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Eleven environmental samples from different sources were screened for the presence of metallo-3-lactamase-
producing bacteria by using a selective enrichment medium containing a carbapenem antibiotic and subse-
quently testing each isolate for production of EDTA-inhibitable carbapenemase activity. A total of 15 metallo-
B-lactamase-producing isolates, including 10 Stenotrophomonas maltophilia isolates, 3 Chryseobacterium spp.,
one Aeromonas hydrophila isolate, and one Janthinobacterium lividum isolate (a species in which production of
metallo--lactamase activity was not previously reported), were obtained from 8 samples. In the J. lividum
isolate, named JACI, production of metallo-3-lactamase activity was elicited upon exposure to 3-lactams.
Screening of a JAC1 genomic library for clones showing a reduced imipenem susceptibility led to the isolation
of a metallo-B-lactamase determinant encoding a new member (named THIN-B) of the highly divergent
subclass B3 lineage of metallo-f3-lactamases. THIN-B is most closely related (35.6% identical residues) to the
L1 enzyme of S. maltophilia and more distantly related to the FEZ-1 enzyme of Legionella gormanii (27.8%
identity) and to the GOB-1 enzyme of Chryseobacterium meningosepticum (24.2% identity). Sequences related to
blayn.g, and inducible production of metallo-B-lactamase activity, were also detected in the J. lividum type
strain DSM1522. Expression of the bla . gene in Escherichia coli resulted in decreased susceptibility to
several B-lactams, including penicillins, cephalosporins (including cephamycins and oxyimino cephalospo-
rins), and carbapenems, revealing a broad substrate specificity of the enzyme. The results of this study
indicated that metallo--lactamase-producing bacteria are widespread in the environment and identified a new

molecular class B enzyme in the environmental species J. lividum.

Production of degrading enzymes (B-lactamases) is the most
common mechanism of bacterial resistance to B-lactam anti-
biotics. The evolution of B-lactamase determinants started
long before the introduction of B-lactams in clinical practice,
presumably under the selective pressure of natural B-lactam
compounds produced in various microbial ecosystems, while
the recent (on an evolutionary timescale) exploitation of B-lac-
tams for antimicrobial chemotherapy has strongly selected for
spreading and evolution of similar resistance determinants
among bacterial pathogens. In fact, it is well known that the
continuous release of new B-lactams in clinical practice has
invariably been followed by the appearance of new B-lactama-
ses capable of degrading the newest compounds (7, 22).

Two different families of B-lactam-degrading enzymes,
which catalyze the same reaction, i.e., the opening of the -lac-
tam ring by hydrolysis of the amide bond, but are structurally
and mechanistically unrelated, have evolved in bacteria: (i)
active-site serine-B-lactamases and (ii) metallo-B-lactamases
(8, 13). The latter enzymes were identified some 25 years later
than serine-B-lactamases and have remained less common
among pathogenic bacteria (5, 8, 20). Nevertheless, they are
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potentially very dangerous as resistance effectors due to their
efficient hydrolysis of carbapenem antibiotics, which are stable
to hydrolysis by most B-lactamases and often represent the
“last-resort” agents for chemotherapy of multidrug-resistant
pathogens, and due to their lack of susceptibility to the serine-
B-lactamase inhibitors such as clavulanic acid and penicillanic
acid sulfones (2, 3; reference 5 and references therein; 18, 19,
26, 29, 31). The recent emergence of mobile metallo-B-lacta-
mase genes capable of horizontal spreading among nosocomial
strains of Enterobacteriaceae, Pseudomonas aeruginosa, and
other gram-negative nonfermenters (reference 6 and refer-
ences therein; 26, 30, 36, 37; G. Cornaglia, M. L. Riccio, A.
Mazzariol, P. Piccoli, L. Lauretti, R. Fontana, and G. M. Ros-
solini, Letter, Lancet 353:899-900, 1999) has considerably in-
creased the attention to these enzymes, including them among
the major threats for the 21st century in the field of microbial
drug resistance (6).

Most known metallo-B-lactamases are encoded by chromo-
somal genes of some bacterial species that are primarily mem-
bers of the environmental microbiota, such as Bacillus cereus,
Stenotrophomonas maltophilia, Aeromonas spp., Myroides odo-
ratus (formerly Flavobacterium odoratum), Legionella gormanii
(reference 5 and references therein), and Chryseobacterium
spp. (2, 3, 31), whereas some as yet unknown environmental
species are the most likely sources of the mobile metallo-B-
lactamase determinants that recently appeared among gram-
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TABLE 1. Environmental samples analyzed for the presence of metallo-B-lactamase-producing bacteria, and results of the screening

Sample No. of isolates growing on NACA medium No. of metallo-B-lactamase
(source and date) (gram stain and cell morphology) producers (species)®

A (soil close to freshwater stream, hills of central Italy, 2 (gram-negative rods) 2 (Stenotrophomonas maltophilia)”
Sept. 1997)

B (soil from cattle-breeding farm, contaminated with manure, 3 (gram-negative rods) 2 (Stenotrophomonas maltophilia)”
Rome district, Oct. 1997)

C (beechwood soil, Appennine mountains [altitude = 1,700 m], 4 (gram-negative rods) 2 (1 Stenotrophomonas maltophilia,
central Italy, Oct. 1997) 1 Aeromonas hydrophila)

D (Oak-flex grove soil, hills of central Italy, Dec. 1997) 2 (gram-negative rods) None

E (soil, campus of the University “La Sapienza,” Rome, Jan. 3 (gram-negative rods) 2 (1 Chryseobacterium sp., 1 Janthi-
1998) nobacterium lividum)

F (soil from mountain plateau, Appennine Mountains [altitude 1 (gram-negative rod) 1 (Stenotrophomonas maltophilia)
= 1,400 m], central Italy, Mar. 1998)

G (soil from mountain pasture, Appennine Mountains [altitude 3 (gram-negative rods) None
= 2,000 m], central Italy, Jun. 1998)

H (sandy beach, Tyrrhenian coast, central Italy, Oct. 1998) 1 (gram-positive staphylococcus) None

I (flower bed soil, Rome, Dec. 1998) 3 (gram-negative rods) 2 (1 Stenotrophomonas maltophilia,

1 Chryseobacterium indologenes)
L (rotted celery, Jul. 1999) 3 (gram-negative rods) 2 (1 Stenotrophomonas maltophilia,
1 Chryseobacterium sp.)
M (rotted flowers, cemetery wastebasket, Sept. 1999) 2 (gram-negative rods) 2 (Stenotrophomonas maltophilia)”

¢ Carbapenemase activity was assayed in crude extracts as described in Materials and Methods. In isolates classified as metallo-B-lactamase producers, the
carbapenemase activity ranged from 28 * 2 to 153 = 9 U/mg of protein, and the reduction of activity upon exposure to EDTA was in all cases >60%. In isolates

classified as nonproducers, the carbapenemase activity was always lower than 5
> The two S. maltophilia isolates exhibited different colonial morphology and

negative pathogens. Therefore, environmental bacteria could
be an important reservoir of similar resistance determinants.

In this work we carried out screening on various environ-
mental samples for the presence of bacteria producing me-
tallo-B-lactamase activity. In addition to several isolates be-
longing to various species that are known to produce similar
enzymes, the screening also yielded a metallo-B-lactamase-
producing isolate of Janthinobacterium lividum, a species in
which production of metallo-B-lactamase activity has not been
previously reported. Scanning for metallo-B-lactamase deter-
minants carried by this isolate led to the identification of a new
member of the highly divergent subclass B3 lineage of metallo-
B-lactamases, named THIN-B, which appears to be resident in
this species.

MATERIALS AND METHODS

Media, reagents and reference strain. Nutrient broth (NB), Nutrient agar
(NA), and Mueller-Hinton (MH) medium (Difco Laboratories, Detroit, Mich.)
were used for bacterial cultures. Antibiotics and other reagents were from Sigma
Chemical Co. (St. Louis, Mo.) unless otherwise specified. Imipenem was from
Merck Research Laboratories (Rahway, N.J.), meropenem from Astra-Zeneca
Pharmaceuticals (Macclesfield, Cheshire, United Kingdom), ceftazidime from
Glaxo-Wellcome (Verona, Italy), aztreonam and cefepime from Bristol-Myers
Squibb Co. (Wallingford, Conn.), and nitrocefin from Unipath (Milan, Italy).
The J. lividum reference strain DSM15227 was purchased from the German
Collection of Microorganisms and Cell Cultures (DSMZ, Braunschweig, Ger-
many).

Collection and analysis of environmental samples. Environmental samples
were collected in 50-ml sterile screw-cap polypropylene tubes, from the different
sources listed in Table 1. Each sample was collected, transferred to the labora-
tory, and processed on the same day. Samples were carefully resuspended in an
approximately equal volume of sterile saline and left to decant at room temper-
ature for 4 h. A 100-pl volume of the supernatant from each sample was then
inoculated in 5 ml of NB containing imipenem (5 wg/ml) and amphotericin B (20
pg/ml) and was incubated at 25°C aerobically until the development of turbidity
(usually evident after 24 to 48 h). Dilutions of each culture (in order to obtain
isolated colonies) were then plated on NA containing imipenem (5 pg/ml) and
amphotericin B (20 pg/ml) (NACA medium) and were incubated at 25°C until
the appearance of colonies. A representative for each different colony morphol-
ogy was reisolated on NACA medium, subjected to gram staining, and tested for
production of metallo-B-lactamase activity. Metallo-B-lactamase producers were

U/mg of protein.
different biochemical profiles.

identified at the species or genus level according to the Manual of Clinical
Microbiology (23) or, in the case of J. lividum, according to Bergey’s Manual of
Systematic Bacteriology (35). The API 20NE (Bio-Mérieux, Marcy-L’Etoile,
France), ATB 32GN (Bio-M¢érieux), and Crystal E/NF (Becton Dickinson Mi-
crobiology Systems, Cockeysville, Md.) systems were used for the identification
of some gram-negative isolates.

B-Lactamase assays. Production of metallo-B-lactamase activity by the envi-
ronmental isolates was assayed in crude cell extracts prepared from late-expo-
nential-phase cells grown aerobically, at 25°C, in NB containing imipenem (5
wng/ml). Crude extracts were prepared as follows. Cells were collected by cen-
trifugation, resuspended in 20 mM sodium phosphate buffer (PB) (pH 7.0) (1/10
of the original culture volume), and disrupted by sonication (six times for 15 s
each time, at 50 W), and cell debris was removed by centrifugation at 10,000 X
g for 10 min. B-Lactamase activity was assayed spectrophotometrically by mon-
itoring imipenem hydrolysis at 299 nm (change in extinction coefficient, —9,000
M~!' em™!) at 25°C in PB. The initial substrate concentration was 150 pM. One
unit of B-lactamase acivity was defined as the amount of enzyme hydrolyzing 1
nmol of imipenem per min under the above assay conditions. Inhibition of
enzymatic activity by EDTA was assayed by measuring the residual carbapen-
emase activity after incubation of the crude extract, for 20 min at 25°C, in the
presence of 5 mM EDTA. A control without EDTA was always carried out in
parallel. Induction experiments with JAC1 and DSM15227 were carried out as
follows. Cells were grown aerobically, at 25°C, in MH broth until the mid-

TABLE 2. Carbapenemase activity in crude extracts of J. lividum
JACL, J. lividum DSM1522", and E. coli DH5a(pCIRO)*

Sp act (U/mg of protein)®

Strain (inducer)”
Without EDTA  With EDTAY

J. lividum JACI1 (none) 8§+0.8 2+04
J. lividum JAC1 (IPM, 5 pg/ml) 47+ 3 18 =2
J. lividum DSM 15227 (none) 2+02 ND
7. lividum DSM 15227 (IPM, 5 pg/ml) 26 %2 8+ 1
E. coli DH5a(pCIRO) 68 x5 21 %2
E. coli DH5a(pACYC184) <1 ND

“ The basal activity of E. coli DH5« carrying an empty vector is also shown for
comparison.

> IPM, imipenem.

¢ Measured with 150 pM imipenem as the substrate (see Materials and Meth-
ods for experimental details). Values are means of three measurements with
standard deviations. ND, not determined.

@ Activity measured after exposure of the crude extract to EDTA as described
in Materials and Methods.
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FIG. 1. Physical map of the insert of plasmid pCIRO, and subcloning strategy. Thick lines represent cloned DNA, while thin lines correspond
to vector sequences. Production of metallo-B-lactamase activity (MBL act.) was assayed as described in Materials and Methods on crude extracts
prepared from late-exponential-phase cultures. The location of the blayyy.g ORF is indicated. B/S, BamHI/Sau3Al junction; H, HindIII; Hc,
Hincll; K, Sacll; N, Notl; P, Pstl; Sa, Sall; Sc, Sacl; V, EcoRV. In plasmid pBCIRO-K the orientation of the blaryn.s ORF is the same as that

of the P,,. promoter flanking the polylinker.

exponential phase (4409 = 0.3 to 0.4). The culture was then split into two flasks,
of which one was added with the inducer at the desired concentration. Cells were
collected after a further 3-h incubation. Preparation of crude extracts and B-lac-
tamase assays were carried out as described above. The protein concentration in
solution was assayed with a commercial kit (Bio-Rad [Richmond, Calif.] protein
assay), with bovine serum albumin as a standard.

Recombinant DNA methodology. Basic recombinant DNA procedures were
performed as described by Sambrook et al. (33). Genomic DNA was extracted
from J. lividum strains as described previously (16), with an additional extraction
step with water-saturated ether before ethanol precipitation. For construction of
the JAC1 genomic library, genomic DNA was partially digested with Sau3Al,
and fragments in the 2- to 9-kb size range were purified by agarose gel electro-
phoresis using the Geneclean II kit (Bio 101, La Jolla, Calif.). The purified
restriction fragments were ligated to BamHI-linearized and dephosphorylated
PACYC184 (33), and the ligation mixture was transformed into Escherichia coli
DHS5a (GIBCO-BRL, Gaithersburg, Md.) by electroporation using a Gene
Pulser apparatus (Bio-Rad) according to the manufacturer’s instructions. The
ratio of recombinant clones to those carrying an empty religated vector was >10,
as shown by replica plating of transformants, selected on Luria-Bertani (LB) agar
plates containing chloramphenicol (70 wg/ml), onto plates containing both chlor-
amphenicol and tetracycline (20 pg/ml). Southern blot hybridization was per-
formed as described previously (33) using a nylon membrane (Amersham Phar-
macia Biotech, Milan, Italy) and a 3*P-labeled DNA probe.

DNA sequencing and computer analysis of sequence data. DNA sequences of
both strands were determined on plasmid templates by the dideoxy-chain termi-
nation method using an automatic DNA sequencer (model 4000; LI-COR Inc.,
Lincoln, Nebr.), the Thermosequenase DNA sequencing kit (Amersham), and
IRD 800-labeled custom sequencing primers (MWG Biotech, Munich, Germa-
ny). Similarity searches against sequence databases were performed using an
updated version of the BLAST program at the BLAST interface of the National
Center for Biotechnology Information (http:/www.ncbi.nlm.nih.gov/BLASTY/).
Computer analysis of sequence data was performed using an updated version
(8.1) of the Wisconsin Package (version 8.1; Genetics Computer Group Inc.,
Madison, Wis.) at the Italian EMBL Node of Bari. The multiple sequence

alignment was generated with the help of the PILEUP program of the Wisconsin
package and was manually refined by considering the information available on
the three-dimensional structure of metallo-B-lactamases (9-12, 38). It essentially
corresponds to that proposed for the definition of a standard numbering scheme
for class B B-lactamases (14). The unrooted tree was constructed on the basis of
the multiple sequence alignment with the help of the CLUSTAL W program at
the Italian EMBL Node of Bari.

In vitro susceptibility testing. The vitro susceptibility of E. coli DH5« carrying
the cloned blayyn.g gene was determined by a macrodilution broth method
(24), using MH broth and a bacterial inoculum of 10° CFU per tube. Results
were recorded after incubation at 28°C for 24 h.

Nucleotide sequence accession number. The nucleotide sequence reported in
this paper has been submitted to the EMBL/GenBank/DDBJ sequence data-
bases and assigned accession number AJ250876.

RESULTS

Screening of environmental samples for metallo-f3-lacta-
mase-producing bacteria. Eleven environmental samples col-
lected from different sources (Table 1) were screened for the
presence of bacteria growing on a selective medium containing
imipenem, a carbapenem antibiotic which is efficiently degrad-
ed by all known metallo-B-lactamases but resistant to hydro-
lysis by most active-site serine B-lactamases (7). A broad-spec-
trum antifungal agent was also added to the medium to prevent
fungal overgrowth. Bacterial isolates growing on the selective
enrichment medium were obtained from each sample, and a
total of 27 different isolates were collected using this strategy
(Table 1).

Production of carbapenemase activity was assayed in the 27
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isolates and detected in 15 of them (Table 1). In all cases the
carbapenemase activity consistently decreased after exposure
to EDTA (Table 1), suggesting that it was caused, at least in
part, by metal-dependent enzymes.

Identification of the 15 metallo-B-lactamase producers showed
that they belonged in the following species: S. maltophilia,
Aeromonas hydrophila, Chryseobacterium indologenes, Chryseo-
bacterium spp., and J. lividum (Table 1). S. maltophilia was the
most common species, present in 7 of the 11 samples, either
alone or in association with other species (Table 1).

Production of metallo-B-lactamase activity in J. lividum.
Since production of metallo-B-lactamase activity has not been
previously reported for J. lividum, the isolate of this species
obtained from sample E, named JACI, was subjected to fur-
ther investigation.

The production of carbapenemase activity by JAC1 was
studied in relation to exposure to imipenem. In cells growing in
MH broth at 25°C a low level of activity was detectable, while
exposure of the growing cells to subinhibitory concentrations
(5 ng/ml) of imipenem significantly increased the production
of EDTA-inhibitable carbapenemase activity (Table 2). Pro-
duction of carbapenemase activity susceptible to inhibition by
EDTA and regulated upon B-lactam exposure was also de-
tected in the J. lividum type strain DSM1522 (Table 2), sug-
gesting that metallo-B-lactamase production is a feature of the
species rather than of the individual JAC1 isolate.

Cloning and characterization of a metallo-3-lactamase de-
terminant from J. lividum JAC1. The genome of JACI was
scanned for the presence of metallo-B-lactamase determinants
by means of a shotgun cloning approach. For this purpose a
genomic library of JACI, constructed in the pACYC184 plas-
mid vector and transformed in E. coli DH5a, was replica plated
on MH medium containing imipenem at a concentration of 5
pg/ml. One clone growing on this medium was obtained out of
approximately 3,000 screened recombinants. The presence of
carbapenemase activity susceptible to inhibition by EDTA was
detectable in the crude extract of this clone (Table 2).

The recombinant plasmid harbored by the metallo-B-lacta-
mase-producing clone, named pCIRO, contained a 5.2-kb
DNA insert (Fig. 1). Subcloning analysis indicated that the
metallo-B-lactamase gene was apparently located within a
1.1-kb Sacll fragment and was apparently interrupted by a Pst1
site (Fig. 1). The origin of the cloned determinant was con-
firmed by a Southern blot experiment in which the 1.1-kb Sacll
insert of plasmid pBCIRO-K (Fig. 1) was used to probe the
JAC1 genomic DNA. The probe hybridized with the band of
undigested chromosomal DNA, with single restriction frag-
ments of 9.2, 1.1, and 5.8 kb after digestion with HindIII, Sacll,
and Sall, respectively, and with two restriction fragments of 3
and 2.2 kb after digestion with PstI. The same probe also
hybridized with the genomic DNA of J. lividum DSM15227 in
a Southern blot experiment (data not shown), revealing the
presence of homologous sequences in the genome of the type
strain.

The nucleotide sequence of the insert of plasmid pBCIRO-
K was determined. Analysis of sequence data revealed the
presence of an open reading frame (ORF) (Fig. 2) encoding a
protein which, in a BLAST search, showed the highest se-
quence similarity with the L1 enzyme of S. maltophilia (39) and
lower similarity scores with other molecular class B B-lactam-
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FIG. 2. Nucleotide sequence of the DNA insert of plasmid
pBCIRO-K containing the blayn.g ORF and flanking regions. The
putative ribosome-binding site is overlined. Protein translation is re-
ported below the sequence, and the putative signal peptide for protein
secretion is underlined.

ases. Results of subcloning experiments (Fig. 1) were consis-
tent with the identification of this ORF, named bla-ryy1n.p, aS
the metallo-B-lactamase determinant. Assuming the ATG
trinucleotide at positions 37 to 39 as the most probable start
codon, according to the presence of a putative ribosome-bind-
ing site 6 bp upstream (Fig. 2), the blary g ORF would
encode a 316-amino-acid polypeptide whose amino-terminal
sequence exhibits features typical of procaryotic signal pep-
tides targeting protein secretion into the periplasmic space via
the general secretory pathway (Fig. 2). According to known
patterns (27), the cleavage site could be located after the ala-
nine residue at position 18. In this case the calculated molec-
ular mass and pl of the mature THIN-B protein would be
30,676 Da and 6.23, respectively. The high G+C content of the
bla g locus (65.4%) is consistent with the value reported
for the genome of J. lividum (35).

Comparison of the THIN-B enzyme with other metallo-f3-
lactamases. A multiple sequence alignment analysis with other
class B B-lactamases confirmed the closest similarity of THIN-
B with the L1 enzyme of S. maltophilia and with the other en-
zymes of subclass B3. THIN-B could be aligned over the entire
sequence with these enzymes without introducing major gaps
(Fig. 3), and the percent identities among them (24.2 to 35.6%)



VoL. 45, 2001

3333
.................... .RESLPDLKL
.......... QK SVKISDDISI
. . SQKVEKTV IKNETGTISI S.QLNKNVWV
GEPSGEYPIV NEIPVGEVRL Y.QIADGVWS
EPPIKNNLHI
E.KLKDNLYV

b b ttbhb
Bl

HTELGSENGE
HIATOSFDGA
YKTFGVEGGK
YTTYNTENGT
VE. .DNYYV.
VE. .DKEYV.
IGT.......
VGT.......
VGT....n..
VET.......

IRAYTVD... .ASWLOPMRP L.QIADHTWQ

.................. SF AYPMPNPFPP F.RIAGNLYY

.QVVKEPENM PKEWNQAYEP F.RIAGNLYY

PDT.PVDCDS CKAWNGEVTP F.NVFGNTWY
44

bbbbbaaaaa
PTYASELTNE
QSYANOMTID
KAHSTALTAE
KTYASPSTRR
KTYATAKTNE
KTYSTKMTIDS
KVVSTRQTRD

aaattt
Bl| IMP-1
Cerh
Bc-II
VIM-1
IND-1
BlaB
cpha
Sfh-I

B2 ..AE IVAFTRKGLP EYPDLPLVLP

KIVATQUTYD ..GS IVNFTRQGNN KYPNLEKSLP

KVARNAESAV LIARGG..SD DLHEG..DGI TYPP.ANADR

KYMVMDEDVS VILSGG..KS DFHYAN.DSS TYFTQSTVDK

KFYADKADVD VLRTGG..KS DYEMGK.YGV TFKP.VTPDK

TVVASASGAL GLQSGTNGKD DPQFQAKEVV HVAKVEKV.K
149 168

B3
FEZ-1
GOB-1

THIN-B

b bbb 3333t  ttt333tt tt

Bl| m™MP-1
CcrA
Bc-IT
VIM-1
IND-1
BlaB
CphA
Sfth-TI
Ll
FEZ-1
GOB-1
THIN-B
BBL

. . FSGAQY VVAGHDD. .. +.uevs.s WK DQRSIQHTID .
B2
B3| Ll ..... LPCDV LLTPHPGASN WDYAAGRARAG AK...... AL
..... MRCDI FLGSHAGMFD LKNKYVLIQK GONNPEVDPT
..... IDEDI WVASHASQFD LHEKRKEGDP YNPQLEMDKQ

257 *
z

268

bbb

72

bb tt bbbb ttbbbbbbb
SFS.GUNYWL VKNKIEVEYP GPGHTPDNVV VWL..
GFTDSLIVSL DGMPLOCYYL GGGHATDNIV VWL..
DLOTVINLKF GNMKVETFYP GKGHTEDNIV VWL..
EGLSSSGDAV RFGPVELFYP GRRHSTDNLV VYV..
TIKTGKPYRI GGEEFVVDFL GEGHTADNVV VWE..
TEDNNKSFKV GKSEFQUYYP GKGHTADNVV VWE. .
NVVHDGDFTL QEGKVRAFYA GPAHTEDGIF VYF..
NVVHDGDFTL QNGSIRAMYL GEAHTKDGIF VYF..

VLHDGERVEL GGTVI:;TAHLT .B
TLKDODKTKL GNITLTLIHH . B
VVGEGDATKL GPLNLTAHMT .PGHTPGATT WIWISCEGQR CLDVVYADSL NPYSSGDFTY TGKGDGEDIS ASFAASIAKY

188

307

J. LIVIDUM METALLO-B-LACTAMASE 841

t t bbbb 333aaa aaaaaaatt 333 bbb ttt tt aaaaaaa

E.KLDEGVYV HTSFEEVNGW GVVPKHGLVV LVNAEAYLID TPFTAKDTEK LVIWEV.ERG Y.K.IKGSIS SHEi-iSﬁSTGG IEWLNSR.SI
T.QLSDKVYT YVSIAEIEGW GMVPSNGMIV INNHQAALLD TPINDAQTEM LVNWVT.DSL HAK.VITFIP NHW'HCDCIGG LGYLQRK. GV
.AVPSNGLVL NTSKGLVLVD SSWDDKLTKE LIEMVE.KKF QKR.VTDVII THAHFDRIGG IKTLKER.GI
. VYPSNGLIV RDGDELLLID TAWGAKNTAA LIAEIE.KQI GLP.VTRAVS ’I‘HE’HDDRVGG VDVLRRA. GV
.EYSANSMYL VTKKGVVLED VPWEKIQYQS IMDTIK.KRH NLP VVAVEA THS! -IDDRAGD LSFFNNK. GT
.KYAANAVYL VTDKGVVVID CPWGEDKFKS FIDEIY.KKH GKK.VIMNIA TH

. .QENSMVYF GA.KGVIVVG ATWTPDTARE LHKLIK.RVS RKP.VLEVIN TNY-I’I‘DRAGG NAYWKSI.GA

. .QENSMVYI GT.DGITIIG ATWIPETAET LIKEIR.KVS PLP.INEVIN ’I'NYH’I‘DRAGG NAYWKTL.GA
EDLTALLVQ TP. DGAVLLD GGM. POMASH LLDNMKARGV TPRDLRLILL SHAHADHRGP VAELKRRTGA
DDLASYLIV TP.RGNILIN SDL.EANVEM IKASIKKLGF KFSD’I‘}C[LLI SHRHFDHAAG SELIKQQI‘KA
.YDLASYLIV TD. KGNILIN TGT.RESLPI IKANIQKLGF NYKDIKILLL TQRHYDHTGA LQDFKTETAA
AGLSAVLVTSPQGHVLLDGALPQSAPL IIANIAALGE‘RJEDVKFILNSHAHWDMIAAIQAASGA

HI )DRAGG LEYFGKI.GA

102

82 103 113 134

tt bb hbbhbbbtthb bbbbbbb
.PER.
.PTE.
PQY.
.PSA.
.PKY.
.PKE.

tt tttttaaaa aaaaaaaaat
. .KILFGGCF IKP.YGL..G NLGDANIEAW PKSAKLLKSK
. .NILFGGCM LKDNQATSIG NISDADVTAW PKTLDKVKAK
. .NILVGGCL VKSTSAKDLG NVADAYVNEW STSIENVLKR
. .NVLYGGCA VHELSSTSAG NVADADIAEW PTSVERIQKH
. .NVLDGGCL VKSNSATDLG YIKEANVEQW PKTINKLKAK
. .KVLVGGCI IKSADSKDLG YIGEAYVNDW TQSVHNIQOK
.FDE. ..QVLYGNCI LK..EKL..G NLSFADVKAY PQTLERLKAM
.PAE. ..RVLYGNCI LK..ENL..G NMSFANRTEY PKTLEKLKGL
TPGSTA WIWIDTRNGK PVRIAYADSL SA.PGYQLQG NPRYPHLIED YRRSFATVRA
RGC’I'P WIMKLKDHGK QYQARVIIGSI GVNPGYKLVD NITYPKIAED YKHSIKVIES
'KGSCS FIFETKDEKR KYRVLIANMP SVIVDKKESE VTAYPNIQSD YAYTFGVMKK

* 252
z

Qaaaaaaaa aaaaaaadaaa aa

« .KLPIKT VIGGHDSPLH GPELIDHYEA LIKAAPOS.. .iiuiutnen sesnennnen sunonennne annnan
IEQGELKVDS IIAGHDTPIH DVGLIDHYLT LLIEKAPK. .. +tiutreens tnenenanen vennannnne snnnas

GCKNYIEQKA NDFYTELKKQ ETA......0 vieens
SYFONLNDLE KSYLDKIKKD SQDK...... ......
A. m:nmsmmmmmmmmmmmmm

324

FIG. 3. Comparison of the THIN-B amino acid sequence (boldfaced) with those of other molecular class B B-lactamases of subclasses B1, B2,
and B3. IMP-1, IMP-1 enzyme encoded by the bla,,p., gene cassette found in Serratia marcescens TN9106 (25) and in other gram-negative strains
(1, 17); CcrA, CcrA enzyme from Bacteroides fragilis TAL3636 (28); Be-II, B-lactamase II from B. cereus 569/H (15); VIM-1, VIM-1 enzyme
encoded by the blay ., gene cassette found in P. aeruginosa VR-143/97 (19); IND-1, IND-1 enzyme from C. indologenes 001 (3); BlaB, BlaB
enzyme from C. meningosepticurmn CCUG4310 (31); CphA, CphA enzyme from A. hydrophila AE036 (21); Sthl, SthI enzyme from Serratia fonticola
UTADS54 (EMBL/GenBank accession number AF197943); L1, L1 enzyme from S. maltophilia 11D 1275 (39); FEZ-1, FEZ-1 enzyme from L.
gormanii ATCC 332977 (4); GOB-1, GOB-1 enzyme from C. meningosepticum PINT (2). The BBL numbering scheme (14) is indicated below the
sequences; the numbering of the L1 enzyme (38) is also indicated, in italics. Identical residues are marked with an asterisk. Residues of the L1

enzyme involved in binding of Zn*"

are indicated by the letter z. Secondary structure elements of L1 (38) are also indicated above the sequences:

3, 3, helix; b, extended strand participating in $-ladder; ¢, hydrogen-bonded turn; a, o-helix. The invariant residues in all proteins, or in those of

subclass B3, are shaded.

were considerably higher than those between THIN-B and the
metallo-B-lactamases of subclasses B1 (9.6 to 17.8%) and B2
(15.7 to 16.5%) (Table 3).

Compared to L1, which is the closest THIN-B homolog, the
major differences in THIN-B are represented by somewhat
longer amino and carboxy termini, and by small insertions in
some loops (those between a-helix 3 and B-strand 7, between
a-helix 4 and B-strand 12, and between B-strand 12 and «-helix
5 [Fig. 3]). All the residues known to be involved in metal
binding in the L1 enzyme (His-84, His-86, Asp-88, His-89,
His-160, and His-225 in the numbering of the L1 enzyme of
S. maltophilia 1ID 1275 [39]; His-116, His-118, Asp-120, His-
121, His-196, and His-263 according to the BBL numbering
scheme [14]) are conserved in THIN-B. THIN-B also contains
a serine residue corresponding to Ser-185 of L1, unlike the
enzymes of molecular subclasses B1 and B2 (Fig. 3).

Comparison with the other enzymes of subclass B3 showed

that the following residues (in the BBL numbering) are con-
served among members of this subclass: Pro-44, Gly-56, Thr-
57, Leu-68, Leu-72, Gly-79, Leu-82, Gly-103, Asp-108, Leu-
113, His-118, Asp-120, His-121, Ala-134, Gly-149, Gly-183,
Thr-188, Gly-195, His-196, Thr-197, Gly-199, Asp-257, His-
263, and Lys-307 (Fig. 3). Of these, four (His-118, Asp-120,
His-196, and His-263) are conserved and five (Leu-72, Leu-82,
Leu-113, Gly-195, and Thr-197) are conservatively subtituted
in members of the other subclasses as well, while the remain-
ing residues (Pro-44, Gly-56, Thr-57, Leu-68, Gly-79, Gly-103,
Asp-108, His-121, Ala-134, Gly-149, Gly-183, Thr-188, Gly-
199, Asp-257, and Lys-307) appear to be hallmarks of subclass
B3 (Fig. 3).

Construction of an unrooted tree on the basis of the multiple
sequence alignment showed that THIN-B and L1 apparently
shared a common ancestry during the evolutionary history of
the subclass B3 lineage of metallo-B-lactamases (Fig. 4).
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TABLE 3. Pairwise percent amino acid sequence identity between class B B-lactamases
% Amino acid sequence identity
Subclass Enzyme®

CcrA Be-II VIM-1 IND-1 BlaB CphA Sthl L1 FEZ-1 GOB-1 THIN-B

B1 IMP-1 37.7 36.6 30.2 31.8 30.6 21.7 20.5 14.0 11.6 17.2 12.6

CcrA 33.9 30.7 29.8 28.5 25.3 24.4 13.0 12.5 11.4 9.6

Be-II 36.1 35.0 36.4 26.5 21.8 18.6 12.9 14.9 17.8

VIM-1 26.5 26.6 22.8 221 15.2 10.4 12.8 15.0

IND-1 45.2 23.5 279 17.0 14.9 15.9 14.0

BlaB 27.0 24.9 12.0 14.8 17.7 12.6

B2 CphA 63.0 16.2 12.4 12.9 16.5

Sfhl 15.4 135 16.8 15.7

B3 L1 31.0 235 35.6

FEZ-1 37.1 27.8

GOB-1 242

“ The names of the enzymes of the three subclasses (B1, B2, and B3) are the same as in Fig. 3.

Influence of THIN-B production on -lactam susceptibility.
The substrate specificity of THIN-B was investigated by test-
ing the susceptibility to various B-lactams of E. coli DH5«a
(pBCIRO-K), which carries a cloned copy of the bla N
gene and produces the THIN-B enzyme (Fig. 1), in comparison
with that of DH5a(pBC-SK), carrying the empty plasmid vec-
tor. THIN-B production was associated with a decrease in the
in vitro susceptibility of the bacterial host to ampicillin, car-
benicillin, piperacillin, cefotaxime, cephalothin, cefuroxime,
cefoxitin, ceftazidime, cefepime, imipenem, and meropen-
em, while susceptibility to aztreonam was not affected (Table
4). The relative MIC increases were higher overall with ceph-
alosporins (except for cefepime) and meropenem (Table 4).

DISCUSSION

Results of the screening performed in this work indicated
that metallo-B-lactamase-producing bacteria are widespread in
the environmental microbiota and that such an approach can
be successful for their detection. In the screening procedure

FEZ-1
GOB-1
VIM-1

976 L1

Be-II

980 THIN-B

CerA

IMP-1

Ind-1

BlaB

CphA

FIG. 4. Unrooted tree showing phylogenetic relationships among
metallo-B-lactamases. The names of the enzymes are the same as in
Fig. 3. Numbers at branching points indicate the number per 1,000
bootstrap trials returned for that point.

imipenem was used as a selective agent in consideration of the
fact that carbapenemase activity is a constant feature of me-
tallo-B-lactamases (2, 3; reference 5 and references therein; 18,
19, 26, 29, 31), but its concentration was kept relatively low in
consideration of the low carbapenem MICs exhibited by some
metallo-B-lactamase producers (32, 34). Nevertheless, the pos-
sibility that the selective conditions used in the medium might
have biased the screening in favor of certain species cannot be
excluded. On the other hand, the screening also yielded a
consistent number of isolates that were able to grow on the
selective enrichment medium while not producing detectable
carbapenemase activity. In these cases resistance to the anti-
biotic present in the medium could be related to one or more
of the following mechanisms: (i) low affinity of the B-lactam
targets; (ii) production of enzymes with very low rates of turn-
over against carbapenems (undetectable under the assay con-
ditions adopted in this study), and (iii) presence of permeabil-
ity barriers or efflux systems. It would be interesting to evaluate
whether modification of various parameters (nature and con-
centration of the selective agent, nature of the medium, tem-
perature and atmosphere used for incubation) could increase
the screening sensitivity, and also to analyze samples from

TABLE 4. B-Lactam susceptibility of E. coli DH5a(pBCIRO-K),
carrying the cloned bla . gene and producing the
THIN-B enzyme“ compared to that of the E. coli
host containing the plasmid vector pBC-SK

MIC (pg/ml)
Aantibiotic

DH50a(pBCIRO-K) DH50(pBC-SK)
Ampicillin 16 1
Carbenicillin 32 4
Piperacillin 4 1
Cephalothin 64 4
Cefoxitin 128 2
Cefuroxime 64 4
Cefotaxime 4 0.06
Ceftazidime 32 0.12
Cefepime 0.12 0.03
Imipenem 0.50 0.12
Meropenem 0.50 0.015
Aztreonam 0.25 0.25

“ For the clone, see Fig. 1.



VoL. 45, 2001

different sources (such as various types of aquatic environ-
ments).

Of the metallo-B-lactamase producers isolated in this study,
most belonged to species that were already known for this trait,
of which S. maltophilia was the most common. This suggests an
overall broader diffusion and higher prevelance of this species,
compared to the others, in the environmental microbiota, al-
though an influence of the screening procedure on this result
cannot be ruled out at this stage. The screening also yielded a
metallo-B-lactamase-producing isolate of J. lividum, a species
in which no similar activity has been reported previously. In
J. lividum, production of metallo-B-lactamase activity is likely a
species-related trait, since it was also detected in the type
strain, and it is apparently regulated, since it is detectable at
higher levels upon exposure to B-lactam compounds. Scanning
the genome of the J. lividum isolate for carbapenemase deter-
minants led to the isolation and identification of a chromo-
somal gene, named blaryyn g, €ncoding a new molecular class
B enzyme. The chromosomal origin and base composition
of this gene, together with the presence of closely related se-
quences in the J. lividum type strain, strongly suggest that
bla1yn.g 18 @ resident gene of this species.

Sequence analysis showed that the THIN-B enzyme belongs
to the highly divergent subclass B3 lineage of metallo-B-lacta-
mases and is most closely related to the L1 enzyme of S.
maltophilia. With the addition of THIN-B, subclass B3, which
until recently included only one member (29), now has four
different enzymes, all from environmental species, clustered
in two different evolutionary sublineages, one including the
L. gormanii FEZ-1 (4) and Chryseobacterium meningosepticum
GOB-1 (2) metallo-B-lactamases, and the other including L1
and THIN-B (Fig. 4). The almost 36% sequence identity to L1
and the complete conservation of the residues that in L1 are
known to be directly or indirectly involved in metal coordina-
tion (38) suggest that the three-dimensional fold of THIN-B is
likely very similar to that of L1 and that the geometry of zinc
coordination in the active site of THIN-B is the same as that of
L1 and different from those of the enzymes of subclass B1 (38;
reference 40 and references therein). The conservation of the
two cysteine residues that in L1 (at positions 256 and 290, in
the BBL numbering) form an intramolecular disulfide bridge,
which constrains the loop between B-strand 12 and the C-
terminal a-helix 5 (38), suggests that a similar disulfide bridge
is likely present also in THIN-B.

Production of the THIN-B enzyme in E. coli caused a de-
crease in host susceptibility to a broad array of B-lactams,
including penicillins, narrow-spectrum cephalosporins, cepha-
mycins, oxyimino cephalosporins, and carbapenems. Only
aztreonam was apparently unaffected, in agreement with the
properties of other metallo-B-lactamases (2, 3; reference 5
and references therein; 18, 19, 26, 29, 31). THIN-B, there-
fore, appears to be a class B enzyme of broad substrate
specificity which can be assigned to group 3a in the func-
tional classification of B-lactamases (8). A biochemical and
structural analysis of THIN-B, in comparison with the other
members of subclass B3, would be useful for acquiring a
better understanding of the structure-function relationships
of this emerging lineage of metallo-B-lactamases.

J. LIVIDUM METALLO-B-LACTAMASE 843

ACKNOWLEDGMENTS

This work was supported by the European research network on
metallo-B-lactamases within the Training and Mobility of Researchers
program (contract FMRX-CT98-0232).

We acknowledge the excellent technical support of Alessandra
Lorenzoni, Manuela Dell’Amico, and Tiziana Di Maggio.

REFERENCES

. Arakawa, Y., M. Murakami, K. Suzuki, H. Ito, R. Wacharotayankun, S.
Ohsuka, N. Kato, and M. Ohta. 1995. A novel integron-like element carrying
the metallo-B-lactamase gene blayyp. Antimicrob. Agents Chemother. 39:
1612-1615.

. Bellais, S., D. Aubert, T. Naas, and P. Nordmann. 2000. Molecular and
biochemical heterogeneity of class B carbapenem-hydrolyzing B-lactamases
in Chryseobacterium meningosepticum. Antimicrob. Agents Chemother. 44:
1878-1886.

. Bellais, S., S. Leotard, L. Poirel, T. Naas, and P. Nordmann. 1999. Molecular
characterization of a carbapenem-hydrolysing B-lactamase from Chryseobac-
terium (Flavobacterium) indologenes. FEMS Microbiol. Lett. 171:127-132.

. Boschi, L., P. S. Mercuri, M. L. Riccio, G. Amicosante, M. Galleni, J.-M.
Frere, and G. M. Rossolini. 2000. The Legionella (Fluoribacter) gormanii
metallo-B-lactamase: a new member of the highly divergent lineage of mo-
lecular subclass B3 B-lactamases. Antimicrob. Agents Chemother. 44:1538—
1543.

. Bush, K. 1998. Metallo-B-lactamases: a class apart. Clin. Infect. Dis. 27:S48—
S53.

. Bush, K. 1999. B-Lactamases of increasing clinical importance. Curr. Pharm.
Design 5:839-845.

7. Bush, K., and S. Mobashery. 1998. How -lactamases have driven pharma-
ceutical drug discovery. From mechanistic knowledge to clinical circumven-
tion. Adv. Exp. Med. Biol. 456:71-98.

. Bush, K., G. A. Jacoby, and A. A. Medeiros. 1995. A functional classification
scheme for B-lactamases and its correlation with molecular structure. Anti-
microb. Agents Chemother. 39:1211-1233.

9. Carfi, A., E. Duée, M. Galleni, J.-M. Frere, and O. Dideberg. 1998. 1.85 A
resolution structure of the zinc(II) B-lactamase from Bacillus cereus. Acta
Crystallogr. Sect. D 54:313-323.

10. Carfi, A., S. Pares, E. Duée, M. Galleni, C. Duez, J.-M. Frere, and O.
Dideberg. 1995. The 3-D structure of a zinc metallo-B-lactamase from Ba-
cillus cereus reveals a new type of protein fold. EMBO J. 14:4914-4921.

11. Concha, N. O., B. A. Rasmussen, K. Bush, and O. Herzberg. 1996. Crystal
structure of the wide-spectrum binuclear zinc B-lactamase from Bacteroides
fragilis. Structure 4:823-836.

12. Concha, N. O., C. A. Janson, P. Rowling, S. Pearson, C. A. Cheever, B. P.
Clarke, C. Lewis, M. Galleni, J.-M. Frere, D. J. Payne, J. H. Bateson, and
S. S. Abdel-Meguid. 2000. Crystal structure of the IMP-1 metallo B-lacta-
mase from Pseudomonas aeruginosa and its complex with a mercaptocar-
boxylate inibitor: binding determinants of a potent, broad-spectrum inhibi-
tor. Biochemistry 39:4288-4298.

13. Frere, J. M. 1995. Beta-lactamases and bacterial resistance to antibiotics.
Mol. Microbiol. 16:385-395.

14. Galleni, M., J. Lamotte-Brasseur, G. M. Rossolini, J. Spencer, O. Dideberg,
J.-M. Frere, and the Metallo-B-Lactamase Working Group. 2001. Standard
numbering scheme for class B B-lactamases. Antimicrob. Agents Chemother.
45:660-663.

15. Hussain, M., A. Carlino, M. J. Madonna, and J. O. Lampen. 1985. Cloning
and sequencing of the metallothioprotein B-lactamase II gene of Bacillus
cereus 569/H in Escherichia coli. J. Bacteriol. 164:223-229.

16. Johnson, J. L. 1994. Similarity analysis of DNAs, p. 655-682. In P. Gerhardt,
R. G. E. Murray, W. A. Wood, and N. R. Krieg (ed.), Methods for general
and molecular bacteriology. American Society for Microbiology, Washing-
ton, D.C.

17. Laraki, N., M. Galleni, I. Thamm, M. L. Riccio, G. Amicosante, J.-M. Frere,
and G. M. Rossolini. 1999. Structure of In31, a blayyp-containing Pseudo-
monas aeruginosa integron phyletically related to In5, which carries an un-
usual array of gene cassettes. Antimicrob. Agents Chemother. 43:890-901.

18. Laraki, N., N. Franceschini, G. M. Rossolini, P. Santucci, C. Meunier, E. de
Pauw, G. Amicosante, J.-M. Frere, and M. Galleni. 1999. Biochemical char-
acterization of the Pseudomonas aeruginosa 101/1477 metallo-B-lactamase
IMP-1 produced by Escherichia coli. Antimicrob. Agents Chemother. 43:
902-906.

19. Lauretti, L., M. L. Riccio, A. Mazzariol, G. Cornaglia, G. Amicosante, R.
Fontana, and G. M. Rossolini. 1999. Cloning and characterization of blay 1y,
a new integron-borne metallo-B-lactamase gene from a Pseudomonas aerugi-
nosa clinical isolate. Antimicrob. Agents Chemother. 43:1584-1590.

20. Livermore, D. M. 1995. B-Lactamases in laboratory and clinical resistance.
Clin. Microbiol. Rev. 8:557-584.

21. Massidda, O., G. M. Rossolini, and G. Satta. 1991. The Aeromonas hydro-

phyla cphA gene: molecular heterogeneity among metallo-B-lactamases.

J. Bacteriol. 173:4611-4617.

—

[ s8]

w2

I~

wn

j=a)

o]



844

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

ROSSOLINI ET AL.

Medeiros, A. A. 1997. Evolution and dissemination of B-lactamases acceler-
ated by generations of B-lactam antibiotics. Clin. Infect. Dis. 24:(Suppl. 1):
S$19-545.

Murray, P. R., E. J. Baron, M. A. Pfaller, F. C. Tenover, and R. H. Yolken
(ed.). 1999. Manual of clinical microbiology, 7th ed. American Society for
Microbiology, Washington, D.C.

National Committee for Clinical Laboratory Standards. 1997. Methods for
dilution antimicrobial susceptibility tests for bacteria that grow aerobically,
4th ed. Approved standard. NCCLS document M7-A4. National Committee
for Clinical Laboratory Standards, Wayne, Pa.

Osano, E., Y. Arakawa, R. Wacharotayankun, M. Ohta, T. Horii, H. Ito, F.
Yoshimura, and N. Kato. 1994. Molecular characterization of an enterobac-
terial metallo-B-lactamase found in a clinical isolate of Serratia marcescens
that shows imipenem resistance. Antimicrob. Agents Chemother. 38:71-78.
Poirel, L., T. Naas, D. Nicholas, L. Collet, S. Bellais, J.-D. Cavallo, and P.
Nordmann. 2000. Characterization of VIM-2, a carbapenem-hydrolyzing
metallo-B-lactamase and its plasmid- and integron-borne gene from a Pseu-
domonas aeruginosa clinical isolate in France. Antimicrob. Agents Chemo-
ther. 44:891-897.

Pugsley, A. P. 1993. The complete general secretory pathway in gram-neg-
ative bacteria. Microbiol. Rev. 57:50-108.

Rasmussen, B. A., Y. Gluzman, and F. P. Tally. 1990. Cloning and sequenc-
ing of the class B B-lactamase gene (ccrA) from Bacteroides fragilis TAL3636.
Antimicrob. Agents Chemother. 34:1590-1592.

Rasmussen, B. A., and K. Bush. 1997. Carbapenem-hydrolyzing B-lacta-
mases. Antimicrob. Agents Chemother. 41:223-232.

Rossolini, G. M., M. L. Riccio, G. Cornaglia, L. Pagani, C. Lagatolla, L.
Selan, and R. Fontana. 2000. Carbapenem-resistant Pseudomonas aeruginosa
with acquired blayy, metallo-B-lactamase determinants, Italy. Emerg. In-
fect. Dis. 6:312-313.

Rossolini, G. M., N. Franceschini, M. L. Riccio, P. S. Mercuri, M. Perilli, M.
Galleni, J.-M. Frére, and G. Amicosante. 1998. Characterization and se-
quence of the Chryseobacterium (Flavobacterium) meningosepticum carba-

32.

33.

34.

35.

36.

37.

38.

39.

40.

ANTIMICROB. AGENTS CHEMOTHER.

penemase: a new molecular class B B-lactamase showing a broad substrate
profile. Biochem. J. 332:145-152.

Rossolini, G. M., T. R. Walsh, and G. Amicosante. 1996. The Aeromonas
metallo-B-lactamases: genetics, enzymology and contribution to drug resis-
tance. Microb. Drug Resist. 2:245-252.

Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular cloning: a
laboratory manual. Cold Spring Harbor Laboratory Press, Cold Spring Har-
bor, N.Y.

Senda, K., Y. Arakawa, S. Ichiyama, K. Nakashima, H. Ito, S. Ohsuka, K.
Shimokata, N. Kato, and M. Ohta. 1996. PCR detection of metallo-B-
lactamase gene (blayyp) in gram-negative rods resistant to broad-spectrum
B-lactams. J. Clin. Microbiol. 34:2909-2913.

Sneath, P. H. A. 1984. Genus Janthinobacterium, p. 376-377. In N. R. Krieg,
and J. G. Holt (ed.), Bergey’s manual of systematic bacteriology, vol. 1. The
Williams & Wilkins Co., Baltimore, Md.

Takahashi, A., S. Yomoda, 1. Kobayashi, T. Okubo, M. Tsunoda, and S.
Iyobe. 2000. Detection of carbapenemase-producing Acinetobacter bauman-
nii in a hospital. J. Clin. Microbiol. 38:526-529.

Tsakris, A., S. Pournaras, N. Woodford, M.-F. 1. Palepou, G. S. Babini,
J. Douboyas, and D. M. Livermore. 2000. Outbreak of infections caused
by Pseudomonas aeruginosa producing VIM-1 carbapenemase in Greece.
J. Clin. Microbiol. 38:1290-1292.

Ullah, J. H., T. R. Walsh, I. A. Taylor, D. C. Emery, C. S. Verma, S. J.
Gamblin, and J. Spencer. 1998. The crystal structure of the L1 metallo-f-
lactamase from Stenotrophomonas maltophilia at 1.7 A resolution. J. Mol.
Biol. 284:125-136.

Walsh, T. R., L. Hall, S. J. Assinder, W. W. Nichols, S. J. Cartwright, A. P.
MacGowan, and P. M. Bennet. 1994. Sequence analysis of the L1 metallo-
B-lactamase from Xanthomonas maltophilia. Biochim. Biophys. Acta 1218:
199-201.

Wang, Z. W., W. Fast, A. M. Valentine, and S. J. Benkovic. 1999. Metallo-
B-lactamases: structure and mechanism. Curr. Opin. Chem. Biol. 3:614-622.



