






FIG 2 (A) Comparison of amino acid sequence of the �-lactamase TMB-1 to those of other acquired MBLs (DIM-1, GIM-1, IMP-1, KMH-1, NDM-1, VIM-1,
SPM-1, and SIM-1) and several naturally occurring MBLs (IND-1 from Chryseobacterium indologenes, JOHN-1 from Flavobacterium johnsoniae, SLB-1 from
Shewanella livingstonensis, and SFB-1 from Shewanella frigidimarina). Shaded amino acids are those conserved with TMB-1. �-Lactamase numbering was
according to the BBL nomenclature (5). (B) Secondary structure of TMB-1 compared to that of VIM-2. The �-strands and �-helixes are indicated above the
TMB-1 sequence. The conserved residues are indicated in black. The conservative amino acid substitutions are boxed. The figure was obtained using ESPript
software (http://espript.ibcp.fr/ESPript/ESPript/).
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analyzed using nitrocefin with or without EDTA, and the fractions were
analyzed by SDS-PAGE (Invitrogen, CA). TMB-1 was concentrated to
1.94 mg/ml using ultrafiltration (Millipore, MA).

Kinetics assays. Steady-state kinetics were performed at 25°C in a
spectrophotometer (SpectramaxPlus; Molecular Devices) using 96-well
plates (BD Falcon UV microplates; BD Biosciences) (15). All substrates
were tested as duplicates using 50 mM HEPES buffer, pH 7.2, 100 �M
ZnCl2, 0.02% NaN3, and 0.1 mg/ml bovine serum albumin (Sigma-Al-
drich) as a buffer system. The kinetic data were analyzed by nonlinear
regression (GraphPad Software, San Diego, CA).

Nucleotide sequence accession number. The full sequence of the
3-kb class 1 integron reported in the present study has been submitted to
the EMBL/GenBank and assigned nucleotide sequence accession number
FR771847.

RESULTS AND DISCUSSION
Analysis of swabs from Tripoli hospitals. All swabs yielded isolates
capable of growing on 2 �g/ml ceftazidime and 10 �g/ml vancomy-
cin. All isolates were screened for class 1 integrons and mobile genetic
elements (Tn21, Tn402, and ISCR elements), and 4 out of 38 isolates
were positive for class 1 integrons: one Achromobacter xylosoxidans
isolate (two integrons of �3 kb), one Stenotrophomonas maltophilia
isolate (2.5 kb), and two isolates of Citrobacter freundii, each positive
for a class integron of 1 kb. None of the isolates were positive for Tn21,
Tn402, and ISCR elements. A. xylosoxidans AES301 displayed the fol-
lowing MIC profile: imipenem, 2 �g/ml; meropenem, 4 �g/ml;
cefepime, 16 �g/ml; ceftazidime, 8 �g/ml; cefotaxime, 32 �g/ml; az-
treonam, 16 �g/ml; amikacin, 8 �g/ml; gentamicin, 8 �g/ml; cipro-
floxacin, 1 �g/ml; and colistin, 0.5 �g/ml. All isolates that grew on
media containing ceftazidime were screened by the MBL Etest strip to
detect the presence of MBLs. Apart from the S. maltophilia isolate
(which naturally carries the L1 MBL) (26), the only other MBL-pos-
itive isolate was an A. xylosoxidans strain, designated AES301, pos-
sessing the class 1 integron, and it was investigated further.

Genetic analysis of carbapenem resistance in A. xylosoxidans
strain AES301. The sequencing analysis of the class 1 integron
PCR products from A. xylosoxidans AES301 revealed two nearly
identical integrons, the first possessing the gene cassette dhfrA4-
aacA4-blaOXA-4 and the second integron containing the gene cas-
sette blaTMB-1-aacA4-blaOXA-4 (Fig. 1). The carbapenem resistance
could not be mated to either E. coli DH5� or P. aeruginosa PAO1
recipients (data not shown), suggesting that the blaTMB-1 integron

is chromosomally located. This inference was supported by
Southern hybridization data using the blaTMB-1 gene as a probe,
which was back blotted to the A. xylosoxidans AES301 chromo-
some (data not shown) even though it produced several plasmids.

The TMB-1 gene contains 735 nucleotides and encodes a pro-
tein of 245 amino acids possessing all of the key motifs of Ambler
class B �-lactamase. At the amino acid level, TMB-1 was most
closely related to DIM-1 (62%) and GIM-1 (51%) and showed
only 48, 31, and 29% identity to IMP-1, VIM-2, and NDM-1,
respectively (Fig. 2A). TMB-1 also possesses virtually the same key
residues as DIM-1 that make up the zinc binding residues and the
secondary residues supporting the active sites, including the pu-
tative loop used to facilitate the binding of �-lactams during hy-
drolysis (Fig. 2A). A secondary structural comparison of TMB-1
to VIM-2 shows that TMB-1 possesses the key zinc binding resi-
dues for B1 MBLs, namely, His116, His118, and His196 (zinc 1)
and Asp120, Cys221, and His263 (zinc 2) (Fig. 2A). The most
noticeable difference between TMB-1 and VIM-2 is a gap in the N
terminus of the TMB-1 protein just before the beginning of the
first �-sheet (�1 in Fig. 2B). This gap in TMB-1 is situated just
prior to the flapping loop of VIM-2, which has been shown to
facilitate the binding and hydrolysis of substrates (1). Further,
there are several amino acid differences in this region, namely
(comparing VIM-2 to TMB-1), Q60S, S61R, F62V, D63E, A66G,
V67L, and a gap at position 65. This region is also diverse between
VIM-2 and VIM-7, where it has been suggested that it contributes
to a more flexible flapping loop (1). Interestingly, DIM-1 pos-
sesses the same sequence as TMB-1 in this region, with the excep-
tion of the gap and the amino acid changes N63E and F65W (12
and data not shown). An additional gap in TMB-1 between �7 and
�8 compared to the VIM-2 sequence is also observed (Fig. 2B).

Kinetic properties of TMB-1. The kinetic properties of TMB-1
were compared to those of DIM-1 and GIM-1 (Table 2) and are
broadly similar, with the exception of the rate of turnover of sub-
strates (kcat values) (Table 2). The Km values for TMB-1 are similar
to those of DIM-1 and GIM-1 for the penicillins and cephalospo-
rins but are larger for meropenem, indicating that TMB-1 binds
meropenem comparatively weakly. The kcat values for TMB-1 are
similar between the pencillins and GIM-1 but are markedly less
(30- to 260-fold) than those for both DIM-1 and GIM-1 for ce-

TABLE 2 Steady-state kinetic constants of TMB-1, DIM-1, and GIM-1

Compound

Steady-state kinetic constants of c:

TMB-1 DIM-1a GIM-1b

kcat (s�1) Km (�M)
kcat/Km

(s�1/�M) kcat (s�1) Km (�M)
kcat/Km

(s�1/�M) kcat (s�1) Km (�M)
kcat/Km

(s�1/�M)

Ampicillin 3.3 27 0.122 20 110 0.182 3.3 20 0.165
Piperacillin 3.3 72 0.046 NR NR NR 6.9 69 0.1
Cefoxitin 0.3 69 0.004 8 20 0.4 8.3 206 0.04
Cefuroxime 0.1 9 0.011 NR NR NR 5.9 7 0.843
Ceftazidime 0.07 31 0.002 3 50 0.06 18 31 0.58
Ertapenem 0.4 31 0.013 NR NR NR NR NR NR
Imipenem 1.7 200 0.009 35 80 0.438 27 287 0.094
Meropenem 1.4 75 0.019 50 10 5 2.7 25 0.108
Aztreonam �0.01 ND ND �0.01 ND ND ND ND ND
a Data are from Poirel et al. (12).
b Data are from Castanheira et al. (3).
c NR, not reported. ND, not detected.
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foxitin, cefuroxime, and ceftazidime (Table 2). TMB-1 also pos-
sesses lower kcat values for the carbapenems (2- to 36-fold) com-
pared to those of DIM-1 and GIM-1. These data further show that
the efficiency of the enzyme (kcat/Km) is lower for the cephalospo-
rins and carbapenems (Table 2). Such differences in kinetic values
are interesting, given that TMB-1 and DIM-1 are similar and that
their sequences in the VIM-2 flapping loop (15) are nearly iden-
tical, further suggesting that the reasons for these kinetic differ-
ences lie elsewhere in the TMB-1 structure (Fig. 2B).

Achromobacter is not the most important pathogen, although a
growing number of reports indicate that it is capable of causing
urinary tract infections (20), ocular infections (13), and the con-
tamination of dialysis (25) and ultrasound equipment (9), and it
can cause additional complications in cystic fibrosis patients (7,
14). Interestingly, although AES301 carrying TMB-1 was found in
a ward surface swab, the same strain could not be identified from
a clinical source; however, in Libya clinical diagnostic microbiol-
ogy laboratories may not scrutinize strains to the species level. To
date, only two cases of MBL genes (both blaVIM-2) have been re-
ported from Achromobacter spp., from Greece (19) and Korea
(18), and both were carried by class 1 integrons. This is the first
MBL reported from Libya, and being a new subclass, it provides
further evidence of the structural heterogeneity of this group of
�-lactamases.
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