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The metallo-b-lactamase L1 from Stenotrophomonas maltophilia was cloned, overexpressed, and character-
ized by spectrometric and biochemical techniques. Results of metal analyses were consistent with the cloned
enzyme having 2 mol of tightly bound Zn(II) per monomer. Gel filtration chromatography demonstrated that
the cloned enzyme exists as a tightly held tetramer with a molecular mass of ca. 115 kDa, and matrix-assisted
laser desorption ionization and time-of-flight mass spectrometry indicated a monomeric molecular mass of
28.8 kDa. Steady-state kinetic studies with a number of diverse penicillin and cephalosporin antibiotics
demonstrated that L1 effectively hydrolyzes all tested compounds, with kcat/Km values ranging between 0.002
and 5.5 mM21 s21. These characteristics of the recombinant enzyme are contrasted to those previously
reported for metallo-b-lactamases isolated directly from S. maltophilia.

b-Lactamases hydrolyze penicillins and cephalosporins, ren-
dering a species that is no longer an inhibitor of bacterial
transpeptidases. There are four classes of b-lactamases: func-
tional groups 1, 2, and 4, which consist of enzymes that use an
active-site serine for nucleophilic attack on the b-lactam car-
bonyl, and group 3, which consists of enzymes that use a Zn(II)
center for the hydrolysis of antibiotics (3). Recently, Rasmus-
sen and Bush have further divided the group 3 b-lactamases
into three subclasses (a, b, and c) based on their preferential
hydrolysis of carbapenems relative to that of penicillins and
cephalosporins (20). Currently, the serine b-lactamases are the
most prevalent; however, there are available clinically useful
compounds that inhibit many of the serine b-lactamases and
that have been successfully employed in therapeutic regimens.

Recently, biochemical and genetic results have suggested
structural and mechanistic hetereogeneity among the metallo-
b-lactamases, with the most distinct of the enzymes being from
Stenotrophomonas maltophilia (L1) and from several Aeromo-
nas strains. Rasmussen and Bush have noted that the metallo-
b-lactamases from the Aeromonas strains are functionally dis-
tinct from other group 3 b-lactamases, warranting their
inclusion in the b subclass (20, 21). The group 3b b-lactamases
appear to hydrolyze carbapenems preferentially over other
antibiotics. The S. maltophilia metallo-b-lactamase is function-
ally similar to the enzymes from Bacillus cereus and Bacteroides
fragilis; however, L1 has some distinct structural differences.
For example, the pI for L1 is different from those of the other
two enzymes, the L1 enzyme has been reported to exist as a
tetramer while the other two are thought to be monomers, L1
is the only metallo-b-lactamase yet sequenced that does not
have a cysteine [a Zn(II) binding ligand] at position 168, and
the monomeric molecular mass of L1 is reported to be 4 to 5
kDa larger than that of the other two enzymes (22, 27). Even

more importantly, the crystal structures of the B. cereus and
Bacteroides fragilis enzymes implicated several amino acids in
having functional roles in metallo-b-lactamases (5). The posi-
tion of Lys171, with respect to the docked substrate’s position,
suggested that this residue forms an electrostatic interaction
with the carboxylate on the five- or six-member rings of peni-
cillins or cephalosporins (5). In addition, Asp152 was impli-
cated in orienting the metal binding ligands in the Bacteroides
fragilis enzyme (5). Neither of these amino acids is conserved in
the L1 enzyme, suggesting some major structural differences in
the group 3a enzymes. These differences may explain the subtle
differences among the group 3a enzymes in the steady-state
kinetic constants and the differing interactions with mercapto-
acetate compounds (19). The study of Payne et al. (19) sug-
gests that the heterogeneity of the metallo-b-lactamases may
prevent one compound from inhibiting all metallo-b-lactama-
ses.

In order to rationally design and prepare compounds that
will inhibit the metallo-b-lactamases, it is necessary to charac-
terize several enzymes in hopes of uncovering structural or
mechanistic similarities between the enzymes. Many of these
studies require large amounts of pure, active enzyme and the
ability to prepare site-directed mutants of the enzyme. We
report here the overexpression, purification, and characteriza-
tion of the cloned L1 enzyme from S. maltophilia.

MATERIALS AND METHODS

General. All antibiotics used in this study were purchased from Sigma, except
the following, which were kind gifts from the manufacturers: biapenem (Lederle-
Japan); clavulanic acid, ceftizoxime, and BRL42715 (Smith Kline Beecham); and
cefadroxil, cefaprozil, and cefepime (Bristol-Myers Squibb). Nitrocefin was pur-
chased from Becton Dickinson. A bicinchoninic acid kit was purchased from
Pierce Chemical Company, and gel filtration standards were purchased from
Pharmacia Biotech and used according to the manufacturer’s instructions. All
chromatographic steps were carried out on a Pharmacia fast-performance liquid
chromatography system at 4°C.

Metal analyses were performed on a Varian inductively coupled plasma emis-
sion spectrometer. Calibration curves with five standards and correlation coef-
ficients of better than 0.9999 were used. The final dialysis buffer was used as a
blank. Three trials of each sample were made, and the results were averaged. The
following absorbance wavelengths for the indicated metal ions were used to
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ensure the lowest detection limit possible: 213.856 nm for Zn, 324.754 nm for Cu,
321.604 nm for Ni, 238.892 nm for Co, 259.940 nm for Fe, 257.610 nm for Mn,
and 228.802 nm for Cd.

Mass spectra were acquired on a Bruker Reflex II time-of-flight (TOF) mass
spectrometer operating in the linear mode. Ions were produced by matrix-
assisted laser desorption ionization (MALDI) with the 355-nm line of a New
Wave Research MiniLase-10 neodymium: yttrium aluminum garnet laser. The
matrix solution for MALDI was saturated a-cyano-4-hydroxycinnamic acid in a
solvent system of acetonitrile-water (70:30, vol/vol) with 0.01% trifluoroacetic
acid. The enzyme sample solution (11 mM) was mixed with the matrix solution at
a ratio of about 2:5. In order to increase the mass accuracy, bovine serum
albumin was added to sample solutions as an m/z calibrator at levels of ca. 1025

M. The [M12H]21 and [M13H]31 m/z of the calibror (m/z 33,216 and 22,144,
respectively) bracketed the enzyme sample’s measured m/z of 28,844. Subunit
stoichiometry was determined by gel filtration chromatography, where a
Sephacryl S200 column (1.6 by 60 cm) was used in a running buffer of 50 mM
Tris, pH 7.5, containing 100 mM NaCl and at flow rate of 1 ml/min. RNase A,
albumin, ovalbumin, chymotrypsinogen, and aldolase were used as molecular
weight standards, and blue dextran was used to determine the column void
volume.

Construction of overexpression plasmid. The L1 gene, contained within a
1.6-kb EcoRI insert (27), was subcloned into plasmid pUB5811. Novel restriction
sites (NdeI and HindIII) were introduced directly before and after the gene
encoding L1 by PCR. The primers used to introduce these restriction sites,
reading 59 to 39, were the N-terminal primer, GGGCATATGCGTTCTACCCT
GCTCGCCTTCGCCCTG, and the C-terminal primer, GGGAAGCTTAGCG
GGCCCCGGCCGTTTCCTTGGCCAG. The PCR products were phosphory-
lated with kinase and ATP and ligated into pUC18 to create pUB5831. The
resulting plasmid was used to transform DH5a Escherichia coli cells. Plasmid
pUB5831 was digested with NdeI and HindIII and ligated into pET26b to create
pUB5832, which is the expression plasmid. This plasmid was transformed into
BL21(DE3)pLysS E. coli cells and plated onto Luria-Bertani (LB) agar plates
containing 25 mg of kanamycin per ml and 25 mg of chloramphenicol per ml.

Purification of L1. The expression plasmid, pUB5832, was used to transform
BL21(DE3)pLysS E. coli cells. A 10-ml overnight culture of these cells in LB
medium was used to inoculate 1 liter of LB medium containing 25 mg of kana-
mycin per ml. The cells were allowed to grow at 37°C with shaking until the cells
reached an optical density at 600 nm of 0.6. Protein production was induced by
making the culture 1 mM in isopropyl-b-D-thiogalactopyranoside (IPTG), and
the cells were allowed to shake at 37°C for 2 h. The cells were collected by
centrifugation and resuspended in 20 ml of 30 mM Tris, pH 7.5, containing 600
mM NaCl. The cells were ruptured by two passages through a French press at
16,000 lb/in2, and the cell debris was collected by centrifugation. The cleared
supernatant was dialyzed versus 30 mM Tris, pH 8.5, overnight at 4°C, centri-
fuged to remove insoluble matter, and loaded onto an equilibrated Q-Sepharose
column (1.5 by 12 cm with a 25-ml bed volume). The protein was eluted with a
0 to 500 mM NaCl gradient in 30 mM Tris, pH 8.5, at 2 ml/min. The L1 enzyme
eluted at ,100 mM NaCl. Fractions (6 ml) containing L1 were pooled and
concentrated with an Amicon ultrafiltration cell with a YM-10 membrane. Pro-
tein purity was ascertained by sodium dodecyl sulfate (SDS)-polyacrylamide gel
electrophoresis. L1 was quantitated by a bicinchoninic acid assay according to the
manufacturer’s directions and also by amino acid analysis (Commonwealth Bio-
technologies Inc., Richmond, Va.). Four different preparations of the enzyme
yielded an extinction coefficient at 280 nm (ε280) of 1.9 ml/mg z cm. This value was
used to quantitate enzyme with the absorbance at 280 nm. N-terminal amino acid
sequence analysis was performed by the Biosynthesis and Sequencing Facility at
Johns Hopkins University. Circular dichroism spectra of 30 mM L1 in 50 mM
phosphate, pH 7.0, or in 50 mM cacodylate, pH 7.0, were collected by Common-
wealth Biotechnologies, Inc.

Steady-state kinetic studies. Steady-state kinetic assays were conducted at
25°C in 50 mM phosphate buffer, pH 7.0, or in 50 mM cacodylate buffer, pH 7.0,
containing 100 mM ZnCl2 on a Hewlett-Packard model 5480A diode array
UV-visible light spectrophotometer. The molar absorptivities (Dε) of the antibi-
otics were evaluated by measuring the maximal changes in absorbance before
and after enzymatic hydrolysis at 25°C. The Dε (per molar per centimeter) used
to quantitate product were as follows: Dε485 5 17,400 for nitrocefin, Dε260 5
25,140 for cephalosporin C, Dε270 5 218,700 for moxalactam, Dε265 5 26,980
for cephaloridine, Dε265 5 27,050 for cefmetazole, Dε265 5 28,790 for ceph-
alothin, Dε280 5 25,180 for cefprozil, Dε265 5 26,940 for cefadroxil, Dε260 5
29,970 for cefepime, Dε262 5 25,330 for cephradine, Dε265 5 27,000 for ce-
foxitin, Dε280 5 26,410 for cefaclor, Dε260 5 24,420 for ceftizoxime, Dε260 5
29,320 for cefuroxime, Dε260 5 27,040 for cefotaxime, Dε262 5 28,990 for
cefsulodin, Dε215 5 23,920 for azlocillin, Dε235 5 2936 for piperacillin, Dε235 5
2673 for ticarcillin, Dε293 5 28,630 for biapenem, Dε215 5 25,120 for clavulanic
acid, Dε235 5 2809 for ampicillin, Dε358 5 1,140 for BRL42715, and Dε235 5
2936 for penicillin G. When possible, substrate concentrations were varied
between 0.1 and more than 10 times the Km value. Steady-state kinetic constants,
the Km and the catalytic constant (kcat), were determined by fitting data for initial
velocity versus substrate concentration directly to the Michaelis equation with
CurveFit. The reported errors reflect fitting uncertainties. All steady-state kinetic
studies were performed in triplicate with recombinant L1 from three different
enzyme preparations.

Phosphate inhibition studies were conducted with 50 mM cacodylate buffer,
pH 7.0, at 25°C with nitrocefin as the substrate and sodium phosphate, pH 7.0,
as the inhibitor. Nitrocefin concentrations were varied between 3 and 75 mM, and
phosphate concentrations were varied between 0 and 400 mM phosphate. The
mode of inhibition was determined by generating Lineweaver-Burk plots of the
data, and the Ki of phosphate was determined by replotting the data for slope and
intercept versus phosphate concentration (23, 26).

RESULTS

Overexpression and purification of L1. In order to isolate
large quantities of metallo-b-lactamase (L1) and to allow the
use of site-directed mutagenesis to study the structure and
function of the enzyme, efforts were made to overexpress and
purify L1 from E. coli. The L1 gene was previously cloned as a
1.6-kb EcoRI fragment and sequenced (27). In order to place
the L1 gene close to the ribosomal binding site and promoter
of a commercially available overexpression plasmid, PCR with
nondegenerate primers was used to introduce novel, overex-
pression plasmid-compatible restriction sites. The PCR prod-
uct was blunt end ligated into pUC18, to allow facile sequenc-
ing of the gene, which confirmed a successful PCR experiment.
No mutations that altered the translation product were iden-
tified. The L1 gene was then restriction digested with HindIII
and NdeI and ligated directly into pET26b to create pUB5832.
The insertion of L1 into pET26b allowed production of L1 to
be under the control of a strong T7 promoter, the expression of
which was enhanced by 1 mM IPTG. Attempts to express L1
directly in E. coli in the absence of such a promoter were
unsuccessful. Small test cultures (25 ml) of pUB5832 in
BL21(DE3)pLysS E. coli cells demonstrated that L1 was over-
expressed .100-fold over basal amounts. Localization studies
clearly demonstrated that modified L1 is periplasmic.

By Q-Sepharose chromatography, the L1 enzyme was iso-
lated to .95% purity as described in Materials and Methods
and as indicated by the SDS-polyacrylamide gel in Fig. 1.
Unlike early reports on the recombinant Bacteroides fragilis
metallo-b-lactamase (CcrA) (6, 30), L1 is produced as a solu-
ble protein. The overall yield of active L1 after chromatogra-
phy is 15 to 20 mg/liter of culture. N-terminal amino acid
sequence analysis of purified, recombinant L1 revealed the
sequence A-E-V-P-L.

FIG. 1. SDS-polyacrylamide gel of L1 purification. Lane 1, Novagen perfect
protein molecular weight markers; lane 2, boiled cell fraction of BL21(DE3)
pLysS containing pUB5832 before induction; lane 3, boiled cell fraction of
BL21(DE3)pLysS containing pUB5832 after a 2-h induction with 1 mM IPTG;
lane 4, crude protein after French press; lane 5, purified L1. Molecular weights
are noted at the left.
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MALDI-TOF mass spectrometry was used to determine the
molecular mass of recombinant, overexpressed L1 (Fig. 2). The
peak at 28,844 m/z was assigned as the [M1H]1 peak for L1.
This value represents an error of 0.014% in the error predicted
from the DNA sequence. Including the masses of two Zn(II)
atoms in the predicted mass increases the error to 0.43%,
suggesting that the Zn(II) ions may not remain bound during
the MALDI process. The spectrum also suggests the presence

of some dimer in the sample, with a small peak at 57,735 m/z
(Fig. 2), and there were no peaks at higher m/z values.

Gel filtration chromatography of purified L1, with a
Sephacryl S200 column, resulted in a peak exhibiting a mobility
consistent with a molecular mass of 110 kDa, suggesting that
L1 exists as a tetramer under the conditions used to run the gel
filtration studies. This result is supported by sedimentation
studies which revealed a solution molecular mass for L1 of 115
kDa (24a).

Metal content of L1. In order to determine the metal-en-
zyme stoichiometry of recombinant L1, metal analyses were
performed. After purification of the enzyme, L1 was dialyzed
versus 33 1 liter of freshly prepared, Chelexed 50 mM HEPES
buffer, pH 7.5, for 3 days at 4°C to remove any loosely bound
metal ions. Metal analyses were performed on four different
preparations of the enzyme, and the data indicate that recom-
binant L1 binds 1.9 6 0.2 Zn(II) ions per monomer and does
not contain any appreciable amounts of Co(II), Cu(II), Ni(II),
Mn(II), or Fe. When purified L1 is dialyzed versus 50 mM
acetate, pH 4.6, for 2 days at 4°C, the enzyme retains .90% of
its bound Zn(II). These results suggest that L1 tightly binds
two Zn(II) ions per monomer, in agreement with the results of
a previous report (2).

Steady-state kinetic studies. In phosphate buffer, recombi-
nant L1 effectively hydrolyzes and exhibits saturation kinetics
for all penicillins, carbapenems, and cephalosporins tested
(Table 1). In general, there was a slightly higher kcat for pen-
icillins, warranting L1’s inclusion in functional subclass a of
group 3 b-lactamases (20). Kinetic studies of these compounds
resulted in kcat/Km values ranging from 0.002 to 5.5 mM21 s21.
The large relative errors in Km values for a few of the com-
pounds reflect our inability to fully saturate the enzyme with
these compounds in 50 mM phosphate buffer, pH 7.0, due

FIG. 2. MALDI-TOF mass spectrogram of recombinant L1. The labeled
peaks exhibit values of 28,844 m/z for the L1 monomer ([M1H1]1) and 57,735
m/z for the L1 dimer ([2M1H1]1). See Materials and Methods for sample
conditions. R.I., relative intensity.

TABLE 1. Steady-state kinetic constants of recombinant L1 and metallo-b-lactamase isolated from S. maltophilia ULA-511

Compound

Recombinant L1 ULA-511

Km (mM) kcat (s21) kcat/Km
(s21 mM21) Km (mM) kcat (s21) kcat/Km

(s21 mM21) Buffera Reference

Piperacillin 200 6 20 420 6 20 2.1 20 6 1 140 7.1 B 9
Ampicillin 300 6 15 580 6 20 1.9 40 6 3 175 4.4 A 10
Cefuroxime 130 6 40 53 6 9 0.41 30 6 3 80 2.7 A 10
BRL42715 600 6 70 170 6 10 0.28 270 6 10 0.55 0.0020 D 16
Penicillin G 75 6 10 410 6 20 5.5 50 6 6 1,100 22 A 10
Cefprozil 100 6 20 15 6 1 0.15
Cefotaxime 160 6 20 140 6 9 0.88 26 6 3 66 2.5 A 10
Ticarcillin 490 6 100 440 6 70 0.90 140 6 2 375 2.7 B 9
Biapenem 75 6 11 64 6 4 0.85 56 6 1 65 1.2 C 12
Nitrocefin 12 6 1 31 6 1 2.6 7 6 1 20 2.9 A 10
Cephalothin 43 6 7 65 6 3 1.5 90.9
Cefaclor 31 6 3 16 6 1 0.52
Cephaloridine 170 6 30 67 6 5 0.39 300 6 50 28 0.093 A 10
Cephradine 260 6 40 16 6 1 0.062 50 6 5 12.5 0.25 B 9
Ceftizoxime 7.9 6 1.6 2.7 6 0.1 0.34
Cefoxitin 3.3 6 0.4 2.2 6 0.1 0.67 2 6 0.05 1.10 0.55 A 10
Cefmetazole 4.1 6 0.2 4.7 6 0.1 1.1
Cephalosporin C 180 6 18 280 6 13 1.6 25 6 1 62 2.5 E 11
Clavulanic acid 22 6 2 11 6 1 0.50
Moxalactam 5 6 1 0.15 6 0.01 0.030 1 6 0.05 0.29 0.29 A 10
Cefadroxil 250 6 50 23 6 2 0.092
Cefepime 130 6 30 0.33 6 0.04 0.025 .1,000 .15.0 B 9
Azlocillin 59 6 6 37 6 2 0.63 6 6 0.1 75 13 B 9
Cefsulodin 32 6 5 0.086 6 0.005 0.0027 5 6 0.3 7.5 1.5 B 9

a Buffer A was 50 mM sodium cacodylate, pH 7.0, containing 100 mM Zn(II) at 35°C. Buffer B was 30 mM sodium cacodylate, pH 6.5, containing 100 mM Zn(II)
at 30°C. Buffer C was 30 mM sodium cacodylate, pH 6.5, containing 100 mM Zn(II) at 30°C. Buffer D was 50 mM sodium cacodylate, pH 7.0, containing 100 mM Zn(II)
at 35°C. Buffer E was 30 mM sodium cacodylate, pH 7.0, containing 50 mM Zn(II) at 30°C.
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primarily to substrate inhibition at high concentrations of the
substrate.

In order to ascertain the effect of different assay conditions
on the steady-state kinetic constants of recombinant L1, stud-
ies examining the effects of added Zn(II) and elevated tem-
perature were conducted. In studies using nitrocefin as the
substrate, the inclusion of 100 mM Zn(II) in the phosphate
buffer resulted in an increase in the kcat by a factor of 1.4, with
no effect on the Km. When the temperature of the kinetic
assays was raised from 25 to 35°C, the value of kcat increased by
a factor of 2, with no effect on Km. The effects of added Zn(II)
and elevated temperatures on L1 activity would have resulted
in even higher kcat values than those listed in Table 1 and
demonstrate that recombinant L1 is as active as the ULA-511
metallo-b-lactamase.

To test the effects of differing buffers, steady-state kinetic
studies of recombinant L1 with cacodylate buffer were con-
ducted (Table 2). For the five compounds tested, L1 exhibited
Km values two to five times lower in cacodylate buffer than in
phosphate buffer. In fact, the Km values for L1 in cacodylate
buffer compare favorably to those reported for the metallo-b-
lactamase isolated from strain ULA-511. The kcat values for L1
in cacodylate buffer were slightly raised (factor of ;1.2), except
when ampicillin was used as the substrate, which resulted in a
decrease. The increased kcat values can be explained by the
added Zn(II) in the buffer (see above).

To further probe why elevated Km values are observed in
phosphate buffer, inhibition studies using phosphate as the
inhibitor and nitrocefin as the substrate were conducted. Anal-
ysis of the data demonstrates that phosphate is a weak, com-
petitive inhibitor of L1, with a Ki of 30 6 1 mM. Circular
dichroism spectra of L1 demonstrate that no large, buffer-
induced structural change occurs when the enzyme is in phos-
phate and cacodylate buffers.

DISCUSSION

The initial purification of L1 directly from strain IID 1275
involved protein induction with penicillin G and protein puri-
fication with various anion-exchange and size exclusion col-
umns (2, 22). Dufresne and coworkers reported successful
cloning and expression of L1 in E. coli; however, the expression
levels were apparently too low for purification (7). All subse-
quent purification protocols were performed on metallo-b-
lactamase that had been isolated directly from the S. malto-
philia clinical strain ULA-511. Enzyme production was
induced with imipenem, and the purification protocol involved
isolation of periplasmic proteins and two anion-exchange col-
umns (10). The work presented here describes the preparation
of an overexpression system in E. coli that has L1 production

under the control of a T7 promoter. The overexpressed en-
zyme can be purified with one anion-exchange chromatogra-
phy step, and the overall yield is 15 to 20 mg of .95% pure,
soluble enzyme per liter of growth culture.

The biochemical properties of recombinant L1 are very sim-
ilar to those of the enzymes purified from clinical strain IID
1275 (2, 22) and from several other clinical strains (17). The
molecular mass of metallo-b-lactamase from S. maltophilia has
been reported to be 26 (17) and 31.6 (2) kDa. The predicted
molecular mass of unmodified, monomeric L1, determined
from analysis of the DNA sequence, is 30.8 kDa (27). N-
terminal amino acid sequence analysis of purified, recombi-
nant L1 revealed the sequence A-E-V-P-L, indicating that a
21-amino-acid leader sequence is removed from the primary
translation product during processing in vivo (27). The re-
moval of such a leader sequence is consistent with L1 being a
secreted enzyme, which is true of most b-lactamases. There-
fore, the predicted molecular mass of modified L1 is 28,840
Da. The MALDI-TOF mass spectrum of recombinant L1
shows a major peak with an m/z of 28,844, representing an
error of 0.014% from the predicted molecular mass of mono-
meric L1. This mass also suggests that L1 does not retain its
metal ions during the MALDI process.

Using gel filtration chromatography, Saino et al. (22) and
Paton et al. (17) reported that the subunit stoichiometry of L1
is tetrameric and that it has an overall molecular mass of 118
and 96 kDa, respectively. A similar stoichiometry was reported
by Bicknell and coworkers (2). MALDI-TOF mass spectrom-
etry was used to probe the subunit stoichiometry of recombi-
nant L1. A small, reproducible peak was observed at 57,735
m/z and is assigned as the L1 dimer. This m/z value is not twice
that of the monomer [M1H1]1 peak; however, this discrep-
ancy can be explained by the poor signal-to-noise ratio for the
dimer peak and by the possibility of the dimer retaining some
of its bound Zn(II) during ionization. Spectra were also taken
at higher m/z values; however, there were no observed peaks.
The conditions used for the MALDI experiment may have
lowered the levels of other oligomers held together by nonco-
valent interactions. The internal energy deposited in the sam-
ple by MALDI may cleave weak bonds that hold oligomeric
proteins together. In addition, recent evidence indicates that
the cinnamic acid matrix used in our studies may destroy non-
covalent interactions (14); however, covalent linkages such as
dissulfide bonds should be stable in the matrix as well as during
the MALDI experiment. A more gentle matrix solution was
not used because the use of such matrices often leads to less
intense signals.

Gel filtration chromatography was, therefore, used to detect
the presence of any oligomers held together by noncovalent
interactions. A molecular mass of 109 kDa was observed for
L1, suggesting, within the error of the technique, a tetrameric
structure for recombinant L1. The predicted molecular mass of
the tetramer including the mass of eight Zn(II) ions is 115,900
Da, which is similar to the molecular mass determined by
sedimentation studies (24a).

Previously, it was reported that L1 tightly binds two Zn(II)
ions per monomer (2, 22). However, recent reports suggest
that all metallo-b-lactamases are not dinuclear Zn(II) en-
zymes. Specifically, the crystal structure of the B. cereus en-
zyme indicated only one Zn(II) ion (4), and recent evidence
suggests that the Aeromonas enzyme may tightly bind only one
Zn(II) ion (24a, 25). The study of Carfi et al., however, may
have described experiments on an enzyme that did not contain
its full complement of metal (8). In addition, the crystal struc-
ture of the Bacteroides fragilis enzyme indicated a closely
spaced, dinuclear Zn(II) binding site (5). Since the S. malto-

TABLE 2. Steady-state kinetic constants of recombinant L1 and
other metallo-b-lactamases isolated from S. maltophilia in

cacodylate buffer

Compound
Recombinant L1a Metallo-b-lactamase isolated from

S. maltophilia

Km (mM) kcat (s21) Km (mM) kcat (s21) Reference

Piperacillin 38 6 3 440 6 10 20 6 1 140 10
Ampicillin 55 6 5 520 6 10 40 6 3 175 10
BRL42715 240 6 20 210 6 10 270 6 10 0.55 16
Penicillin G 22 6 3 480 6 10 50 6 6 1,100 10
Nitrocefin 4 6 1 41 6 1 7 6 1 20 10

a The buffer used for studies with recombinant L1 was 50 mM sodium caco-
dylate, pH 7.0, containing 100 mM Zn(II) at 25°C.
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philia enzyme is the only metallo-b-lactamase that does not
have all the putative metal binding ligands conserved (Cys168
is replaced by Ser), the metal content of the purified L1 was
assessed. Recombinant L1 tightly binds two Zn(II) ions per
monomer, suggesting an active-site structure similar to that of
the enzyme isolated directly from strain IID 1275.

Initial steady-state kinetic studies demonstrated that L1
from strain IID 1275 hydrolyzes penicillins $2 orders of mag-
nitude faster than cephalosporins, and several compounds, in-
cluding cefoxitin, cefmetazole, and moxalactam, were reported
to be inhibitors, with micromolar Ki values (22). Other kinetic
studies of metallo-b-lactamase from S. maltophilia demon-
strate that the ULA-511 metallo-b-lactamase effectively hydro-
lyzes all compounds tested, including cefoxitin, cefmetazole,
and moxalactam (9, 10, 12, 16). In the last-mentioned studies,
no consistent assay conditions were reported. For example, 50
mM Tris at pH 8.0, 50 mM phosphate at pH 7.0 (17), 50 mM
cacodylate at pH 7.0 (10, 16), and 30 mM cacodylate at pH 6.5
(9, 12) and pH 7.0 (11) have been used as buffers (assay
conditions for previous studies are listed in Table 1). In addi-
tion, the previous studies used buffers containing 0 to 100 mM
Zn(II) and performed the experiments at temperatures rang-
ing from 30 to 35°C (9–12, 16, 17). Previously, we and others
studied the metallo-b-lactamase (CcrA) from Bacteroides fra-
gilis, and kinetic studies were conducted in 50 mM phosphate
buffer, pH 7.0 (6, 30). Having no consensus, we selected 50 mM
phosphate, pH 7.0, as our buffer to facilitate comparison to our
previous work on CcrA (Table 1).

In comparison to the results of the previous kinetic studies
of the ULA-511 enzyme, recombinant L1 exhibited higher kcat
values for all compounds tested except cefuroxime, penicillin
G, moxalactam, cefepime, azlocillin, and cefsulodin (9–12, 16).
However, in 50 mM phosphate buffer, pH 7.0, recombinant L1
exhibited higher Km values for all tested compounds except
cephaloridine and cefepime (9–12, 16). Even though recombi-
nant L1 generally exhibited higher kcat values at low temper-
atures and was shown to tightly bind two Zn(II) ions per
monomer, the high Km values may suggest improper folding of
the overexpressed enzyme. Experiments were conducted to
address the effects of different assay conditions on the steady-
state kinetic constants for recombinant L1.

Assays at higher temperatures and the inclusion of Zn(II) in
kinetic buffers resulted in higher kcat values for recombinant
L1. Most enzymes are more active at elevated temperatures, as
long as the enzyme is stable at the tested temperature (13).
The increase in kcat by a factor of 2 with a 10°C increase in
temperature suggests that recombinant L1 is stable at 35°C.
The inclusion of Zn(II) into the assay buffers for L1 resulted in
an average increase in kcat of a factor of 1.4. Previously, Zn(II)
has apparently been included in buffers to stabilize the enzyme
and to ensure that the enzyme contains the proper stoichiom-
etry of Zn(II), etc. Recombinant L1 is stable and is as active as
the ULA-511 metallo-b-lactamase in the absence of added
Zn(II).

In order to better compare the steady-state kinetic constants
determined for recombinant L1 to those determined for the
ULA-511 enzyme, additional kinetic studies were performed
with 50 mM cacodylate, pH 7.0, containing 100 mM Zn(II). In
this cacodylate buffer, L1 exhibits kcat values similar to those
determined when 50 mM phosphate, pH 7.0, containing 100
mM Zn(II) was used; however, the Km values for L1 in the
cacodylate buffer are significantly lower (Table 2) and are
similar to those reported for the ULA-511 metallo-b-lacta-
mase.

To probe this buffer-induced lowering of Km, inhibition stud-
ies were conducted with phosphate as the inhibitor, nitrocefin

as the substrate, and 50 mM cacodylate, pH 7.0, as the buffer.
Analysis of the data revealed that phosphate is a weak, com-
petitive inhibitor of L1, with a Ki value of 30 mM. A compet-
itive inhibitor is expected to increase the apparent Km and to
leave the maximum rate of hydrolysis (Vmax) unchanged. This
increased apparent Km may explain why previous studies using
cacodylate buffer did not report problems with substrate inhi-
bition; the enzyme could be saturated at lower concentrations
of the substrate. With this in mind, we will conduct all future
kinetic studies on metallo-b-lactamases in cacodylate buffer.

We cannot discount other possibilities that might explain the
differences between our reported kinetic constants and those
from other sources. For example, L1 was cloned from an S.
maltophilia IID 1275 strain while most of the other kinetic
studies were conducted with an S. maltophilia ULA-511 en-
zyme. There is no certainty that the metallo-b-lactamases from
these strains are identical. Even more significantly, variations
in data handling and fitting may account for some of the ob-
served differences. For example, substrate inhibition at high
concentrations of the substrate can appear to be saturation of
the enzyme; therefore, lower values for the maximum rate of
hydrolysis (Vmax) and Km would be reported.

The metallo-b-lactamases have assumed increasing clinical
significance due to their ability to hydrolyze carbapenems such
as imipenem and meropenem, which, apart from a few excep-
tions, are poorly hydrolyzed by serine b-lactamases. These
enzymes hydrolyze all known penicillin- and cephalosporin-
based compounds and are also resistant to all commercially
available serine-b-lactamase inhibitors. Dissemination of these
enzymes throughout bacterial populations is a key issue in
therapeutic strategies. Plasmid-mediated metallo-b-lactamases
have now been identified in key pathogens such as Klebsiella
pneumoniae, Serratia marcescens, Pseudomonas aeruginosa, and
Bacteroides fragilis (1, 15, 28, 29). Furthermore, the metallo-b-
lactamase from S. marcescens, IMP1, has been mobilized on a
Tn9106-like integron and has been identified in Pseudomonas
putida, K. pneumonia, and Alcaligenes spp. (24). Metallo-b-
lactamases have also been identified and characterized from
emerging pathogens such as Aeromonas spp., S. maltophilia,
and Burkholderia cepacia and have been the subject of recent
reviews (18, 20).

The increasing prevalence of metallo-b-lactamases in major
pathogenic organisms will gravely affect the antibiotic thera-
pies offered to combat bacterial infections. Given the large
population of immunocompromised patients (from age, AIDS,
and cancer treatment, etc.), even bacterial infections due to
minor pathogens are becoming problematic. Previous studies
of metallo-b-lactamases have demonstrated structural and ki-
netic heterogeneity among the enzymes, and an inhibition
study using mercaptoacetic acid thiol ester derivatives sug-
gested that one inhibitor will probably not be a clinically useful
inhibitor for all of the metallo-b-lactamases (19). It is for this
reason that structural and mechanistic characterizations of sev-
eral group 3 b-lactamases are required. A recombinant source
of L1 now allows production of large quantities of enzyme,
without the need to grow large amounts of S. maltophilia, and
of site-directed mutants. Structural and mechanistic studies of
L1 are now in progress.
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