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Production of a metallo-B-lactamase activity was detected in a carbapenem-resistant Pseudomonas aerugi-
nosa clinical isolate (isolate VR-143/97) from an Italian inpatient at the Verona University Hospital (northern
Italy). The metallo-3-lactamase determinant was isolated from a genomic library of VR-143/97, constructed in
an Escherichia coli plasmid vector, by screening for clones with reduced susceptibility to imipenem. Sequencing
of the cloned gene revealed that it encoded a new class B -lactamase that was named VIM-1. At the sequence
level VIM-1 was rather divergent from the other class B enzymes (16.4 to 38.7% identity), overall being more
similar to members of subclass B1 including the -lactamase II of Bacillus cereus (Bc-II), the Bacteroides fragilis
CcrA, the Chryseobacterium meningosepticum BlaB, and the cassette-encoded IMP-1 enzymes. Among these,
VIM-1 showed the highest degree of similarity to Be-II. Similarly to bla,,p, bla,, was also found to be carried
on a gene cassette inserted into a class 1 integron. The blay,,,-containing integron was located on the
chromosome of P. aeruginosa VR-143/97, and the metallo-B-lactamase-encoding determinant was not trans-
ferable to E. coli by conjugation. Expression of the integron-borne blay,, gene in E. coli resulted in a significant
decrease in susceptibility to a broad array of 3-lactams (ampicillin, carbenicillin, piperacillin, mezlocillin,
cefotaxime, cefoxitin, ceftazidime, cefoperazone, cefepime, and carbapenems), revealing a very broad substrate

specificity of the VIM-1 enzyme.

Metallo-B-lactamases are threatening resistance determi-
nants from the clinical standpoint due to their usually broad
substrate specificities, which always include carbapenems, and
to their resistance to mechanism-based B-lactamase inactiva-
tors (4, 20, 26, 29). Thus far, the overall prevalence of these
enzymes among clinical isolates has remained low since most
metallo-B-lactamases are encoded by genes resident in species
that are of minor clinical relevance and that are not transfer-
able to major bacterial pathogens (4, 20, 29). Recently, how-
ever, the spread of a previously unknown metallo-B-lactamase
gene, blayp, has been reported in Japan among isolates of
various members of the family Enterobacteriaceae, Pseudomo-
nas aeruginosa, and other nonfastidious, gram-negative nonfer-
menters (12, 15, 34, 35). This gene, whose original host remains
unknown, was found to be carried on mobile gene cassettes
inserted in plasmid- or chromosome-borne integrons (2, 16, 18,
25, 41). Its product, the IMP-1 enzyme, exhibits a very broad
substrate profile (19, 25) and contributes to B-lactam resis-
tance in bacterial hosts that have acquired the blay,p gene (15,
17, 34). Nosocomial IMP-1-producing isolates of the family
Enterobacteriaceae and Pseudomonas have been found in Jap-
anese hospitals since 1991, and their clinical impact has been
reviewed (12).

Although epidemic diffusion of bla,,p has not been reported
elsewhere, production of a metallo-B-lactamase identical or
very similar to IMP-1 was recently detected in an Italian isolate
of Acinetobacter baumannii (8), while production of a metallo-
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B-lactamase apparently different from IMP-1 was reported in a
P. aeruginosa isolated in the United Kingdom (40), suggesting
that the spread of similar resistance determinants is also com-
mencing in Europe.

In this paper we report on the characterization of a new
integron-borne metallo-B-lactamase gene, named bla., 1, car-
ried by a carbapenem-resistant P. aeruginosa clinical isolate
that represents the index strain responsible for a nosocomial
outbreak that recently occurred at the Verona University Hos-
pital (northern Italy). This new determinant is different from
either blay,,p or other known metallo-B-lactamase genes, and
its acquisition can contribute to broad-spectrum B-lactam re-
sistance in the bacterial host.

MATERIALS AND METHODS

Bacterial strains and genetic vectors. P. aeruginosa VR-143/97 was a clinical
isolate from a surgical wound. It was isolated in February 1997 from an Italian
patient admitted at the Intensive Care Unit Department of the Verona Univer-
sity Hospital (northern Italy). The patient had been transferred to the Intensive
Care Unit from another department of the same hospital and did not report any
recent history of travel or of other hospitalization. Escherichia coli DH5a
[supE44 AlacU169 ($80lacZAM15) hsdR17 recAl endAI gyrA96 thi-1 relAI; Be-
thesda Research Laboratories, Bethesda, Md.] was used as the host in electro-
transformation experiments and for all recombinant plasmids. E. coli MKD-135
(argH rpoBI18 rpoBI19 recA rpsL) was used as a recipient strain in conjugation
experiments. Bacterial strains were always grown aerobically at 37°C. Plasmid
pACYC184 (6) was used as the vector for construction of the P. aeruginosa
genomic library. Plasmid pBC-SK (Stratagene, La Jolla, Calif.) was used for
some subcloning steps.

In vitro susceptibility testing. MICs were determined by a broth macrodilution
method (23) with cation-supplemented Mueller-Hinton broth (Difco Laborato-
ries, Detroit, Mich.) and a bacterial inoculum of 5 X 10° CFU per tube. Results
were recorded after incubation for 18 h at 37°C. MIC determinations were
performed in triplicate. Results of susceptibility testing were interpreted accord-
ing to the guidelines of the National Committee for Clinical Laboratory Stan-
dards (23). Antibiotics were obtained from Sigma Chemical Co. (St. Louis, Mo.)
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unless otherwise specified. Imipenem was from Merck Research Laboratories
(Rahway, N.J.), meropenem was from Zeneca Pharmaceuticals (Cheshire,
United Kingdom), ceftazidime was from Glaxo-Wellcome (Verona, Italy),
cefepime was from Bristol-Myers Squibb (Wallingford, Conn.), and aztreonam
was from the Squibb Institute for Medical Research (Princeton, N.J.). All anti-
biotic solutions were prepared immediately before use.

B-Lactamase assays. 3-Lactamase activity in crude cell extracts was assayed
spectrophotometrically. Reactions were performed in 30 mM N-(2-acetamido)-
2-aminoethanesulfonic acid (ACES)-NaOH buffer (pH 7.0) (AB) at 25°C in a
total volume of 0.75 ml. Imipenem hydrolysis was monitored at 299 nm (Age =
—9,000 M~ ecm™') by using an initial substrate concentration of 150 M.
Inhibition of enzymatic activity by EDTA was assayed by measuring the residual
carbapenemase activity after incubation of the crude extract for 20 min at 25°C
in the presence of 2 mM EDTA (EDTA was added to the crude extract from a
100 mM stock solution in AB). A control without EDTA was always run in
parallel. Reactivation by Zn>* was assayed by measuring the carbapenemase
activity after incubation of the EDTA-treated enzyme preparation for 20 min at
25°C in the presence of 2 mM Zn>* (Zn>* was directly added to the EDTA-
treated extract as ZnCl,, which was from a 100 mM stock solution in 10 mM
HCI). Controls for the effect of Zn>" alone on the enzymatic activity and on the
substrate stability were also included. Crude cell extracts were prepared as
follows. Cells were grown in Mueller-Hinton broth aerobically at 37°C until the
late exponential phase, collected by centrifugation, resuspended in AB (1/10 of
the original culture volume), and disrupted by sonication (six times for 15 s each
time at 50 W). The supernatant obtained after centrifugation at 10,000 X g for
10 min to remove the cell debris represented the crude extract. The protein
concentration in the solution was determined with a commercial kit (Bio-Rad
protein assay; Bio-Rad, Richmond, Calif.), with bovine serum albumin used as a
standard.

Analytical IEF. Analytical isoelectric focusing (IEF) of crude cell extracts was
performed in precast 5% polyacrylamide gels containing ampholytes (pH range,
3.5 to 9.5) (Ampholine PAGplate; Amersham Pharmacia Biotech, Uppsala,
Sweden) with a Multiphor II Apparatus (Pharmacia). Gels were focused at 0.1
W/cm? for 2 h at 10°C. p-Lactamases were detected as purple bands after
overlaying the gel with filter paper soaked with a 0.25 mM nitrocefin solution in
AB supplemented with 2 mM ZnCl,.

Conjugation experiments. Conjugation experiments were performed on solid
medium as described previously (39). The initial donor/recipient ratio was 0.1.
The plates used for mating were incubated at 30°C for 8 h. Transconjugants were
selected on Mueller-Hinton agar containing ampicillin (50 pg/ml) plus rifampin
(400 pg/ml). The detection sensitivity of the assay was of =5 X 10~7 transcon-
jugants/recipient.

Recombinant DNA methodology. Basic recombinant DNA procedures were
performed as described by Sambrook et al. (33). Extraction of plasmid DNA
from P. aeruginosa was performed by various methods (3, 14, 37). For construc-
tion of the genomic library of P. aeruginosa VR-143/97, genomic DNA was
partially digested with Sau3AI and fragments in the 2- to 9-kb size range were
purified by agarose gel electrophoresis with the Geneclean II kit (Bio 101, Inc.,
La Jolla, Calif.). The purified restriction fragments were ligated to the BamHI-
linearized and dephosphorylated pACYC184 vector, and the ligation mixture
was used to transform E. coli DH5a by electroporation. The ratio of recombinant
clones to those carrying an empty religated vector was >20, as shown by replica
plating of transformants, which were selected on Luria-Bertani (LB) agar plates
containing chloramphenicol (70 wg/ml), onto plates containing both chloram-
phenicol and tetracycline (20 pg/ml). Electroporation of E. coli cells was per-
formed with a Gene Pulser apparatus (Bio-Rad) according to the manufacturer’s
instructions.

DNA seq ing and ¢ er analysis of sequence data. The DNA se-
quences on both strands were determined by the dideoxy-chain termination
method with an automatic DNA sequencer (LICOR 4000; LI-COR Inc., Lincoln,
Nebr.), the Thermosequenase DNA sequencing kit (Amersham), and IRD 800-
labeled custom sequencing primers (MWG-Biotech, Munich, Germany). Simi-
larity searches against sequence databases were performed with an updated
version of the BLAST program (1). Computer analysis of the sequence data was
performed with an updated version (version 8.1) of the University of Wisconsin
Genetics Computer Group package (9). Codon usage tables were compared as
described by Grantham et al. (11). Multiple sequence alignments, generated with
the help of the PILEUP program, were manually refined by considering the
information available on the three-dimensional structures of the Bc-II and CcrA
enzymes (5, 7).

Nucleotide sequence accession number. The nucleotide sequence reported in
this paper has been submitted to the EMBL/GenBank/DDBJ sequence data-
bases and has been assigned accession no. Y18050.

RESULTS

Production of metallo-carbapenemase activity by P. aerugi-
nosa VR-143/97. P. aeruginosa VR-143/97 was a clinical isolate
resistant to carbenicillin, piperacillin, mezlocillin, cefopera-
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TABLE 1. B-Lactam susceptibilities of P. aeruginosa VR-143/97 and
E. coli DH5a(pBCLL/39H) carrying the cloned integron-borne
bla gene”

MIC (pg/ml)
Antibiotic
VR-143/97  DH5a(pBCLL/39H)  DH5a(pBC-SK)

Ampicillin >128 >128 1
Carbenicillin >128 >128 4
Piperacillin >128 128 0.5
Mezlocillin >128 >128 1
Cefotaxime >128 64 =0.06
Cefoxitin >128 128 2
Ceftazidime >128 128 0.12
Cefoperazone >128 >128 0.12
Cefepime >128 32 =0.06
Imipenem >128 2 0.12
Meropenem 128 1 =0.06
Aztreonam 32 0.25 0.25

“ The susceptibility of E. coli DH5« carrying the empty vector is also presented
for comparison.

zone, ceftazidime, cefepime, carbapenems, and aztreonam
(Table 1).

A crude extract prepared from this strain showed imipenem-
hydrolyzing activity (Table 2). The carbapenemase activity was
inhibited by treatment with EDTA and could be fully restored
by subsequent addition of Zn** at the same molar concentra-
tion as EDTA, without significant dilution of the sample (Ta-
ble 2). Enzyme reactivation under similar conditions was likely
due to the initial presence of a certain amount of divalent
cations in the crude extract.

IEF analysis of the crude extract of VR-143/97 revealed the
presence of three bands of B-lactamase activity that focused at
alkaline pH values (a major band at pH 8.5 and two minor ones
at pHs 8.7 and 7.7, respectively) and of one band that focused
at pH 5.3 (Fig. 1). The bands with pIs of 8.7 to 8.5 are likely
contributed by the resident AmpC enzyme of P. aeruginosa, the
production of which appeared to be derepressed in VR-143/97.

A blay,p-specific probe containing the 0.5-kb HindIII frag-
ment internal to the bla;,, gene (25) did not hybridize to
VR-143/97 in a colony blot assay (data not shown), indicating

TABLE 2. Imipenem-hydrolyzing activities of crude extracts of
P. aeruginosa VR-143/97 and of the two E. coli clones
(DHSa[pAC2AL] and DHS5«[pAC2IL]) able to
grow on imipenem-containing medium®

Sp act (pmol/min/pg of protein)?

Strain Crude cx(t:rr:c(:e . Crude extract +
2+c
extract EDTA EDTA + Zn
VR-143/97 109 = 6 15 =1 (14) 112 = 7 (103)
DH5a(pAC2AL) 512 =20 40 £ 3 (8) 493 + 21 (96)
DHS5a(pAC2IL) 489 = 20 38 =3(8) 481 = 23 (98)
DH5a(pACYC184) <2 NA4 NA

“ The basal activity measured with E. coli DH5«a containing the empty vector
is also reported for comparison. Specific activity data represent the mean *
standard deviations of three measurements.

® Numbers in parentheses represent the percent activity measured after expo-
sure to EDTA or subsequent Zn>" addition, considering as 100% the activity of
the crude extract. See Materials and Methods for experimental details.

¢ The addition to crude extracts untreated with EDTA of Zn>" at the same
concentration used for the enzyme reactivation assay caused an increase (ap-
proximately 1.5-fold) in the carbapenemase activity. Zn>* alone at the same
concentration did not cause any detectable hydrolysis of the substrate.

4 NA, not assayed.
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FIG. 1. Results of IEF analysis of crude extracts of P. aeruginosa VR-143/97
(lane 1), E. coli DH5a(pACYC184) (lane 2), E. coli DH5a(pAC2AL) (lane 3),
and E. coli DH5a(pAC2IL) (lane 4). Approximately 10 pg of total protein was
loaded in each lane.

that a metallo-B-lactamase other than IMP-1 was produced by
this strain.

Cloning of the metallo-3-lactamase determinant of P.
aeruginosa VR-143/97. Since in P. aeruginosa acquired resis-
tance determinants are often carried on plasmids, the presence
of plasmid DNA in VR-143/97 was initially investigated by
various extraction methods. No plasmid DNA was detectable
by agarose gel electrophoresis in any plasmid preparation from
that strain (data not shown). The same preparations did not
yield any B-lactam-resistant transformant when they were used
in electrotransformation experiments with E. coli DH5« as a
recipient strain. Conjugation experiments also failed to demon-
strate the occurrence of conjugative transfer of B-lactamase de-
terminants from P. aeruginosa VR-143/97 to E. coli MKD-135.

The metallo-carbapenemase determinant was isolated from
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a genomic library of VR-143/97, which was constructed in the
E. coli plasmid vector pACYC184 and transformed into the E.
coli host DH5a, by screening the library for clones that had
reduced susceptibility to imipenem. Two such clones (2AL and
2IL) were found among approximately 3,500 transformants
after replica plating onto LB medium containing chloramphen-
icol (70 pg/ml) plus imipenem (5 wg/ml). Crude extracts pre-
pared from these clones exhibited a strong carbapenemase
activity that, similar to the one of VR-143/97, was susceptible
to inhibition by EDTA and could be restored by subsequent
addition of Zn** to the EDTA-treated samples (Table 2). IEF
analysis of the crude extracts yielded, with both clones, a B-lac-
tamase band at pH 5.3 that was not detectable in the parent E.
coli strain and that apparently corresponded to one of those
present in VR-143/97 (Fig. 1). The results presented above
suggested that a cloned copy of the metallo-B-lactamase gene
of VR-143/97 was carried and expressed in these clones and
that the corresponding enzyme had an acidic pl.

Restriction analysis showed that the recombinant plasmids
harbored by these clones (named pAC2AL and pAC2IL, re-
spectively) contained an apparently identical 7.8-kb insert
(data not shown). The insert of plasmid pAC2AL (Fig. 2) was
subjected to further characterization. Subcloning analysis
showed that the B-lactamase-encoding determinant carried by
PAC2AL was located within a 3.5-kb HindIII-Xhol fragment,
being apparently interrupted by Sa/l and Smal restriction sites
located approximately 0.2 kb apart from each other (Fig. 2).

Sequence of the B-lactamase determinant. The nucleotide
sequence of the insert of plasmid pBCLL/39H around the
restriction sites that apparently interrupted the B-lactamase
determinant was determined. An open reading frame (ORF)
which encoded a polypeptide showing high similarity scores
with other class B B-lactamases was identified (Fig. 3) in a
BLAST search. Results of the subcloning experiments were
consistent with the identification of this ORF, named bla 1y,
as the B-lactamase-encoding determinant (Fig. 2). A Southern

Plasmid B-lact.
Sa B B H SB H
[ 1 L i 1 pAC2AL +
Sa B H Sa Sa X SB H
L4 el & | PAC2AL/KB +
cH Sa Sm X SB Hy
N\ P Sel ¥ pBCLL/39H +
Sa Sa Sm X 8B H
! bl | pACLL/BSa +
Sa Sm X 8B H
[N el | pACLUISE -
X Sa Sac
N\ I/ pBCLL/20Sa -
clse A pBC39H/ISm -
< » ———
1kb intl1 blam aacA4

FIG. 2. Physical map of the insert of plasmid pAC2AL and subcloning strategy. Thick lines represent cloned DNA, and thin lines correspond to vector sequences.
Plasmids whose names begins with pAC are pACYC184 derivatives, while those whose name begins with pBC are pBC-SK derivatives. Production of metallo-B-
lactamase activity (B-lact.) was assayed with crude extracts as described in Materials and Methods. B, BamHI; C, Clal; H, HindIIl; Sa, Sall; Sm, Smal; S/B,

Sau3Al/BamHI junction; V, EcoRV; X, Xhol.
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CGGCCGTTCGATGCGGCACCGATGGCCTTCGCGCAGGGGTAGTGAATCCGCCAGGATTGA 60

CTTGCGCTGCCCTACCTCTCACTAGTGAGGGGCGGCAGCGCATCARGCGGTGAGCGCACT 120
* R E $ T L P P L A DUL P S R V

CCGGCACCGCCARCTTTCAGCACATGCGTGTARATCATCGTCGTAGAGACGTCGGAATGG 180
G A G GV KL V H T Y I M T T S V D S H

CCGAGCAGATCCTGCACGGTTCGAATGTCGTAACCGCTGCGGAGCARGGCCGTCGCGRAC 240
G L L b @ VvV TR I DY G S R L L A T A F

GAGTGGCGGAGGGTGTGCGGTGTGGCGGGCTTCGTGATGCCTGCTTGTTCTACGGCACGT 300
S H R L THZPTAUPKT I GAOQE V A R

TTGAAGGCGCGCTGARAGGTCTGGTCATACATGTGATGGCGACGCACGACACCGCTCCGT 360
K F AR Q F T Q D Y M H H R R V V G 8 R

GGATCGGTCGAATGCGTGTGCTGCGCAAAAACCCAGAACCACGGCCAGGAATGCCCGGCG 420
P DT S HTH QA F V W F W P W S H G A

CGCGGATACTTCCGCTCRAAGGGCGTCGGGARGCGCARCGCCGCTGCGGCCCTCGGCCTGG 480
R P ¥ KR ELADUPULA AV G S R G E A Q

TCCTTCAGCCACCATGCCCGTGCACGCGACAGCTGCTCGCGCAGGCTGGGTGCCAAGCTC 540
D KL W W A R A R S L Q E R L s P A L 8

TCGGGTARCATCAAGGCCCGATCCTTGGAGCCCTTGCCCTCCCGCACGATGATCGTGCCG 600
E P L ML AURUDI K S G K G E R V I I T G

TGATCGAAATCCAGATCCTTGACCCGCAGTTGCAAACCCTCACTGATCCGCATGCCCGTT 660
H D F DL D KV RL QL G E S I RMG T

CCATACAGAAGCTGGGCGAACAAACGATGCTCGCCTTCCAGAAAACCGAGGATGCGAACC 720
G ¥ L L ¢ A F L R H E G E L F G L I R V

ACTTCATCCGGGGTCAGCACCACCGGCARGCGCCGCGACGGCCGAGGTCTTCCGATCTCC 780
vV ED PT L V V P L R R S P R P R G I E

TGRAGCCAGGGCAGATCCGTGCACAGCACCTTGCCGTAGARGARACAGCAAGGCCGCCAAT 840
Q L w P L DT CULV KGY F F L L A A L

GCCTGACGATGCGTGGAGACCGRARCCTTGCGCTCGTTCGCCAGCCAGGACAGARATGCC 800
A Q R H T S Vv s V X REN ATILW S L F A

TCGACTTCGCTGCTGCCCAAGGTTGCCGGGTGACGCACACCGTGGARACGGATGAAGGCA 960
E VvV E S S 6L T A P HR V G HF R I F A

CGAACCCAGTGGACATAAGCCTGTTCGGTTGGTAAGCTGTAATGCAAGTAGCGTATGCGC 1020
R vV w H VY A Q E T P L S ¥ H L Y R I R

TCACGCAACTGGTCCAGAACCTTGACCGAACGCAGCGGTGGTAACGGCGCAGTGGCGGTT 1080
E R L Q DL V KV S R L P P L P A T A T
<« intIl
TTCATGGCTTGTTATGACTGTTTTTTTGTACAGTCTATGCCTCGGGCATCCAAGCAGCAR 1140
K M

GCGCGTTACGCCGTGGGTCGATGTTTGATGTTATGGAGCAGCARCGATGTTACGCAGCAG 1200
blaym —
GGCAGTCGCCCTAAAACARNGTTATGOCGCACCCACCCCTATGGAGTCTTGATGTTARAR 1260
M L K
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GTTATTAGTAGTTTATTGGTCTACATGACCGCGTCTGTCATGGCTGTCGCARGTCCGTTA 1320
v I $s 8 L L VvV Y M T A S V M AV A S P L

GCCCATTCCGGGGAGCCGAGTGGTGAGTATCCGACAGTCAACGARATTCCGGTCGGAGAG 1380
A H S G E P S G E Y P TV NE I P V G E

GTCCGACTTTACCAGATTGCCGATGGTGTTTGGTCGCATATCGCARCGCAGTCGTTTGAT 1440
V R L Y @Q I A DG V W S H I A T Q S F D

GGCGCGGTCTACCCGTCCARTGGTCTCATTGTCCGTGATGGTGATGAGTTGCTTTTGATT 1500
G A VY P S NG L I V R D G DEL L L I

GATACAGCGTGGGGTGCGRARRACACAGCGGCACTTCTCGCGGAGATTGAARAGCARATT 1560
D T & WG A KNTAATILLAE I E K Q I

GGACTTCCCGTAACGCGTGCAGTCTCCACGCACTTTCATGACGACCGCGTCGGCGGCGTT 1620
G L P VvV T R A V 8 T H F H D DR V G G V

Sall
GATGTCCTTCGGGCGGCTGGGGTGGCARCGTACGCATCACCGTCGACACGCCGGCTAGCC 1680
D vV L R A A GV AT Y A S P S TR R L A

GAGGCAGAGGGGAACGAGATTCCCACGCATTCTCTAGARGGACTCTCATCGAGCGGGGAC 1740
E A E G N E I P TH S L E G L S S S8 G D

GCAGTGCGCTTCGGTCCAGTAGAGCTCTTCTATCCTGGTGCTGCGCATTCGACCGACAAT 1800
A V R F G P V EL F Y P G A A H S T DN

CTGGTTGTATACGTCCCGTCAGCGAACGTGCTATACGGTGGTTGTGCCGTTCATGAGTTG 1860
L v Vv Y VvV P S ANV L Y G G C A V HE L

TCAAGCACGTCTGCGGGGAACGTGGCCGATGCCGATCTGGCTGAATGGCCCACCTCCGTT 1920
s 8 T 8 A G NV A DA AD L A E W P T 5 V

Smal
GAGCGGATTCARARACACTACCCGGAAGCAGAGGTCGTCATTCCCGGGCACGGTCTACCG 1980
E R I ¢ KH Y P E A E V V I P G H G L P

GGCGGTCTAGACTTGCTCCAGCACACAGCGAACGTTGTCAAAGCACACARARATCGCTCA 2040
G 6 L bDDL L Q H T A N V V K A H K N R S

GTCGCCGAGTAGCAGATGCHGCATRA! TCGTTGGAGCGGGACTTTTGCTACGCAGGC 2100
vV A B *

—_—
TGCGCCTACTCCGCARRAGCCCCTCARCTCAGGCETTAGGATCACARAGTACAGCATCG 2160
aacAd —
TGACCAACAGCARCGATTCCGTCACACTGCGCCTCATGACTGAGCATGACCTTGCGATGE 2220
M T E H D L A M L

TCTATGAGTGGCTAAATCGATCTCATATCGTCGAGTGGTGGGGCGGAGAAGAAGCACGCC 2280
Y E W L N R S H I V E W W G GG E E A R P

CGACACTTGCTGACGTACAGGAACAGTACT 2310
T L A D V Q E Q Y

FIG. 3. Nucleotide sequence of the blayy,, gene cassette and flanking regions. Initiation codons of the various ORFs are indicated, and protein translation is
reported below the sequence. The blay 1\ cassette boundaries are indicated by vertical arrows. The conserved recombination core sites located at the cassette boundaries
and the inverse core site are boxed. The internal 2L and 2R core sites of the 59-base element (36) are overlined with arrows.

blot analysis of undigested genomic DNA of P. aeruginosa
VR-143/97, performed with the 0.24-kb Sall-Smal fragment
internal to the blay,, ORF (Fig. 2) as a probe, yielded a strong
hybridization signal that corresponded to the chromosomal
DNA band (data not shown), confirming the origin and the
chromosomal location of blay, .

The blay;,, ORF encodes a 266-amino-acid polypeptide
whose amino-terminal sequence exhibits features typical of
those of bacterial signal peptides that target protein secretion
into the periplasmic space via the general secretory pathway
(Fig. 3). According to known patterns (28), the cleavage site
could be located after either the Ala-20 or the Ser-26 residue:
in the former case the calculated molecular mass and the pl
value of the mature protein would be 25,915 Da and 4.97,
respectively; in the latter case they would be 25,322 Da and
4.90, respectively. In either case the theoretical pl value of the
VIM-1 enzyme is in good agreement with the IEF results (Fig.
1).

Sequence analysis of the blay,,-flanking regions revealed
that the gene was located on a mobile cassette inserted into a
class 1 integron. The blay,;,, cassette exhibited all the features
typical of these mobile elements (31, 36), including two con-

served core sites for recombination crossover at the cassette
boundaries, an inverse core site located a few base pairs down-
stream of the blay,,, termination codon, and a 59-base ele-
ment bounded by the inverse core site and the downstream
conserved core site and containing putative IntI1-binding do-
mains (Fig. 3). The blay,, cassette was preceded by an int/]
allele that encoded the DNA integrase typical of class 1 inte-
grons (31) but that was oriented in the opposite direction and
was followed by a second gene cassette containing an aacA4
allele (Fig. 3) which, in the sequenced part, was identical to
that carried by other integrons found in Pseudomonas and
members of the family Enterobacteriaceae (22, 24, 27).

The G+C content of the blayy, cassette was 56%, being
considerably higher than that of the bla,\,» cassette (40%).
The codon usage of the blay,,;, ORF was significantly different
from that of blaype (D* = 6.33).

Comparison of the VIM-1 enzyme with other class B -lac-
tamases. The BLAST search performed with the VIM-1 pro-
tein as the query returned the highest similarity scores with
other class B B-lactamases of subclass B1 including the Bacillus
cereus B-lactamase II (Be-II) (13), the Bacteroides fragilis CcrA
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TABLE 3. Percent identity between the amino acid sequences of
class B B-lactamases”

% Identity
Enzyme
BlaB VIM-1 IMP-1 CerA CphA L1

Be-1I 36.4 38.7 36.6 335 29.9 18.8
BlaB - 26.3 30.6 28.1 28.2 11.6
VIM-1 — 314 32.0 26.1 16.4
IMP-1 — 36.8 22.7 15.3
CerA — 273 14.7
CphA — 16.6

“ The names of the enzymes are the same as in Fig. 4. The VIM-1 sequence
considered for these calculations is that reported in Fig. 4.
> — not applicable.

(30), the cassette-encoded IMP-1 (2, 18, 25, 41), and the
Chryseobacterium meningosepticum BlaB (32) enzymes.

A multiple sequence alignment analysis confirmed the sim-
ilarity of VIM-1 with other class B B-lactamases and the closer
structural relationship of this enzyme with the other members
of subclass B1 (Table 3; Fig. 4). In fact, VIM-1 could be aligned
with the latter proteins without introducing major gaps except
for a short insertion and a short deletion that, referring to the
known three-dimensional structure of Be-II (5), would be lo-
cated in the loop between the a3 helix and the B8 strand and
at the beginning of the B9 strand, respectively (Fig. 4). Among
enzymes of subclass B1, VIM-1 exhibited the highest degree of
similarity (38.7% identical residues) with Bc-II and was more
distantly related to the others (Table 3). Analysis of the phy-
logenetic relationships among VIM-1 and the other class B
B-lactamases confirmed that the former enzyme shares the
same phylogeny as the other proteins of subclass B1 and has
apparently diverged from the same ancestor as Bc-II during
the evolutionary history of this lineage.

All the six invariant residues shared by the other class B
enzymes (His-88, Asp-90, Gly-93, His-149, Gly-179, and His-
210, with the numbering for the Bc-II enzyme of B. cereus
569/H [5]) were also retained in the VIM-1 sequence. At po-
sitions 86 and 168, VIM-1 contained His and Cys residues,
respectively, similar to most other enzymes of this family. Of
the additional residues known to be in or close to the active site
of Be-1I (5), five (Asn-42, Trp-59, Leu-114, Asn-180, and Asp-
183) were found to be conserved in the VIM-1 protein,
whereas two (Thr-150 and Lys-171) were conservatively sub-
stituted, and eight (Leu-110, Lys-117, Asn-118, Lys-147, Glu-
151, Asp-177, Tyr-185, and Glu-214) were nonconservatively
substituted (Fig. 4).

Patterns of B-lactam susceptibility of E. coli producing the
VIM-1 enzyme. The substrate specificity of VIM-1 and its con-
tribution to resistance were investigated by testing the suscep-
tibility to several B-lactams of E. coli DHS5a(pBCLL/39H),
which carries a recombinant plasmid containing the integron-
borne blay,,, cassette and which produces the VIM-1 enzyme
(Fig. 2), in comparison with that of DH5«, which carries an
empty vector.

VIM-1 production was associated with a significant decrease
in the in vitro susceptibility of the E. coli host to ampicillin,
carbenicillin, piperacillin, mezlocillin, cefotaxime, cefoxitin,
ceftazidime, cefoperazone, cefepime, imipenem, and mero-
penem but not to aztreonam (Table 1), indicating that the
enzyme has a very broad substrate specificity and can contrib-
ute to broad-spectrum B-lactam resistance in the microbial host.
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DISCUSSION

The appearance of metallo-B-lactamase genes capable of
spreading among major bacterial pathogens is a matter of
major concern for the future of antimicrobial chemotherapy. A
similar occurrence was delayed until the early 1990s, when the
integron-borne bla,.p, metallo-B-lactamase gene made its ap-
pearance in Japan among members of the family Enterobacte-
riaceae, Pseudomonas, and other nonfastidious, gram-negative
nonfermenters isolated in several hospitals (12, 15, 34, 35). Our
findings demonstrate that additional integron-borne metallo-
B-lactamase genes can be found in P. aeruginosa clinical iso-
lates in different geographic areas and suggest that the spread
of similar resistance determinants could become a more wide-
spread problem in the near future. The metallo-B-lactamase
gene which is carried by a P. aeruginosa strain recently isolated
in the United Kingdom but which is different from bla,p (40)
also appears to be different from bla.,;,, by consideration of
the very different plIs of their products and could represent yet
another determinant of this type.

Although bla\p and bla,, are both carried on mobile gene
cassettes inserted into integrons, their highly divergent se-
quences along with differences in the G+C content and codon
usage indicate an independent phylogeny of these two deter-
minants and of their associated cassette frameworks. In VR-
143/97, the bla\-containing integron is located on the chro-
mosome and is apparently not transferable by conjugation, at
least to E. coli. However, the finding of blay, also on conju-
gative plasmids, similarly to what happens with blayp (15),
should not be unexpected considering the mobile nature of
gene cassettes (31). We are investigating additional VIM-1-
producing P. aeruginosa isolates, collected during the nosoco-
mial outbreak for which VR-143/97 represents the index strain,
to verify their clonal relationships with VR-143/97 and be-
tween each other and to determine the genetic location of
blay, alleles in these strains.

The VIM-1 enzyme is structurally rather divergent from
other class B B-lactamases and represents a new member of
this family. Its closest neighbors are the other proteins of
subclass B1 and, among these, the B. cereus Bc-11 enzyme, with
which VIM-1 apparently shares the closest ancestry. The over-
all degree of similarity between VIM-1 and either Be-1I (38%
identical residues) or CcrA (32% identical residues) suggests
that the VIM-1 molecule overall retains the same three-dimen-
sional fold as the latter proteins (5, 7). Also, the residues
involved in Zn** binding are perfectly conserved in VIM-1
compared to those of Be-IT and CcrA, suggesting similar struc-
tures of their zinc centers. However, several differences were
detected in residues that are known to be in or close to the
active site in Bc-1I (5). These differences might be relevant for
the functional properties of the VIM-1 enzyme. Purification
and biochemical characterization of VIM-1 are in progress to
determine and compare its kinetic parameters with those of
other class B B-lactamases.

Expression of the integron-borne blay,, gene in E. coli
caused a significant decrease in the in vitro susceptibility of the
host to a broad array of B-lactams, including penicillins, ceph-
alosporins, and carbapenems. Only aztreonam was apparently
unaffected, in agreement with the properties of all other me-
tallo-B-lactamases (4, 10, 19, 32, 42). VIM-1 therefore appears
to be a class B enzyme of very broad substrate specificity,
similarly to the IMP-1 (19, 25), CcrA (42), BlaB (32), and L1
(10) metallo-B-lactamases. Interestingly, although the in vitro
susceptibility was significantly decreased, the VIM-1-produc-
ing E. coli host could not be classified as resistant to carbap-
enems by conventional susceptibility testing (23). A similar
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FIG. 4. Comparison of the VIM-1 sequence (VIM-1; boldfaced) with those
of other molecular class B B-lactamases. Be-1I, B-lactamase II of B. cereus 569/H
(13); BlaB, BlaB enzyme of C. meningosepticum CCUG4310 (32); IMP-1, IMP-1
enzyme encoded by the blap,p gene cassette found in various gram-negative
bacteria (2, 18, 25, 41); CcrA, CcrA enzyme of B. fragilis TAL3636 (30); CphA,
CphA enzyme of A. hydrophila AE036 (21); L1, L1 enzyme of S. maltophilia
1ID1275 (38). Identical residues are indicated by an asterisk. Conserved amino
acid substitutions are indicated by a colon. Secondary structure elements of Be-1I
(5) are also indicated above the sequences. The numbering scheme refers to the
Be-1II enzyme.

phenomenon, which was also noticed with bla;y,, when the
gene was expressed in E. coli and other members of the family
Enterobacteriaceae (17, 18), should be kept in mind for the
correct interpretation of the susceptibility results provided by
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the clinical microbiology laboratory for isolates with acquired
metallo-carbapenemases. The much higher carbapenem MICs
observed for P. aeruginosa VR-143/97 compared to those for
VIM-1-producing E. coli are likely due to a contribution of
additional resistance mechanisms in the former strain, includ-
ing a derepressed high-level production of the AmpC enzyme
and, possibly, a loss of OprD.
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