~ ! cm ™) as the substrate in the dialysis buffer. One
unit of enzyme activity was defined as the amount of enzyme that hydrolyzed 1
wmol of substrate per min at 30°C. The protein content was measured by using
the Biorad DC protein assay (Bio-Rad), and the specific activities of the crude
extract and of the purified B-lactamase from E. coli DH10B(pNOR-2001) were
compared.

Analytical IEF. The B-lactamase extract from P. aeruginosa COL-1 and the
purified B-lactamase from E. coli DH10B(pNOR-2001) were subjected to ana-
lytical isoelectric focusing (IEF) as described previously (16). The focused B-lac-
tamases were detected by overlaying the gel with 1 mM nitrocefin (Oxoid) or with
an iodine starch gel containing 0.5% (wt/vol) imipenem in 100 mM phosphate
buffer (pH 7.0).

Kinetic measurements and M, determination. Purified B-lactamase from a
culture of E. coli DH10B(pNOR-2001) was used for determination of kinetic
parameters (k.,,, K,,,) performed at 30°C in 30 mM sodium cacodylate buffer (pH
6.5) supplemented with 50 puM ZnCl, as described previously (16). Inactivation
by Zn** removal was studied at 30°C in cacodylate buffer in the presence of
different concentrations of EDTA, with 100 pM imipenem as the reporter
substrate. The 50% inhibitory concentration (ICs,) was determined for EDTA.
Reactivation by Zn>* (2 mM) was assayed by measuring activity after incubation
with EDTA-treated (2 mM) enzyme for 15 min at 30°C.

The relative molecular mass (M,) of the purified B-lactamase from E. coli
DHI10B(pNOR-2001) was determined by gel filtration with a 1.6- by 47-cm
column packed with Superdex 75 (Amersham Pharmacia Biotech) equilibrated
and eluted with 50 mM phosphate buffer (pH 7.0) containing 150 mM NaCl.
Each elution peak was tested for B-lactamase activity by using nitrocefin as a
substrate. The peak that showed the highest B-lactamase activity was linearly
plotted against the logarithm of the molecular masses of standard proteins
(Amersham Pharmacia Biotech) to determine the M, of the purified B-lacta-
mase.

Nucleotide seq e accessi ber. The nucleotide sequence data re-
ported in this paper have been assigned to the EMBL/GenBank nucleotide
sequence database under accession no. AF 191564.

RESULTS

Origin of the P. aeruginosa COL-1 isolate and preliminary
susceptibility testing. P. aeruginosa COL-1 was isolated in 1996
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TABLE 2. MICs of B-lactams for P. aeruginosa COL-1, E. coli
DHI10B harboring recombinant plasmid pNOR-2001,
and E. coli reference strain DH10B

MIC (jug/ml)
B-Lactam(s)” P. aeruginosa E. coli DH10B E. coli
COL-1 (PNOR-2001)" DHI0B

Amoxicillin >512 >512 4
Amoxicillin + CLA >512 512 4
Ticarcillin >512 >512 4
Ticarcillin + CLA >512 512 4
Piperacillin 64 4 1
Piperacillin + TZB 16 4 1
Cephalothin >512 256 2
Cefoxitin >512 128 1
Ceftazidime 256 16 0.5
Cefotaxime >512 8 0.06
Cefepime 64 0.06 0.03
Aztreonam 0.25 0.12 0.12
Meropenem 128 0.25 0.06
Imipenem 128 1 0.12

“ CLA, clavulanic acid at a fixed concentration of 2 ug/ml; TZB, tazobactam
at a fixed concentration of 4 pg/ml.

" E. coli DH10B(pNOR-2001) expressed the carbapenem-hydrolyzing B-lacta-
mase VIM-2.

at the Institut Paoli-Calmettes in Marseilles, France. A 39-
year-old-French woman was hospitalized for chronic myelog-
enous leukemia and pancytopenia before the performance of
an allogeneic bone marrow transplantation. She had not trav-
elled recently to Italy or Japan, and no information is available
on any patient transfer from Italian hospitals concomitant with
her hospital stay. The patient had fever and received a course
of imipenem and amikacin. Despite this treatment, she died of
septic shock 5 days later. The day after her death, blood cul-
tures inoculated 3 days earlier grew a carbapenem-resistant
P. aeruginosa isolate, COL-1. Antibiotic susceptibility testing
by disk diffusion suggested an uncommon mechanism of resis-
tance, since the isolate was resistant to most 3-lactams, includ-
ing ureidopenicillins, ureidopenicillins—3-lactamase inhibitors,
narrow-spectrum cephalosporins, cefepime, ceftazidime, imi-
penem, and meropenem, but remained fully susceptible to
aztreonam (data not shown). These results were confirmed by
MIC analysis (Table 2). Disk diffusion testing revealed that
P. aeruginosa COL-1 was also resistant to kanamycin, tobra-

VIM-2 FROM P. AERUGINOSA 893

mycin, streptomycin, spectinomycin, tetracycline, and chloram-
phenicol; of intermediate susceptibility to fluoroquinolones
and rifampin; and susceptible to fosfomycin.

Cloning, sequencing, and analysis of the genetic support of
the -lactamase gene. Preliminary PCR-based experiments
failed to detect blap.; Or a bla . ;-like gene in the P. aerugi-
nosa COL-1 isolate, although no bla . -containing strain
was used as a positive control. Ten recombinant E. coli clones
were obtained after cloning experiments and selection on
amoxicillin-containing plates. One of them, recombinant plas-
mid pNOR-2001 (Fig. 1), produced a B-lactamase as assessed
by a positive nitrocefin test. Analysis of the nucleotide se-
quence from the 3,843-bp insert in pNOR-2001 revealed an
801-bp-long open reading frame (ORF) encoding a 266-ami-
no-acid protein, named VIM-2 (Fig. 2). Amino acid sequence
analysis of this protein revealed a putative cleavage site be-
tween the alanine and serine residues at positions 20 and 21,
respectively (14) (Fig. 2). The G+C content of this ORF was
56%, a value that did not lie within the expected range of the
G+C content of P. aeruginosa genes (ranging from 60.1 to
69.5%). The codon usage differed as well from that of P.
aeruginosa genes (28). The deduced amino acid sequence of
this ORF showed low amino acid identity with most of the
Ambler class B carbapenem-hydrolyzing B-lactamases, ranging
from 32% to 4% for B-II from Bacillus cereus to GOB-1 from
Chryseobacterium meningosepticum, respectively (Table 3). It
was most closely related to VIM-1 (90% amino acid identity),
a recently identified metallo-B-lactamase isolated from an
Italian P. aeruginosa clinical isolate (10). VIM-1 and VIM-2
clustered within a subgroup of carbapenem-hydrolyzing B-lac-
tamases (Fig. 3). The conserved amino acids among carba-
penem-hydrolyzing B-lactamases that may bind either to Zn**
ions or a water molecule near or within their putative active
site were found in VIM-2 (3, 18, 24, 27): His-86, His-88, Asp-
90, His-149, His-225, Cys-168, and His-210 (Fig. 4). These ami-
no acids were identical for VIM-2 and VIM-1 (Fig. 4). Amino
acid changes in VIM-2 compared to the sequence of VIM-1
occurred mostly within the NH,- or COOH-terminal regions
(Fig. 4).

Further sequencing of the cloned fragment in pNOR-2001
revealed key signatures of the class 1 integron, such as (i) a
5'-CS containing an int/] integrase gene with its own promoter
region, (ii) an aftll recombination site, and (iii) a 3'-CS con-
taining gacEAI and sulll (Fig. 2). The initiation codon (ATG)
of blay,\.» was preceeded by two putative promoter regions

A 100 bp
BamHI BamHI
] intl] blaygo qacEAl  sull orfS /
- - | {———>}—"—+]——+» |—{— = »— — pNOR-2001
pBK-CMV
intl1 blayia g aacA4
e | {————— i =— — — —~ pBCLL/39H

FIG. 1. (A) Schematic map of the recombinant plasmid pNOR-2001 encoding blav ., (arrows indicate its translational orientation) and (B) comparison with the
blay.i-containing integron as cloned into recombinant plasmid pBCLL/39H (10). For pNOR-2001, the solid line represents the cloned insert from P. aeruginosa
COL-1 with the ORFs that are boxed, and the dotted lines indicate the vector pBK-CMV.
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GATCCATCAGGCAACGACGGGCTECTGCCGGCCATCAGCGGACGCAGGGAGGACTTTCCGCAACCEGCCETTCGATGCGGCACCGATGGCCTTCGCGCAG

101 GGGTAGTGAATCCGCCAGGATTGACTTGCGCTGCCCTACCTCTCACTAGTGAGGGGCGACAG /1
* RESTTLEPP L
-35 2, -10
982 CAAGGTTGCCGGGTGACGCACACCGTGGARACGGATGAAGGCACGAACCCAGTGGACATAAGCCTGTTCGETTCGTAAGCTGTAATGCARGTAGCGTATG

1082

1182

1282

1382

1482

1582

1682

1782

1882

1582

2082

2182

2282

2627

3451

3551

3651

L T APUHRVGHTFRTITFARVWHVYVYAQETA RILSZYHTILTYRTI

intll ¢— -35 ®, -10
CGCTCACGCAACTGGTCCAGAACCTTGACCGAACGCAGCGGETGETAACGGCGCAGTGGCCETTTTCATGGCITGTTATGACTGT T T TTTGGCGTACAGT
R ERLQDLV XKV S8RULPUPULZPATA ATIE KM

CTATGCCTCGGGCATCCAAGCAGCARGCGCGTTACGCCGTGGETCEATGTT IGATGTTATCCAGCAGCARCGATGTTACGCAGCAGGGCAGTCGCCCTAR
-10 P -35 atll
—> blaym,
AAGAM{GTTATGOEGCACTCACCCCCATGGAGT T TTGATGTTCAAACT TT TGAGTAAGTTATTGGTCTAT TTIGACCGCETCTATCATGGCTATTGCGAGT
RBS MFKLLSKLLVYLTASIMAIA/S

int

CCGCTCGCTTITTCCGTAGATTCTAGCGGTGAGTATCCGACAGTCAGCGAAATTCCGGETCGGEGAGGTCCGGCTTTACCAGATTGCCGATGGTGTTTGGT
P LAFSVDSSGEZ¢YZPTVSETIUZPVGEVRILYZGQIA ADGUVW

CGCATATCGCAACGCAGTCGTTTGATGGCGCAGTCTACCCGTCCAATGCTCTCATTGTCCGTGATGGTGATGAGT TGCT T TGATTGATACAGCGTGGGG
S HI A TQSFDGAVY?PSNGTLTIVIZ RDGDETLTLLTITDTA AWG

TGCGAAAAACACAGCGGCACTTCTCGCGGAGATTGAGAAGCAAATTGGACTTCCTGTAACGCGTGCAGTCTCCACGCACTT TCATGACGACCGCGTCGGC
A XK NTAALTULAETIEZ K GQIGTLU?PVTRAV STHTFHDUDT RUVG

GGCGTTGATGTCCTTCGGGCGGCTGGGETCGCAACGTACGCATCACCGTCGACACGCCGGCTAGCCGAGGTAGAGGGGAACGAGATTCCCACGCACTCTC
G VDV LR RAAGYVYATYASPS ST RRLAMEVETGNTETITZPTH S

TAGAAGGACTCTCATCGAGCGGGGACGCAGTGCGCTTCGCTCCAGTAGAACTCTTCTATCCTGGTGCTGCGCATTCGACCGACAACTTAGTTGTGTACGT
L EGL S S S GGDAVRTFUGEPVETLTFYZPGAAHSTDNLVV YV

CCCGTCTGCGAGTGTGCTCTATGGTGETTGTGCGATTTATGAGTTGTCACGCACGTCTGCGGGGRACGTGGCCGATGCCGATCTGGCTGAATGGCCCACC
P S A S VULYGGCATIVYETL SR RTSASGNVYVADADTULA ATEWTPT

TCCATTGAGCGGATTCAACAACACTACCCGGAAGCACAGTTCGTCATTCCGGGGCACGGCCTGCCGGGCGGTCTAGACTTGCTCAAGCACACAACGAATG
S I ERI QQHY PEAQPFVIPGHGLUPGOGLUDIULILIE KU HTTN

TTGTAAAAGCGCACACAAATCGCTCAGTCGTTGAGTAGCACGCAGATCCAGCATAACK TGAAGT TGCAGCCGACCATCACTCCGCTGCGCTCCGTTCTGE
VVEAEHTNT RSVVE *

CGGCTGAACTTCGGIGTTAGATECACTARGCACATAATTGCTCACAGCCAAACTATCAGGTCAATCTGCT T TTATTATTTTTAAGCGTGCATAATARGCC
—> gacEAl

CTACACAAATTGGGAGATATATCATGARAGGCTGCCTTTTTCTTGTTATCGCAATAGT. 1/
M KGWLFILVTIATIZV

CTGCGGAGGCCGACGCCATGCTGACGGTGTTCGGCATTCTGAATCTCA- //
L R R P T P W *

MV TV F G I L NL

—p sull

GACGCCAGAGACCGAGGGTTAGATCATGCCTAGCATTCACCTTCCGGCCGCCCGCTAGCGGACCCTGGTCAGGTTCCGCGARGGTGGGCGCAGACATGCT
D A RDU RGTULDH A *
—p orfs
GGGCTCGTCAGGATCAAACTGCACTATGAGGCGGCGGTTCATACCGCGCCAGGGGAGCGAATGGACAGCGAGGAGCCTCCGAACGTTCGGGETCGCCTGLT
M D S EEPUPNV RV AC

// AGCGACGGCATCGTCGGCTGTTGCACCTTGTCGGCCGAGGATCC 3843
8§ DG I VGCCTTULSATETD
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FIG. 2. Nucleotide sequence of the 3,843-bp fragment of the cloned BamHI-fragment of pNOR-2001 containing the blay ., coding region and its integron. The
deduced amino acid sequence is designated in the single-letter code below the nucleotide sequence. The start codons of Intl1, blayy.,, qacEAI, and sull genes are
indicated by horizontal arrows, and their stop codons are indicated by asterisks. Only the start and the end of the integrase, gqacEAI, sull, and orf5 genes are represented.
The —35 and —10 sequences of the promoters P, P,, and P, are underlined; RBS indicates the putative ribosome binding site for blavy,.,. The conserved core and
inverse core sites located at the blayy,._, cassette boundaries are boxed, and the composite 59-base element is italicized. The cassette boundaries are indicated by vertical

arrows. The left part of the artl] site is underlined with a dotted line.

named P, (regions —35 [TGGACA] and —10 [TAAGCT]) and
P, (regions —35 [TTGTTA] and —10 [TACAGT]), which lie
within the integrase structural gene (Fig. 2). The secondary
promoter P, identified in some class 1 integrons was in its
active form, since the insertion of three guanosine molecules
119 bases downstream of the promoter P, between the —35
and —10 regions of P, brought the spacing to 17 bp (11). The
bla ., gene cassette, which was inserted in the a#t/1 recom-
bination site, has a core site (GTTATGC) and an inverse core
site (GCATAAC) (Fig. 2 and 5). The 59-base element was 72

bp long. This class 1 integron, named In56, contained only the
bla\n.» gene cassette (Fig. 2). The G+C content of this 59-
base element was 58%. The 59-base elements for blay, 1y, and
bla\_» cassettes clearly differed in size and structure (Fig. 5).
Only the right and left ends of the 59-base element shared
significant homology, while the center part required three gaps
to be introduced in the blay ., 59-base element in order to
obtain an optimal alignment (Fig. 5).

Conjugation experiments failed to transfer B-lactam resis-
tance from P. aeruginosa COL-1 to rifampin-resistant E. coli
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—3'__ CcrA
1% IMP-1
—113_ |ND-1
56
54
L 102 B|aB
53
: 1% B
89
71 ' VIM-1
155
101 100
A 7 VIM-2
— & CphA-1
134
100 —% |
206
100
L 28 GOB-1

FIG. 3. Dendrogram obtained for 10 representative Ambler class B carba-
penem-hydrolyzing B-lactamases by parsimony analysis (16). The alignment used
for tree calculation was performed with Clustal W (16) followed by minor
adjustments in order to reduce the number of gaps and to maintain the alignment
of the amino acid residues identified as critical for activity of some class B
carbapenem-hydrolyzing B-lactamases. Branch lengths are drawn to scale and
are proportional to the number of amino acid changes. The percentage values at
branching points (underlined) refer to the number of times a particular node was
found in 100 bootstrap replications (the star indicates uncertainty about nodes
with bootstrap values of less than 50%). The distance along the vertical axis has
no significance. The origins of the B-lactamases are given in Table 3.

DHI10B or ciprofloxacin-resistant P. aeruginosa strains. How-
ever, plasmid extraction from P. aeruginosa COL-1 followed by
electroporation into E. coli gave a ca. 45-kb natural plasmid,
pNOR-2000 (data not shown). This plasmid was not self-trans-
ferable from E. coli to E. coli. This plasmid conferred a similar

VIM-2
VIM-1

VIM-2
VIM-1
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TABLE 3. Percent identity between the amino acid sequences
of class B carbapenem-hydrolyzing B-lactamases”

% Identity

B-Lac-

famase vy VIM-1 B-II IMP-1 CerA BlaB IND-1 CphA-1 L-1 GOB-1
VIM-1 90

B-II 32 35

IMP-1 31 28 31

CcrA 27 27 28 34

BlaB 24 24 32 27 25

IND-1 24 24 33 28 27 40

CphA-1 21 23 26 19 20 25 23

L-1 11 13 12 9 11 9 11 12
GOB-1 4 4 10 12 10 11 12 13 18

“ The origins of the B-lactamases are as follows: VIM-2, P. aeruginosa COL-1;
VIM-1, P. aeruginosa VR 143-97 (10); B-IL, B. cereus (8); IMP-1, various gram-
negative rods, including P. aeruginosa (15); BlaB, C. meningosepticum CCUG
4310 (21); IND-1, Chryseobacterium indologenes 001 (2); CcrA, Bacteroides fra-
gilis TAL 3636 (19); CphA-1, Aeromonas hydrophila AE036 (12); L-1, Stenotro-
phomonas maltophilia 1TID1275 (25); GOB-1, C. meningosepticum (GenBank
accession no. AF90141).

resistance profile to B-lactams, as was found for recombinant
plasmid pNOR-2001, as well as resistance to sulfamides. Hy-
bridization experiments confirmed the presence of a plasmid
of similar size in P. aeruginosa COL-1 as in the E. coli DH10B
electroporant (data not shown).

Biochemical properties of VIM-2 and resistance pattern
conferred by VIM-2. IEF analysis of the B-lactamase prepara-
tion revealed that E. coli DH10B(pNOR-2001) produced only
a single B-lactamase with a pI of 5.6. For P. aeruginosa COL-1,
an additional band of B-lactamase activity with a pI of 9.0 was
found that likely corresponded to the chromosomal P. aerugi-
nosa AmpC cephalosporinase (26), the pI of 5.6 being revealed
only after imipenem hydrolysis detection.

VIM-2 was purified 400-fold from a culture of E. coli
DHI10B(pNOR-2001) with a specific activity of 17.8 U  mg of
protein~! with imipenem as the substrate. The M, of the ma-
ture B-lactamase was 29.7 kDa.

Kinetic parameters revealed that VIM-2 has a broad hydro-
lysis profile, including most B-lactams, except monobactams
(aztreonam), cefsulodin, cefepime, and cefpirome (Table 4).
VIM-2 activity was higher against imipenem than against
meropenem. Its activity was inhibited by EDTA (I1Cs,, 50 pM)
and was restored in the presence of 2 mM ZnCl,. Thus, VIM-2
could be included in the functional group 3a of the Bush

MFKLLSKLLVYLTASIMAIASPLAFSVDSSGEYPTVSEIPVGEVRLYQIADGVWSHIATQ 60
MLKVISSLLVYMTASVMAVASPLAHSGEPSGEYPTVNEIPVGEVRLYQIADGVWSHIATQ 60
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PR T s e T
86 88 90
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VIM-2
VIM-1
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|
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FIG. 4. Comparison of the amino acid sequence of VIM-2 with that of VIM-1. Identical amino acid residues are indicated by asterisks, and functionally equivalent
amino acid substitutions are indicated by colons. Boldface amino acids are those of the putative active sites of VIM-1 and of VIM-2. The numbering is according to

the B-II sequence of B. cereus (18).
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59-be
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1L 2L

VIM-1 tagca....gatgcggcataacaaatcgttggagcgggacttttgetacgecaggetgegectactecgcaaaa

[111] LT LLLE T b [T
VIM-2 tagcaggcagatgcggcataacatgaagttgcagec.gaccatcactee....gctgeg. .. .ctocgttetg

kAR kAE Tk HAEKKKX
Cons GYCTAACAAtTCgNTCaAGccGAcSS
>
2R 1R

VIM-1 gecccctcaactcaggegttatgecgecacceaccectatggagtettgatyg

LU A RETTREETTEEE L A LT T
VIM-2 gcggctgaactteggegttatgecgcacteacccccatggagttttgatg

*k kkk kkkk kkkkhhkk *k hhkd
Cons gCcGCTEANCTCNggCGTTAGSCRNCca

FIG. 5. Comparison of the sequences of the 72 bp of the blavy ., 59-base element (59-be) and the 81 bp of the blay ., 59-base element present in the circular
form of the B-lactamase gene cassettes to a 59-base element consensus sequence given below. The inverse core and core sequences are double underlined. L1, L2, R1,
and R2 are four regions found to be highly conserved within 59-base elements of class 1 integrons (20, 23). Consensus bases (Cons) in uppercase letters are present
in two-thirds or more of the 59-base elements, and bases in lowercase letters are present in half or more of the 59-base elements. Stars indicate bases of the 59-base
element of blay ., that fit the consensus. R, purine; Y, pyrimidine; S, C or G; N, undetermined base.

B-lactamase classification that includes most metalloenzymes,
except those from Aeromonas sp., Myroides odoratus, and Le-
gionella gormanii, which show a restricted hydrolysis spectrum
to carbapenems (3, 18).

The natural plasmid pNOR-2000 (data not shown) or the
recombinant plasmid pNOR-2001 conferred resistance to
aminopenicillins and narrow- and extended-spectrum cephalo-
sporins and a reduced susceptibility to piperacillin, cefepime,
and carbapenems in E. coli DH10B. However, the MIC of
aztreonam for E. coli DH10B(pNOR-2001) remained un-
changed compared to those for the parental E. coli DH10B
strain (Table 2).

DISCUSSION

The carbapenem-hydrolyzing B-lactamase VIM-2 shared
90% amino acid identity with VIM-1. It has been obtained
from an isolate from the French Riviera region (Marseilles)
that is only 300 km from Verona, where VIM-1 had been
isolated (10). Moreover, patient transfers were common be-
tween Italian hospitals and Marseilles hospitals until 1994, thus
underlining a possible regional outbreak of organisms produc-
ing related enzymes.

Both VIM-1 and VIM-2 can be classified in the protein
sequence-based subclass B1 of metallo-B-lactamases (3). The

TABLE 4. Kinetic parameters of the purified B-lactamase VIM-2

Antimicrobial . Kead Kin
agent kvat (S 1) Km (HM) (|.LM71 . Sfl)
Benzylpenicillin 55.8 49 1.14
Amoxicillin 29.7 54 0.55
Ticarcillin 31.7 46 0.69
Piperacillin 32.7 72 0.45
Cephalothin 56.2 44 1.28
Cefoxitin 2.8 24 0.12
Cefuroxime 12.1 22 0.55
Cefoperazone 29.8 49 0.61
Cefsulodin 26.0 521 0.05
Cefotaxime 275 32 0.86
Cefpirome 9.2 123 0.07
Cefepime 4.7 184 0.03
Ceftazidime 88.7 98 0.90
Aztreonam <0.5 ND“ —*
Moxalactam 14.8 80 0.18
Meropenem 1.4 5 0.28
Imipenem 9.9 10 0.99

“ ND, not determinable.
> in this case, the hydrolysis parameters could not be calculated.

amino acids that may be involved in the catalytic site of these
enzymes were identical (18, 24, 27). Once cloned onto a plas-
mid vector and expressed in E. coli, both enzymes provided a
similar pattern of decreased susceptibility to B-lactams, except
aztreonam. However, their level of resistance to carbapenems
remained low. As suggested from results of experiments per-
formed with another carbapenem-hydrolyzing B-lactamase (an
IMP-1-like enzyme), the permeability coefficient of each B-lac-
tam may play a major role in explaining the level of resistance
to each B-lactam in gram-negative bacteria that produce met-
alloenzymes (13), thus explaining the low level of resistance to
ureidopenicillins in P. aeruginosa COL-1 (Table 1). VIM-2 did
not significantly hydrolyze either cefsulodin, cefepime, or cef-
pirome. The high MIC of cefepime for P. aeruginosa COL-1
could be due to its low permeability coefficient (13). Interest-
ingly, P. aeruginosa isolates that expressed either VIM-1 or
VIM-2 B-lactamases were fully susceptible to aztreonam only
and resistant to most aminoglycosides, thus limiting the choice
of active drugs in clinical use.

Taking into account the structural similarity between VIM-1
and VIM-2 and the similar MIC data, it is likely that the
biochemical properties of VIM-1 are close to those of VIM-2.
Although related to B-II from B. cereus, VIM-2 did not share
its peculiar property of better hydrolyzing meropenem than
imipenem (3, 6, 18). The extended hydrolysis profile of VIM-2
was different from the restricted hydrolysis profile found for
CphA-1 and ImiS from Aeromonas species (3, 18). Therefore,
VIM-2 could be included in biochemical group 3a (3).

While the G+C content of blayy,_, is not typical of P. aeru-
ginosa genes, it could correspond to that of genes found in
members of the family Enterobacteriaceae. Upstream of blay, o,
two putative promoters, P, and P,, were found (Fig. 2). Com-
pared to other P_ sequences, the P, promoter for blay ., is a
weak promoter (4, 11). P, expression may be responsible for up
to 90% of blay, ., transcription, as described for other inte-
gron-located genes (4, 11). blay ., and blay, ., are located
on different class 1 integrons not related to blayp_, integrons,
and the corresponding 59-base elements were different in size
and structure (Fig. 5). A similar situation was observed for
dfrAl, dfrAS, and dfrA7 genes, which share 70% amino acid
identity, but have unrelated 59-base elements, with the first
and last 20 bp of these 59-base elements showing similarity to
the consensus (20, 23). The catB2 and catB3 cassettes also
contain quite different 59-base elements (20). The fact that
closely related genes such as the VIM-1 and VIM-2 genes have
different 59-base elements supports the hypothesis of a sepa-
rate origin of the genes and of the 59-base element in each
cassette. The class 1 integron for blay, ., contained only this
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gene cassette, as opposed to the class 1 integron that contained
bla\.1 together with at least another gene cassette (Fig. 1) (10).

The dendrogram analysis revealed that VIM-2 and VIM-1
clustered in the same carbapenem-hydrolyzing (-lactamase sub-
group and that neither of them is related to the chromosome-
borne class B carbapenem-hydrolyzing B-lactamases (Fig. 3). It
may now be time to detect gram-negative rods that produce
these novel expanded-spectrum B-lactamases to prevent their
spread. Their detection should be performed with a PCR tech-
nique using, for example, the following consensus primer se-
quences: VIMB, 5'-ATGGTGTTTGGTCGCATATC-3'; and
VIMF, 5'-TGGGCCATTCAGCCAGATC-3'.
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