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SPM-1 is a new metallo-�-lactamase recently identified in Pseudomonas aeruginosa strain 48-1997A, isolated
in Sao Paulo, Brazil. Kinetic analysis demonstrated that SPM-1 has a broad hydrolytic profile across a wide
range of �-lactam antibiotics. Considerable variation was observed within the penicillin, cephalosporin, and
carbapenem subfamilies; however, on the whole, SPM-1 appears to preferentially hydrolyze cephalosporins.
The highest kcat/Km ratios (in micromolar per second) overall were observed for this subgroup. The hydrolytic
profile of SPM-1 bears the most similarity to that of the metallo-�-lactamase IMP-1, yet for the most part,
SPM-1 has kcat/Km values higher than those of IMP-1. Zinc chelator studies established that progressive
inhibition of SPM-1 by EDTA, dipicolinic acid, and 1-10-o-phenanthroline demonstrated a biexponential
pattern in which none of the chelators completely inhibited SPM-1. A homology model of SPM-1 was developed
on the basis of the IMP-1 crystal structure, which showed the protein folding and active-site structure
characteristic of metallo-�-lactamases and which provides an explanation for the kinetic profiles observed.

The metallo-�-lactamases are a group of clinically important
hydrolytic enzymes, not least because of their hydrolysis of the
carbapenems and the absence of a clinically useful inhibitor
(25). Metallo-�-lactamases have been identified from several
environmental and pathogenic bacteria, including Bacillus
cereus (41), Bacteroides fragilis (31), Stenotrophomonas malto-
philia (35), Chryseobacterium meningosepticum (34, 47),
Chryseobacterium indologenes (3, 4), Legionella gormanii (6,
28), Janthinobacterium lividium (33), Aeromonas spp. (26, 45),
and Caulobacter crescentus (39).

To date four metallo-�-lactamase crystal structures are
available: S. maltophilia L1, B. cereus BCII, B. fragilis CcrA,
and the mobile IMP-1 from Pseudomonas aeruginosa (7, 9, 10,
44). All possess the same overall ���� structural fold. In
addition, with the exception of the metallo-�-lactamases from
Aeromonas spp. (18, 45), all require two zinc ions in the active
site for catalytic activity. Furthermore, key residues are con-
served, namely, HXHXD (residues 116 to 120) (14). This motif
and other residues coordinate zinc ions, which are required for
the bridging of water molecules involved in the hydrolytic path-
way.

Metallo-�-lactamases encoded by genes carried on mobile
genetic elements pose a greater clinical threat than chromo-
somally encoded enzymes, as these genes have the ability to
transfer from one bacterium to another intergenerically (5).
Two metallo-�-lactamase genes, imp and vim, have been
shown to be mobilized by integrons (19, 24, 29, 38, 48). As
many as nine IMP variants have now been identified and iso-
lated from organisms throughout Southeast Asia (8, 17, 20, 49,
50) and more recently in Europe (11, 43) and Canada (15).

Three variants of VIM have been documented. VIM-1 and
VIM-2 have been identified in strains of P. aeruginosa across
Europe (12, 27, 29, 30); VIM-3 was isolated from a P. aerugi-
nosa strain in Taiwan (48). Kinetically, enzymes of the VIM
and IMP families have broad substrate profiles and are capable
of hydrolyzing penicillins, cephalosporins, and carbapenems
(12, 22, 29). The metal chelators EDTA, dipicolinic acid, and
1-10-o-phenanthroline inhibit IMP-1 and VIM-1, and the in-
hibition exhibits pseudo-first-order inactivation.

Recently, we reported the sequence structure of a new type
of metallo-�-lactamase, SPM-1 (42), which, although it has a
high level of amino acid identity (35.5%) compared to the
sequence of IMP-1, has a unique 23-amino-acid insertion that
may influence the enzyme’s kinetic profile. SPM-1 has been
shown to represent a unique enzyme subclass, and therefore,
this report describes the purification and characterization of
the recently reported SPM-1 from P. aeruginosa together with
the steady-state kinetic profiles for a range of �-lactam sub-
strates and inhibitors. A homology model of the active site of
SPM-1 based on the IMP-1 crystal structure is also presented
and is used as a hypothesis to explain the kinetics observed.

MATERIALS AND METHODS

Bacterial strain. The P. aeruginosa strain used in this study, strain 48-1997A,
was a clinical isolate obtained from a patient with lymphoblastic leukemia in Sao
Paulo, Brazil, as part of the SENTRY program. The strain demonstrated high-
level resistance to a range of broad-spectrum �-lactam antibiotics (42).

Antibiotics. The following antibiotics were used in this study and were ac-
quired from the indicated sources: benzylpenicillin, ampicillin, azlocillin, piper-
acillin, cephloridine, cefalothin, cefotaxime, cefuroxime, cefoxitin, and moxalac-
tam, Sigma-Aldrich (Poole, United Kingdom); ticarcillin, ceftazidime, and
clavulanic acid, GlaxoSmithKline (Greenford, United Kingdom); imipenem,
Merck Sharp & Dohme (Huddesdon, United Kingdom); meropenem, Zeneca
(Cheshire, United Kingdom); cefepime and aztreonam, Bristol-Myers Squibb
(Wallingford, Conn.); nitrocefin, Becton Dickinson (Cockeysville, Md.); and
tazobactam, Wyeth (Maidenhead, United Kingdom).
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Analytical IEF. Purified protein was subjected to isoelectric focusing (IEF) as
described by Bellais et al. (3). Isoelectric points were estimated by comparison to
those for reference proteins by using a pI 3 to 10 calibration kit (Bio-Rad,
Watford, United Kingdom).

Purification of SPM-1. SPM-1 was purified from P. aeruginosa strain 48-1997A
(42). An overnight culture (100 ml) of the cells was diluted in 4 liters of nutrient
broth and grown aerobically for 18 h at 37°C with orbital shaking. The cells were
harvested by centrifugation (3,500 � g for 20 min at 4°C) and then lysed by
resuspension of the pellets in 100 ml of Bugbuster (Novagen, Nottingham,
United Kingdom) at pH 6.0. The cell debris was removed by centrifugation
(9,000 rpm for 20 min at 4°C). Metallo-�-lactamase activity was purified from the
resulting supernatant by the method of Avison et al. (2). During purification
carbapenemase activity was monitored by using 150 �M meropenem as a sub-
strate in 50 mM cacodylate buffer containing 100 �M ZnCl2 (pH 7.0) at 20°C.

Protein separation techniques. Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) was carried out by the procedure described by
Laemmli (21) with a Mini-Protean II apparatus (Bio-Rad).

Mass spectrometric determination of molecular weight. A solution of approx-
imately 20 �M enzyme was prepared for mass spectrometry as described by
Winston and Fitzgerald (46). Matrix-assisted laser desorption ionization–time of
flight mass spectrometry was performed with a Voyager DE-PRO/STR mass
spectrometer (Perkin-Elmer Instruments, Warrington, United Kingdom).

N-terminal sequencing. Protein was prepared for N-terminal sequencing by
the same procedure used for mass spectrometry. The N-terminal sequence of the
protein was determined with a 477A amino acid analyzer (Applied Biosystems,
Foster City, Calif.).

Zinc assay. Purified SPM-1 was dialyzed against 500 volumes of zinc-free 50
mM cacodylate buffer (pH 6.0) for 2 days with two changes of buffer. The
resulting enzyme was concentrated to approximately 20 �M with a Centricon
column (molecular weight cutoff, �10,000; Millipore Corporation, Watford,
United Kingdom). The concentrated protein was acid hydrolyzed with an equal
volume of HNO3 (Aristar grade; BDH) at 20°C overnight and analyzed with a
Unicam 919 atomic absorption spectrometer at 213.9 nm.

Determination of kinetic parameters. The concentration of each substrate
used was determined by incubating 0.34 �M (50 �l) purified enzyme with the
substrate and allowing hydrolysis to continue until completion. Hydrolysis was
measured by observing the changes in absorption as a result of the opening of the
�-lactam ring of the antibiotic and was measured with a Lambda 35 spectropho-
tometer (Perkin-Elmer, Cambridge, United Kingdom). The extinction coeffi-
cients and wavelengths used in the assays were those described previously (2, 12,
13, 22). Substrate hydrolysis by the purified enzyme was ascertained by observing
the changes in absorbance for a variety of substrates at a range of concentrations,
and the steady-state kinetic parameters Km (in micromolar) and kcat (in sec-
onds�1) were deduced from the initial rates of hydrolysis by using the Hanes-
Woolf plot (37).

For each assay the total reaction volume was 2,050 �l (2 ml of substrate and
50 �l of purified enzyme). All assays were carried out at 20°C in 50 mM
cacodylate buffer containing 100 �M ZnCl2 (pH 7.0).

The inhibition of SPM-1 by aztreonam and the serine �-lactamase inhibitor
clavulanic acid was investigated by separately combining 15 �M aztreonam and
20 �M clavulanic acid with a range of nitrocefin concentrations (3 to 100 �M).
A total of 50 �l (0.34 �M) of purified SPM-1 was added to each mixture, and
initial rates of nitrocefin hydrolysis were measured. The final reaction volume for
each assay was 1,050 ml, and the conditions for the study were the same as those
described above for the kinetic studies. The Ki of each substrate was deduced by
determining Km by using the Eadie-Hofstee plot and applying equation 1 (37):

Ki � Km�1 �
�I	
Ki
� (1)

where [I] is the concentration of the inhibitor.
Inhibition by chelating agents. The chelating agents EDTA, dipicolinic acid,

and 1-10-o-phenanthroline were purchased from Sigma-Aldrich. The progressive
inhibition of SPM-1 by EDTA (200 �M), dipicolinic acid (200 �M), and 1-10-
o-phenanthroline (200 �M) was investigated by analysis of the time-dependent
inhibition of hydrolysis of 100 �M nitrocefin, as performed by Laraki et al. (22)
and Franceschini et al. (12) for the IMP-1 and VIM-1 metallo-�-lactamases,
respectively. The reaction conditions used for this study were the same as those
used for the kinetic studies described above, except that zinc-free buffer was
used.

Homology modeling of the SPM-1 metallo-�-lactamase. The level of sequence
identity between SPM-1 and IMP-1 (35.5%) allowed a homology model of
SPM-1 to be created (40). The primary sequence of SPM-1 was threaded into the
IMP-1 single-chain crystal structure (chain A; protein database [pdb] identifica-
tion number, 1JJE) (9) by using the program Swiss Protein model (16) and the
alignment in Fig. 1. The loop region from R113 to S131 was not modeled, as
there was no comparable sequence in the IMP-1 crystal structure. Side-chain
torsion angles were altered manually to avoid steric clashes and unfavorable 
-�
orientations. The resultant molecule was energy minimized by using the program
Gromos96 with parameter set 43B1 (36) until the average absolute derivative of
coordinates with respect to energy fell below 0.01 kcal Å�1.

RESULTS

Purification and structural properties of the SPM-1 enzyme.
IEF carried out with a crude protein extract showed the pI of
SPM-1 to be 7.5 (data not shown). SDS-PAGE analysis showed
purified SPM-1 to have a purity of 99.5% and an approximate
molecular mass of just under 30 kDa (Fig. 2). Mass spectrom-

FIG. 1. Alignment used to generate the homology model of SPM-1. Asterisks denote identical residues in IMP-1 and SPM-1, and dots denote
residues of similar function in IMP-1 and SPM-1. Residues for the IMP-1 crystal structure of the sequence with pdb identification number 1JJE
are numbered in accordance with the Swiss Protein pdb file. The sequence with pdb identification number 2BBK that was used to model the
inserted loop region (SPM-1 residues 113 to 131) was LLVDQRDGWRHKTASRFV (residues 283 to 301) in the pdb file.
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etry data for SPM-1 gave a molecular mass of 27.517 kDa
(predicted molecular mass, 27.514 kDa). The N-terminal
amino sequence of SPM-1 was SDHVDLPYNL, which is in
precise agreement with the predicted amino acid sequence of
the mature protein. The Zn content was 1.48 �M per �M
protein.

Kinetic parameters of SPM-1. The kinetic parameters of
SPM-1 encompassing Km, kcat, and kcat/Km ratios were derived
for a series of representative �-lactam antibiotics and serine
�-lactamase inhibitors, as shown in Table 1. Among the ceph-
alosporins, the lowest Km values for SPM-1 were seen with
cefoxitin, cephalothin, and cefuroxime, with Km values of 2, 4,
and 4 �M, respectively. The weakest binding was seen with
ceftazidime, with a Km of 46 �M, similar to that reported for
IMP-1 (22). SPM-1 gave kcat values greater than 8 s�1 for all
cephalosporins, the best activity being seen with cephalothin,
cefuroxime, and ceftazidime, with kcat values of 43, 37, and 28
s�1, respectively. The highest kcat/Km value for the cephalo-
sporins was seen with cephalothin (11.7 �M � s�1).

With respect to the penicillins, SPM-1 had the lowest Km

values for penicillin, piperacillin, and ampicillin, with Km val-
ues of 38, 59, and 72 �M, respectively. The highest Km was
seen for carbenicillin (814 �M). These values differed signifi-
cantly from those for both IMP-1 (22) and VIM-1 (12), which
generally have higher Km values for the penicillins. SPM-1
showed good hydrolytic activity with all penicillins, the highest
values being for piperacillin, ampicillin, and penicillin, with
kcat values of 117, 117, and 108 s�1, respectively. The highest
kcat/Km ratio was 2.8 �M � s�1 for benzylpenicillin, which is
significantly higher than those for IMP-1 (22) and VIM-1 (12).
SPM-1 was unable to hydrolyze ticarcillin at all, whereas IMP-1
(22), VIM-1 (12), and VIM-2 (29) showed moderate to high
levels of activity, with kcat values of 1.1, 452, and 0.32 s�1,
respectively.

FIG. 2. SDS-PAGE of the purified SPM-1 metallo-�-lactamase.
Lane 1, molecular weight markers (in kilodaltons; Broad Range Mo-
lecular Weight Standards; Bio-Rad) are indicated by arrows; lane 2,
purified SPM-1 metallo-�-lactamase as eluted from the gel filtration
column.

TABLE 1. Kinetic parameters of SPM-1 with a range of �-lactam antibiotics in comparison with those of other metallo-�-lactamases

Antibiotic

SPM-1 IMP-1 VIM-1 VIM-2

kcat
(s�1)

Km
(�M)

kcat/Km
(�M�1 s�1)

kcat
(s�1)

Km
(�M)

kcat/Km
(�M�1 s�1)

kcat
(S�1)

Km
(�M)

kcat/Km
(�M�1 s�1)

kcat
(S�1)

Km
(�M)

kcat/Km
(�M�1 s�1)

Benzylpenicillin 108 � 4 38 � 1 2.8 320 520 0.62 29 841 0.034 56 49 1.14
Ampicillin 117 � 2 72 � 3 1.6 950 200 4.8 37 917 0.04 b b b

Carbenicillin 74 � 4 814 � 29 0.09 a a 0.02 167 75 2.2 b b b

Azlocillin 53 � 2 147 � 17 0.35 b b b 1,525 123 12 b b b

Piperacillin 117 � 6 59 � 5 2 a a 0.72 1,860 3,500 0.53 33 72 0.45
Ticarcillin a 
0.35 a 1.1 740 0.0015 452 1,117 0.41 32 46 0.69
Nitrocefin 0.53 � 0.01 4 � 1 0.12 63 27 2.3 95 17 5.6 b b b

Cephaloridine 14 � 1 18 � 3 0.8 53 22 2.4 313 30 10 b b b

Cephalothin 43 � 2 4 � 1 11.7 48 21 2.4 281 53 5.3 57 44 1.28
Cefuroxime 37 � 3 4 � 1 8.8 8 37 0.22 324 42 7.7 12 22 0.55
Ceftazidime 28 � 2 46 � 2 0.6 8 44 0.18 60 794 0.076 89 98 0.90
Cefotaxime 16 � 0.5 9 � 1 1.9 1.3 4c 0.35 169 247 0.68 28 32 0.86
Cefoxitin 8 � 0.5 2 � 1 4 16 8c 2 26 131 0.2 3 24 0.12
Cefepime 18 � 1 18 � 3 1 7 11c 0.66 549 145 3.8 5 184 0.03
Imipenem 33 � 2 37 � 4 1 46 39 1.2 2.0 1.5 1.3 10 10 0.99
Meropenem 63 � 3 281 � 27 0.22 50 10 0.12 13 48 0.27 1.0 5 0.28
Moxalactam 13 � 1 97 � 10 0.13 88 10c 8.8 b b b 15 80 0.18
Aztreonam a 
0.3 a �0.01 �1,000 
0.0001 
0.01 �1,000 
0.0001 
0.5 a a

Clavulanic acid a 
0.1 a b b b b b b b b b

Tazobactam 0.6 � 0.5 3 � 1 0.2 �1,000 �3.98 0.0039 5.3 337 0.016 b b b

a Data could not be determined.
b No data were available.
c Km, was obtained as the Ki value.
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SPM-1 was found to have high Km values for the carbapen-
ems, with meropenem having a Km of 281 �M, whereas the Km

values for IMP-1 (22), VIM-1 (12), and VIM-2 (29) were 10,
48, and 5 �M, respectively. The Km value for imipenem was 37
�M, similar to that reported for IMP-1 (39 �M) (22), while
VIM-1 and VIM-2 have been reported to have significantly
lower Km values for imipenem: 1.5 and 10 �M, respectively (12,
29). SPM-1 was found to have kcat values of 63 s�1 for mero-
penem and 33 s�1 for imipenem, which are significantly higher
than the kcat values of VIM-1 (for imipenem, 2 s�1; for mero-
penem, 13 s�1) (12) and VIM-2 (for imipenem, 10 s�1; for
meropenem, 1 s�1) (29). The kcat/Km values of SPM-1 for both
imipenem and meropenem (1 and 0.22 �M � s�1, respectively)
are comparable to those of IMP-1, VIM-1, and VIM-2.

SPM-1 showed no hydrolysis of the monobactam aztreonam
or the serine �-lactamase inhibitor clavulanic acid. A 3-h in-
cubation at 37°C with these compounds at a concentration of
250 �M and with 2 �M enzyme did not reveal any significant
hydrolysis. The serine �-lactamase inhibitor tazobactam is rec-
ognized and hydrolyzed by SPM-1, albeit with a low catalytic
efficiency (kcat, 0.6 s�1). This value contrasts with that of
IMP-1, which has a kcat �1,000 s�1 (22). Although VIM-1 has
a similar kcat for tazobactam (5.3 s�1), it weakly binds to
tazobactam (Km, 337 �M) (12) compared to the level of bind-
ing of SPM-1, which has a Km for tazobactam of 3 �M.

Inhibition studies with nitrocefin as the reporter substrate
showed that aztreonam and clavulanic acid each act as a com-
petitive inhibitor of SPM-1. The Kis of aztreonam and clavu-
lanic acid were calculated according to equation 1 and were
found to be 36 and 67 �M, respectively.

Inhibition by chelating agents. Attempts to fit the time pro-
files of EDTA, dipicolinic acid, and 1-10-o-phenanthroline in-
hibition to kinetic models based on identical zinc sites of the
sort used by Laraki et al. (22) and Franceschini et al. (12) for
IMP-1 and VIM-1, respectively, were unsuccessful because the
progressive inactivation of SPM-1 did not follow pseudo-first-
order kinetics. However, the time profiles did fit a biexponen-
tial model of the form

� � ae�k1t � be�k2t (2)

where v is the rate of the reaction at time t. Interestingly, even
after a 1-h incubation with any of the three chelators, a mea-
surable rate of �-lactam hydrolysis was observed. The values
for the fitted constants for both inhibitors are shown in Table 2.

Homology modeling with the IMP-1 structure. As expected,
given the high degree of sequence identity (35.5%) and overall
chemical similarity between the IMP-1 and SPM-1 primary
structures, the SPM-1 amino acid sequence threaded well
through the IMP-1 structure with the exception of the loop
region, for which no homologous sequence was present. After
energy minimization, the root mean square deviation of the

�-carbon backbone for SPM-1 compared with that for IMP-1
was 0.66 Å for the N-terminal region up to the start of the
inserted loop (residues 3 to 110 in Fig. 1) and 1.17 Å for the
carboxy half of the molecule after the loop (residues 146 to 246
in Fig. 1). The overall structure clearly showed the character-
istic ���� fold of the metallo-�-lactamase family; the position
and orientation of active-site zinc ligands showed remarkable
similarities to those for IMP-1. A comparison of the two active-
site regions is shown in Fig. 3. The root mean square deviation
for all the atoms of the zinc ligand side chains shown in Fig.
3 was 
0.01 Å. However, there is a potential displacement
of three of the atoms from the zinc coordinating residues
in the SPM-1 model. The key zinc coordinating atoms,
H165N(epsilon) (zinc 1), H221N(epsilon) (zinc 2), and
C158S(gamma) (zinc 2) are all significantly farther from the
relevant zinc atoms in the model than in the IMP-1 structure.
These displacements are summarized in Table 3.

DISCUSSION

The gene encoding SPM-1, like both imp and vim, has been
shown to be associated with a mobile genetic element and,
thus, may have originated in another bacterium (1, 23, 24, 29,
32).

SPM-1, like IMP-1, VIM-1, and VIM-2, is also capable of
hydrolyzing all three classes of �-lactams. However, while
SPM-1 shares similar Km and kcat ratios for some substrates,
the ratios differ significantly for particular compounds, most
notably, tazobactam and nitrocefin. The common factor de-
tected when the kinetic parameters of SPM-1, IMP-1, VIM-1,
and VIM-2 are compared is that they are all unable to hydro-
lyze aztreonam. Inhibition assays demonstrated that aztreo-
nam and clavulanic acid are both competitive inhibitors of

FIG. 3. Zinc-coordinating ligands of the IMP-1 crystal structure of
the sequence with pdb identification number 1JJE (red) compared
with those from the SPM-1 homology model (yellow). SPM-1 residues
are numbered as described in the legend to Fig. 1.

TABLE 2. Inhibition kinetics for SPM-1 and zinc chelatorsa

Chelator a k1 b k2

EDTA 0.7665 �0.03692 0.7051 0.01164
Dipicolinic acid 0.9554 �0.0871 0.4551 0.00352
1-10-o-Phenanthroline 1.9 �0.003758 0.0001929 0.08838

a The constants are those required to fit the data in Fig. 2 to equation 1. In all
cases the sum of squares due to error was 
0.004.
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SPM-1, with Kis of 67 and 36 �M, respectively; no such data
are available for IMP-1, VIM-1, and VIM-2.

SPM-1 showed unusual inhibition kinetics with respect to
the three metal chelators. IMP-1 and VIM-1 were found to
exhibit pseudo-first-order kinetics with regard to metal chela-
tor inhibition (12, 22). This implies that the two zinc sites have
equal affinities and that a chelator can thus remove zinc equally
from either site. The chelator inhibition kinetics for SPM-1 are
clearly inconsistent with a pseudo-first-order kinetics profile;
however, all chelators were found to fit a biexponential model
with very unequal rate constants. This suggests that the inhi-
bition process is composed of one relatively fast step in which
a low-affinity zinc is removed reasonably quickly and one
slower step in which a more tightly bound zinc is removed. The
moderately low zinc content of 1.48 �mol of Zn per �M pro-
tein would tend to support this interpretation, suggesting that
the enzyme is not fully binuclear.

The displacement of zinc coordinating atoms in the SPM-1
model provides a potential explanation for this, as displaced
zinc ligands could result in altered binding constants for the
zinc atoms. It is not clear at this stage whether the unusual
inhibition kinetics are due to differential accessibilities of the
zinc sites to specific chelators or reflect more fundamental
differences in the binding of zinc. This clearly merits further,
more detailed study.
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