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Myroides odoratus and Myroides odoratimimus (formerly designated in a single species as Flavobacterium
odoratum) are gram-negative aerobes and sources of nosocomial infections in humans. They have variable
susceptibility to �-lactams and a decreased susceptibility to carbapenems. Using genomic DNAs of M. odoratus
CIP 103105 and M. odoratimimus CIP 103073 reference strains, shotgun cloning of �-lactamase genes was
performed, followed by protein expression in Escherichia coli. The deduced amino acid sequences of these
�-lactamase genes revealed that TUS-1 and MUS-1 from M. odoratus CIP 103105 and M. odoratimimus CIP
103073, respectively, shared 73% amino acid identity. Mature proteins TUS-1 and MUS-1, with pI values of 7.8
and 5.2, respectively, had relative molecular masses of ca. 26 kDa. These �-lactamases are members of the
subclass B1 of metallo-�-lactamases and are distantly related to other metalloenzymes, being most closely
related to IND-1 from Chryseobacterium indologenes (42% amino acid identity). However, phylogenic analysis
showed that TUS-1 and MUS-1 belong to the same phylogenic lineage of subclass B1 enzymes that groups the
subclass B1 �-lactamases of Flavobacterium species. Kinetic parameters of purified �-lactamases TUS-1 and
MUS-1 detailed their hydrolysis spectra, which encompass most �-lactams except aztreonam. �-Lactamases
TUS-1 and MUS-1 were classified in functional subgroup 3a of metalloenzymes. This work further character-
izes chromosome-encoded metalloenzymes from Flavobacteriaceae species that explain at least part of their
intrinsic resistance to �-lactams.

The genus Flavobacterium was created in 1923 (6). Since
then, the taxonomy of this genus has undergone substantial
changes, especially for strains belonging to the former Flavo-
bacterium odoratum species. In 1984, Holmes et al. had sug-
gested that F. odoratum should be classified in a separate genus
on the basis of its unique phenotypic features (17). Strains of
this species, differing from most Flavobacterium species in be-
ing nonsaccharolytic, fail to produce indole. Using 16S rRNA
sequencing, Bernardet et al. showed that on a molecular basis,
Flavobacterium odoratum occupies an independent taxonomic
position in the Flavobacterium genus (7). Finally, the genus
Myroides was created for organisms removed from the genus
Flavobacterium on the basis of hybridization experiments and
phenotypic characteristics (34). Two species have been delin-
eated: Myroides odoratus (to accommodate Flavobacterium
odoratum) and Myroides odoratimimus (37).

Organisms of Myroides spp. are aerobic, yellow-pigmented,
gram-negative rods that grow at both room temperature and
37°C. They are habitat-specific organisms, like other members
of the Flavobacteriaceae family, and are commonly found in
wet environments (19).

Organisms of Myroides spp. behave like low-grade opportu-

nistic pathogens. Myroides was identified as a source of surgery
wound (13, 18, 34) and urinary tract (18, 39) infections, septi-
cemia (14, 18, 34), pneumonia (34), meningitidis (10), fasciitis
(38), and ventriculitis (24). Nosocomial outbreaks have also
been reported (25, 39).

Antibiotic resistance patterns of Myroides strains exhibit
variable susceptibility to �-lactams (18), with a constant de-
creased susceptibility to cephalosporins and imipenem. In
1985, kinetic parameters of a metallo-�-lactamase of an F.
odoratum strain were reported (34).

The aim of this study was to determine the �-lactamase gene
content of strains of the genus previously designated F. odo-
ratum and now separated into M. odoratus and M. odoratimi-
mus. Kinetic parameters of two distinct metalloenzymes have
been determined with purified preparations.

MATERIALS AND METHODS

Bacterial strains. M. odoratus CIP 103105 and M. odoratimimus CIP 103073
reference strains were from the Institut Pasteur (Paris, France) strain collection.
Escherichia coli DH10B, in vitro-obtained rifampin-resistant E. coli JM109, and
E. coli BL21(DE3) strains were used for cloning experiments, conjugation ex-
periments, and �-lactamase overexpression, respectively (5).

Antimicrobial agents and MIC determinations. The antimicrobial agents used
in this study were obtained in the form of standard laboratory powders and were
used immediately after their solubilization. The agents and their sources have
been described elsewhere (28). MICs were determined by an agar dilution
technique on Mueller-Hinton agar (Sanofi-Diagnostics Pasteur, Paris, France),
with an inoculum of 104 CFU per spot (26). All drugs were incorporated into
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Mueller-Hinton agar, at serial twofold concentrations, before determination of
antimicrobial susceptibilities. The plates were incubated at 35°C for 18 h.

Plasmid DNA content and conjugation. Plasmid DNA extractions of M. odo-
ratus CIP 103105 and M. odoratimimus CIP 103073 were performed according to
two different methods as previously described (5). Direct transfer of resistant
genes into rifampin-resistant E. coli JM109 was attempted by liquid and solid
mating-out assays and by electroporation of the putative plasmid DNA suspen-
sions into E. coli DH10B (5). Transconjugants and electroporants were selected
on Trypticase soy (TS) agar plates containing rifampin (200 �g/ml) and amoxi-
cillin (30 �g/ml) and amoxicillin only, respectively.

Cloning and analysis of recombinant plasmids. Whole-cell DNAs of M. odo-
ratus CIP 103105 and M. odoratimimus CIP 103073 were extracted as described
previously (3). All enzymes used in cloning experiments were from Amersham
Pharmacia Biotech (Orsay, France). Whole-cell DNAs of M. odoratimimus CIP
103073 and M. odoratus CIP 103105 were partially digested by Sau3AI. Sau3AI
DNA fragments from M. odoratus CIP 103105 or M. odoratimimus CIP 103073
strains were ligated into pBK-CMV phagemid (Stratagene, Amsterdam, The
Netherlands) which had previously been digested with BamHI and were dephos-
phorylated with shrimp alkaline phosphatase (Roche Diagnostics, Meylan,
France). Recombinant phagemids were transformed into E. coli strain DH10B by
electroporation (Gene Pulser II; Bio-Rad, Ivry-sur-Seine, France). Transfor-
mants were selected on TS agar containing ampicillin (30 �g/ml) and kanamycin
(30 �g/ml). Selected clones were tested for their ability to hydrolyze imipenem as
described below. Recombinant plasmids were purified with the Qiagen plasmid
Midi kit (Qiagen, Courtaboeuf, France), and cloned DNA inserts of recombinant
plasmids were sequenced on both strands, using an Applied Biosystems se-
quencer (ABI 377). The nucleotide and deduced protein sequences were ana-
lyzed with software available over the Internet from the National Center for
Biotechnology Information website (www.ncbi.nlm.nih.gov). A dendrogram of
MUS-1 and TUS-1 �-lactamases was derived from the multiple alignment by a
parsimony method, using the phylogeny package PAUP (Phylogenetic Analysis
Using Parsimony) version 3.0 (35).

Southern and I-CeuI techniques. Southern hybridization experiments (33)
were performed using 0.8% electrophoresis gel containing whole-cell DNAs of
M. odoratus CIP 103105 and M. odoratimimus CIP 103073 transferred onto a
nylon membrane that was then hybridized with PCR-obtained internal fragments
for blaTUS-1 (TuA, 5�-CTACTTTGGTCTATCCTCAATCGG-3�; TuB, 5�-ATT
CGGCTATTCTATGCCCG-3�) and for blaMUS-1 (MuA, 5�-ATTAGTACACG
CTCAATCTAG-3�; MuB, 5�-AGTCATAAGAGCTATACCGG-3�), respective-
ly. Visualization of hybridization was performed using the ECL nonradioactive
hybridization kit as described by the manufacturer (Amersham Pharmacia Bio-
tech). Additionally, chromosomal locations of the �-lactamase genes were inves-
tigated using the I-CeuI technique (22). Whole-cell DNA of the Myroides refer-
ence strains was digested with endonuclease I-CeuI (New England Biolabs,
Ozyme, Saint-Quentin-en-Yvelines, France), which digests a 26-bp sequence in
rrn genes for the 23S large subunit rRNA. After digestion, separation of the
resulting fragments was performed on a CHEF-DRII apparatus used for pulsed-
field gel electrophoresis (PFGE), as described previously (22). The sizes of the
I-CeuI-generated fragments were determined by comparison with those of
Lambda-ladder molecular weight marker (Bio-Rad). A Southern transfer of the
PFGE gel was hybridized with probes for blaTUS-1 or blaMUS-1 and a probe for
16rRNA genes made of PCR-generated fragments, using universal primers 8 to
24 (5�-AGAGTTTGATCHTGGYTYAGA-3�) and 1512 to 1491 (5�-ACGGYT
ACCTTGTTACGACTT-3�).

Preparation of �-lactamase extracts. �-Lactamase production was enhanced
by subcloning �-lactamase genes into plasmid PET-9a. The blaTUS-1 and blaMUS-1

genes were amplified from pBK-TUS-1 and pBK-MUS-1 recombinant plasmids,
which were used as templates, with primers designed to amplify the entire sequences
of blaTUS-1 and blaMUS-1 genes that contained NdeI and BamHI restriction sites.
Amplification products were cloned into TOPO-Blunt plasmids (InVitrogen, Grö-
ningen, The Netherlands) according to manufacturer instructions. Recombinant
plasmids were recovered with a Qiagen Midi kit and digested with NdeI and BamHI.
After purification of restricted fragments, �-lactamase genes were subcloned into
plasmid PET-9 that had been previously digested with the same restriction enzymes,
giving rise to recombinant plasmids pET-TUS-1 and pET-MUS-1, which were sub-
sequently transformed into E. coli BL21. E. coli BL21(pET-TUS-1) and E. coli BL21
(pET-MUS-1) strains were cultured overnight at 37°C in 2 liters of TS broth with
amoxicillin (30 �g/ml) and kanamycin (30 �g/ml). Bacterial suspensions were pel-
leted, resuspended in 40 ml of 100 mM phosphate buffer (pH 7), disrupted by
sonication (three times at 50 W for 30 s each time, using a Vibra Cell 75022
Phospholyser; Bioblock, Illkirch, France), and centrifuged at 20,000 � g for 1 h at
4°C.

�-Lactamase purification. �-Lactamase extracts from cultures of E. coli BL21
(pET-TUS-1) and E. coli BL21(pET-MUS-1) were filtered through a 0.45-�m-
pore-size filter (Millipore, Saint-Quentin-en-Yvelines, France), dialyzed over-
night at 4°C against 20 mM ethanolamine buffer (pH 7) and 20 mM diethylamine
buffer (pH 9.3), respectively, and loaded twice onto a preequilibrated Q-Sepha-
rose column (Amersham Pharmacia Biotech). The enzymes were eluted by a
linear NaCl gradient (0 to 1 M) in the same buffers. Eluted fractions with high
�-lactamase activity (nitrocefin test; Oxoid, Paris, France) were pooled and
dialyzed against 50 mM phosphate buffer (pH 5.8) or 50 mM phosphate buffer
(pH 7) supplemented with 150 mM NaCl for purification of �-lactamases TUS-1
and MUS-1, respectively. The fractions containing �-lactamase TUS-1 were
loaded onto a preequilibrated S-Sepharose column (Amersham Pharmacia Bio-
tech) and were eluted by linear NaCl gradient (0 to 1 M), whereas the fractions
containing MUS-1 �-lactamase were loaded onto a preequilibrated 1.6- by 47-cm
gel filtration column packed with Superdex 75 (Amersham Pharmacia Biotech)
and recovered from the flowthrough. Purified extracts were finally dialyzed
overnight at 4°C against 50 mM phosphate buffer (pH 7), prior to a 10-fold
concentration with a Vivaspin 10,000 column (Sartorius, Stonehouse, England).

NH2-terminal sequencing. To determine the cleavage site of the mature pro-
teins of TUS-1 and MUS-1 �-lactamases, the purified enzymes were submitted to
an Edman sequence analysis (16) (Laboratory for Protein Micro-Sequencing,
Institut Pasteur, Paris, France). Purified enzymes and marker proteins were
subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) analysis (33). Proteins were then electrotransferred onto a polyvinyli-
dene difluoride membrane (Immobilon-P; Millipore, Guyancourt, France) by
using the Mini Protean II transfer cell (8 by 7.3 cm) (Bio-Rad) in 50 mM Tris-
borate buffer (pH 8.7) at room temperature (3.5 V/cm, overnight). The mem-
brane was then rinsed in distilled water and stained with a solution made of 0.1%
Coomassie brilliant blue R-250 in methanol and water (50:40 [vol/vol]). The
protein band was then excised with a razor blade and allowed to air dry. The
amino-terminal sequences of the mature �-lactamases were determined with an
automated Edman sequencer on a 473A model gas phase sequencer (Applied
Biosystems).

IEF analysis. The purified enzymes and �-lactamase extracts from culture of
Myroides sp. reference strains were subjected to analytical isoelectric focusing
(IEF) on an ampholine polyacrylamide gel with a pH of 3.5 to 9.5 (Ampholine
PAG plate; Amersham Pharmacia Biotech) for 90 min at 1,500 V, 50 mA, and
30 W. The focused �-lactamases were detected by overlaying the gel with a 1 mM
nitrocefin solution.

Kinetic measurements. Purified �-lactamases were used for kinetic measure-
ments (kcat and Km), which were made at 30°C in 50 mM sodium phosphate (pH
7.0), supplemented with 50 �M ZnCl2, as described previously (32). The rates of
hydrolysis were determined with a Pharmacia ULTROSPEC 2000 spectropho-
tometer and were analyzed using SWIFT II software (Amersham Pharmacia
Biotech). Using Eadie-Hofstee linearization of the Michaelis-Menten equation
as previously described (12), Km and kcat values were determined by analyzing
the �-lactam hydrolysis under initial rate conditions. Various concentrations of
EDTA were preincubated with the enzyme for 10 min at 30°C before testing the
rate of imipenem (100 �M) hydrolysis. Fifty percent inhibitory concentrations
(IC50) were determined for EDTA and clavulanic acid, and results were ex-
pressed in micromolar units.

The specific activities of �-lactamase extracts obtained after sonication and
those of the purified �-lactamases from E. coli BL21(pET-TUS-1) and E. coli
BL21(pET-MUS-1) strains were compared, using 100 �M imipenem as sub-
strate, as previously described (3). The protein contents were measured by the
Bio-Rad DC protein assay. Purity and relative molecular mass of enzymes were
estimated using SDS-PAGE analysis (33).

Nucleotide sequence accession number. The nucleotide sequences and de-
duced �-lactamase amino acid sequences reported in this work have been as-
signed to the GenBank and EMBL databases under no. AF441286 and no.
AF441287.

RESULTS

Cloning and DNA sequence analysis of �-lactamase genes
from M. odoratus and M. odoratimimus. DNA sequence anal-
ysis of the 1.2- and 1.7-kb inserts of pBK-TUS-1 and pBK-
MUS-1, respectively, revealed single open reading frames of
744 bp and 738 bp, with overall G�C contents of 36.2% and
38.6%, respectively, that encoded 246- and 248-amino-acid
preproteins (Fig. 1). The putative cleavage sites were found
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between positions 19 and 20 (alanine and glutamine residues)
for �-lactamase TUS-1 and at the same position (between
the proline and glutamine residues) for �-lactamase MUS-1.
These cleavage site positions were confirmed by Edman se-
quence analysis, which determined the N-terminal ends of pu-
rified �-lactamases TUS-1 and MUS-1 to be motif QSDK.
�-Lactamases TUS-1 and MUS-1 had pI values of 7.8 and 5.2,
respectively. Similarly, IEF analysis with culture extracts of
M. odoratus CIP 103105 and M. odoratimimus CIP 103073
revealed single pI values of 7.8 and 5.2, respectively.

Genetic location of �-lactamase genes. Plasmid extraction of
M. odoratus CIP 103105 and M. odoratimimus CIP 103073 and
transformation and conjugation experiments failed. Using
PCR-prepared probes internal for blaTUS-1 and for blaMUS-1

and whole-cell DNAs of M. odoratus CIP 103105 and M. odo-
ratimimus CIP 103073 as templates, hybridization signals were
obtained at the chromosomal position of migration (data not
shown), indicating a likely chromosomal location of these
genes.

Using the I-CeuI technique, six and five DNA fragments
were generated with restricted DNAs of M. odoratus CIP
103105 and M. odoratimimus CIP 103073, respectively (Fig.

2A). Except for one ca. 1,500-kb DNA fragment, all of the
fragments hybridized with an rRNA probe (Fig. 2B). The
blaTUS-1 and blaMUS-1 probes hybridized with a ca. 140-kb
fragment of M. odoratus and a ca. 530-kb fragment of M. odo-
ratimimus, respectively (Fig. 2C), further indicating a chromo-
somal location of these �-lactamase genes.

Protein sequence analysis of TUS-1 and MUS-1. A compar-
ison of amino acid sequences of TUS-1 and MUS-1 with those
of other class B �-lactamases revealed 42% amino acid identity
with IND-1 from Chryseobacterium indologenes (4), the most
closely related enzyme. A dendrogram was constructed to re-
late TUS-1 and MUS-1 �-lactamases to representative Ambler
class B enzymes (Fig. 3). MUS-1 and TUS-1 enzymes clustered
with metalloenzymes produced by Chryseobacterium meningo-
septicum (3), Chryseobacterium indologenes (4), Flavobacterium
johnsoniae (T. Naas, S. Bellais, P. Nordmann, submitted for
publication), and Empedobacter brevis (S. Bellais, D. Girlich,
A. Karim, P. Nordmann, submitted for publication). This clus-
ter parallels most closely the taxonomic positions of Chryseo-
bacterium, Flavobacterium, and Empedobacter species com-
pared to Myroides species, thus indicating that they may have
diverged from a common ancestor.

FIG. 1. Comparison of amino acid sequences of TUS-1 and MUS-1 with those of other metallo-�-lactamases of subclass B1. The origins of the
metallo-�-lactamases were as follows: BLAB-1, Chryseobacterium meningosepticum CIP 6058 (32); IND-1, Chryseobacterium indologenes (4);
VIM-1, Pseudomonas aeruginosa VT-143/97 (21); BcII, Bacillus cereus 569/H (20); CcrA, Bacteroides fragilis (30); IMP-1, Serratia marcescens
TN9106 (27); EBR-1, Empedobacter brevis (GenBank accession no. AF416700); and JOHN-1, Flavobacterium johnsoniae (GenBank accession no.
AY028464). The BBL numbering scheme identification numbers are indicated above the sequences (15). The arrow indicates cleavage of the
peptide leader site for TUS-1 and MUS-1. Amino acid residues that may be involved in Zn2� binding appear in grey. Dashes were introduced to
optimize the alignment, whereas dots indicate amino acid residues identical to those of �-lactamase MUS-1.
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Susceptibility testing. MICs of �-lactams for the M. odoratus
CIP 103105 strain showed that the bacteria had reduced sus-
ceptibility to cefoxitin, cefepime, cefpirome, imipenem, and
meropenem and was resistant to all other �-lactams tested
(Table 1). Surprisingly, it was susceptible to amoxicillin. Sus-
ceptibility of M. odoratimimus CIP 103073 to �-lactams mir-
rored that of the M. odoratus CIP 103105 strain but at a lower
level (Table 1). MIC values of �-lactams for the E. coli DH10B
strain, which harbors recombinant plasmids pBK-TUS-1 and
pBK-MUS-1, were very similar. The bacteria were resistant to
amoxicillin and ticarcillin and had a reduced susceptibility to
piperacillin, whereas they were fully susceptible to expanded-
spectrum cephalosporins, monobactams, carbapenems, and
cephamycins (Table 1). Clavulanic acid and tazobactam did
not restore activity of �-lactams. MICs of �-lactams for E. coli
harboring recombinant plasmids did not mirror those for pa-
rental strains.

Purification of �-lactamases TUS-1 and MUS-1. The am-
plification products obtained with specific primers using pBK-
TUS-1 and pBK-MUS-1 as templates were subcloned into
pET-9a plasmid, giving rise to recombinant plasmids pPET-
TUS-1 and pPET-MUS-1, respectively. The metalloenzymes
produced by the E. coli BL21(pPET-TUS-1) and E. coli BL21
(pPET-MUS-1) were then overproduced. Since TUS-1 is a
cationic protein and MUS-1 is anionic, the purification tech-
nique was different for each enzyme.

After purification, the specific activities, determined with
100 �M imipenem as the substrate, were 140 �mol � min�1 �
mg of protein�1 for TUS-1 and 94 �mol � min�1 � mg of pro-

tein�1 for MUS-1. Comparison of specific activities before and
after purification showed purification factors of 75 and 315 for
TUS-1 and MUS-1, respectively. The purity of both enzymes
was estimated to be 95% by SDS-PAGE analysis (data not
shown). Mature proteins had similar relative molecular
masses, determined experimentally to be ca. 26 kDa (data not
shown).

Kinetic measurements of TUS-1 and MUS-1. The kinetic
parameters of the purified TUS-1 and MUS-1 �-lactamases
were very similar (Table 2). The enzymes had similar Km values
for all substrates. A comparison of kcat values revealed no
difference between MUS-1 and TUS-1 for all substrates, ex-
cept for cephaloridin, for which the Km value was higher with
MUS-1. The catalytic efficiencies were higher for penicillins
than for cephalosporins in both cases. Cephamycins and ex-
panded-spectrum cephalosporins were poorly hydrolyzed by
TUS-1 and MUS-1, whereas aztreonam was not hydrolyzed at
all. These �-lactamases showed strong activities against carba-
penems, and the metal chelator EDTA was a good inhibitor of
�-lactamase activities (IC50 of 120 and 80 �M for TUS-1 and
MUS-1, respectively).

FIG. 2. Localization of blaTUS-1 and blaMUS-1 in I-CeuI-generated
chromosomal fragments of M. odoratus CIP 103105 and M. odoratimi-
mus CIP 1033073 separated by PFGE. (A) Chromosome restriction
patterns. (B) Hybridization of restricted patterns with a probe specific
to 16S rRNA genes. (C) Hybridization of restricted fragments with
probes specific to the blaTUS-1 and blaMUS-1 genes. Lanes: 1, M. odo-
ratus CIP 103105; 2, M. odoratimimus CIP 103703.

FIG. 3. Dendrogram obtained by parsimony analysis for represen-
tative natural and acquired metallo-�-lactamases. The origins of the
metallo-�-lactamases were as follows: BlaB-1 and GOB-1, Chryseobac-
terium meningosepticum (3); IND-1, Chryseobacterium indologenes (5);
EBR-1, Empedobacter brevis (GenBank accession no. AF416700); JOHN-
1, Flavobacterium johnsoniae (GenBank accession no. AY028464); CphA,
Aeromonas hydrophila (23); SfhI, Serratia fonticola (GenBank acces-
sion no. AF197943); L-1, Stenotrophomonas maltophilia (40); BcII,
Bacillus cereus (20); BaII, Bacillus anthracis (GenBank accession no.
AF367984); VIM-1, Pseudomonas aeruginosa (21); CcrA, Bacteroides
fragilis (30); IMP-1, Serratia marcescens (27); THIN-B, Janthinobacte-
rium lividum (31); MBL-1, Caulobacter crescentus (GenBank accession
no. AJ315850); and FEZ-1, Legionella gormanii (8). The alignment
used for tree calculation was performed with ClustalW followed by
minor adjustments. Branch lengths are drawn to scale and are propor-
tional to the number of amino acid changes. The distance along the
vertical axis has no significance. Percent amino acid identities to
TUS-1 and MUS-1 are indicated in parentheses (left and right num-
bers, respectively).
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DISCUSSION

The biochemical detection of �-lactamases in clinical strains
of Myroides spp. (formerly F. odoratum) had been performed in
1985 by Sato et al. (34). Nevertheless, the molecular charac-
teristics of �-lactamase had not been determined. We bio-
chemically and genetically characterized �-lactamases ex-
pressed by M. odoratus CIP 103105 and M. odoratimimus CIP
103073, which were taken as reference strains of the Myroides
genus.

The �-lactamases produced by M. odoratus CIP 103105 and
by M. odoratimimus CIP 103073 shared 73% amino acid iden-
tity. This high degree of identity agrees with the phylogenic
relationship between M. odoratus and M. odoratimimus (34).
Similarly, the relative heterogeneity of metalloenzymes pro-

duced by a given Flavobacterium species has been previously
reported, such as that found for IND �-lactamases from C.
indologenes (5). These latter enzymes display identities ranging
from 77% to 99% (5). Thus, amino acid sequence discrepancy
between TUS-1 and MUS-1 could be due either to a regular
variability that occurs among �-lactamases belonging to closely
related species or to phylogenic divergence that delineates
M. odoratus and M. odoratimimus.

Sequence analysis revealed that TUS-1 and MUS-1 belong
to the subclass B1 of Ambler (2) and Galleni et al. (15). At the
present time, each bacterial species of the Flavobacteriaceae
family that has been subjected to �-lactamase characterization
produces a subclass B1 metallo-�-lactamase (3, 5), with the
exception of C. meningosepticum, which harbors an addi-

TABLE 1. MICs of �-lactams for M. odoratus CIP 103105, M. odoratimimus CIP 103073, E. coli DH10B(pBK-TUS-1),
E. coli DH10B(pBK-MUS-1), and for reference strain E. coli DH10Ba

Substrateb

MIC (�g/ml)

M. odoratus
CIP 103105

E. coli DH10B
(pBK-TUS-1)

M. odoratimimus
CIP 103073

E. coli DH10B
(pBK-MUS-1) E. coli DH10B

Amoxicillin 8 128 32 128 2
Amoxicillin-CLA 8 128 32 128 2
Ticarcillin 256 256 256 256 2
Piperacillin 64 8 128 8 2
Piperacillin-TZB 64 8 128 8 2
Cephalothin 256 8 128 8 2
Cefoxitin 16 4 32 4 2
Moxalactam 32 0.25 32 0.12 0.12
Cefotaxime 32 0.25 512 0.06 0.06
Cefuroxime 128 32 256 8 2
Ceftazidime 32 0.25 128 0.06 0.06
Cefepime 16 0.06 32 0.06 0.06
Cefpirome 4 0.06 32 0.06 0.06
Aztreonam 64 0.06 �512 0.06 0.06
Imipenem 4 0.5 8 0.25 0.06
Meropenem 4 0.25 4 0.25 0.06

a M. odoratus CIP 103105 and E. coli DH10B(pBK-TUS-1) produced �-lactamase TUS-1, whereas M. odoratimimus CIP 103073 and E. coli DH10B(pBK-MUS-1)
produced �-lactamase MUS-1.

b CLA, clavulanic acid at 2 �g/ml; TZB, tazobactam at 4 �g/ml.

TABLE 2. Kinetic parameters for the purified �-lactamases TUS-1 and MUS-1a

Substrate
TUS-1 MUS-1

kcat (s�1)c Km (�M)b kcat/Km (mM�1 � s�1)c kcat (s�1)c Km (�M)b kcat/Km (mM�1 � s�1)c

Benzylpenicillin 320 78 4,000 170 40 4,200
Amoxicillin 490 480 1,000 400 560 700
Ticarcillin 115 163 700 344 150 2,200
Piperacillin 990 75 13,500 330 160 2,020
Cephaloridine 12 600 20 100 580 170
Cephalothin 40 125 300 90 97 900
Cefuroxime 30 24 1,200 15 15 870
Cefoxitin 17 820 20 7 1,300 5
Moxalactam �90 �2,000 ND �70 �2,000 ND
Cefotaxime 80 105 470 125 180 700
Ceftazidime 15 1470 10 3 1,713 2
Cefepime �1 �2,000 ND �1 �2,000 ND
Cefpirome �6 �2,000 ND �1 �2,000 ND
Aztreonam ND — ND ND — ND
Imipenem 225 250 900 240 470 500
Meropenem 170 1,060 160 250 1,400 180

a Values are expressed as the means of three independent measures (standard deviations were within 15%).
b —, not hydrolyzed (i.e., the initial rate of hydrolysis was lower than 0.01 �M�1 � s�1).
c ND, not determinable due to too-high Km value.
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tional metalloenzyme of the GOB series belonging to sub-
class B3 (3).

The six amino acid residues that interact with the Zn2�

cofactor or with the water molecule located in the active site
(His116, His118, Asp120, His196, Cys221, and His264, ac-
cording to BBL numbering of metallo-�-lactamases [15])
are conserved in �-lactamases TUS-1 and MUS-1 (Fig. 3).
Furthermore, as indicated by docking studies using X-ray crys-
tallography analysis of �-lactamase IMP-1 complexed with po-
tent inhibitors (11, 36), the residues required for ligand binding
(i.e., Leu39, Glu59, Glu60, Gly65, Val61, Trp64, Val66, Val67,
Pro68, Lys69, Phe87, Lys224, Tyr227, Gly232, and Asn233)
were also identified in amino acid sequences of TUS-1 and
MUS-1. Conservation of these residues contrasted with the low
identity between MUS-1/TUS-1 and IMP-1 (26 to 30%). This
result underlines the probable importance of these residues in
conserved activity of these enzymes.

According to biochemical criteria established by Rasmussen
and Bush to classify metallo-�-lactamases (29), TUS-1 and
MUS-1 belong to functional subgroup 3a, since their catalytic
efficiencies for penicillins were at least 60% of the catalytic
efficiencies for imipenem. However, these data disagree with
those of Rasmussen and Bush (29) and Bush (9), who reported
that a metallo-�-lactamase produced by a Flavobacterium odo-
ratum strain belongs to subgroup 3b, which contains true car-
bapenem-hydrolyzing �-lactamases, i.e., enzymes exhibiting
very strong preference for hydrolysis of carbapenems. This
discrepancy is likely due to the fact that the Rasmussen and
Bush statement was based on preliminary biochemical analysis
of �-lactamases of Myroides spp. (34).

Finally, it is difficult to estimate the exact role of the iden-
tified �-lactamases in the intrinsic �-lactam resistance of My-
roides spp., since it is well known that metalloenzymes ex-
pressed in E. coli give much lower levels of �-lactam resistance
than those seen in the original producers. Other �-lactam
resistance mechanisms are likely to be involved, such as those
that can contribute to resistance to aztreonam, a �-lactam
molecule that is hydrolyzed by some metalloenzymes but not
others, with TUS-1 and MUS-1 included in the latter category.
It remains unknown why flavobacteria are a source of such a
variety of metalloenzymes. This may be related to combined
biosynthesis of carbapenem derivatives and carbapenem-hy-
drolyzing �-lactamases, as found in other environmental spe-
cies such as a Streptomyces sp. (1).
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