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Abstract

IMP-1 �-lactamase is a zinc metallo-enzyme encoded by the transferableblaIMP-1 gene, which confers
resistance to virtually all�-lactam antibiotics including carbapenems. To understand how IMP-1 recognizes
and hydrolyzes�-lactam antibiotics it is important to determine which amino acid residues are critical for
catalysis and which residues control substrate specificity. We randomized 27 individual codons in the
blaIMP-1 gene to create libraries that contain all possible amino acid substitutions at residue positions in and
near the active site of IMP-1. Mutants from the random libraries were selected for the ability to confer
ampicillin resistance toEscherichia coli. Of the positions randomized, >50% do not tolerate amino acid
substitutions, suggesting they are essential for IMP-1 function. The remaining positions tolerate amino acid
substitutions and may influence the substrate specificity of the enzyme. Interestingly, kinetic studies for one
of the functional mutants, Asn233Ala, indicate that an alanine substitution at this position significantly
increases catalytic efficiency as compared with the wild-type enzyme.
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The synthesis of�-lactamases is the most common bacterial
defense mechanism against�-lactam antibiotics. These en-
zymes catalyze the irreversible hydrolysis of the amide
bond of the�-lactam ring to create ineffective antimicrobial
agents (Bush et al. 1995). Genes encoding�-lactamases
can be found on the bacterial chromosome or on plasmids
(Jacoby 1994).�-Lactamases are divided on the basis of
their amino acid sequences and catalytic mechanisms into
four classes: A, B, C, and D. Classes A, C, and D contain
an active-site serine, whereas class B metallo-enzymes re-
quire one or two zinc ions in the active site (Ambler 1980).
Metallo-�-lactamases show a broad-spectrum substrate pro-
file and are resistant to the action of conventional�-lacta-

mase inhibitors. Unlike other�-lactamases, most metallo-
�-lactamases can efficiently hydrolyze carbapenems such as
imipenem and meropenem (Matagne et al. 1999). The car-
bapenems are broad-spectrum�-lactam antibiotics often
used as a last resort to treat serious Gram-negative bacterial
infections. In 1991, theblaIMP-1 gene was the first transfer-
able metallo-�-lactamase identified in clinical isolates (Wa-
tanabe et al. 1991). It is commonly found inEnterobacte-
riaceae(Serratia marcescens, Klebsiella pneumoniae, Cit-
robacter freundii), Pseudomonas aeruginosa, and other
Gram-negative bacteria that cause nosocomial outbreaks
(Osano et al. 1994; Arakawa et al. 1995; Ito et al. 1995;
Marumo et al. 1995; Hirakata et al. 1998). TheblaIMP-1
gene was found to reside on a mobile gene cassette within
an integron (Arakawa et al. 1995; Laraki et al. 1999a).
Integrons are mobile genetic units that use a site-specific
recombination system to facilitate the transfer of gene cas-
settes among plasmids, transposons, and bacterial genomes
(Hall and Collis 1995). The selective pressure of antibiotic
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therapy can result in the rapid dissemination of antibiotic-
resistance genes via transfer of these highly mobile gene
cassettes. Therefore, theblaIMP-1 gene is poised to spread
quickly among clinically relevant bacterial pathogens,
which emphasizes the need for novel and effective inhibi-
tors.
Recently, variants of IMP-1 have been found in various

geographical settings. For example, theblaIMP-2 gene,
which is similar toblaIMP-1, was found on an integron-
borne gene cassette in a bacterial isolate from Italy (Riccio
et al. 2000). Although the cassettes appear to have origina-
ted from separate sources, IMP-2 nevertheless shares
85% amino acid identity with IMP-1 and also shows similar
kinetic parameters for several�-lactam substrates (Riccio
et al. 2000). In Japan, theblaIMP-3 gene was identified
on a transferable plasmid from the Gram-negative patho-
genShigella flexneri(O’Hara et al. 1998). The IMP-1 and
IMP-3 �-lactamases are 99% identical at the amino acid
level; however, the IMP-3 enzyme shows a restricted
substrate profile with low catalytic efficiency for penicil-
lins and carbapenems (O’Hara et al. 1998). It has been
suggested that IMP-3 has evolved into a more specific,
cephalosporinase-type enzyme (Iyobe et al. 2000). Most re-
cently, a new transmissible metallo-�-lactamase, IMP-4,
that shares 96% amino acid identity with IMP-1 was
found inEnterobacteriaceaeandAcinetobacterisolates in
China (Chu et al. 2001; Hawkey et al. 2001). The IMP-4
enzyme possesses a broad-spectrum of activity that includes
penicillins, cephalosporins, and carbapenems (Chu et al.
2001). Finally,Acinetobacter baumanniiclinical isolates
producing a metallo-enzyme with characteristics similar
to IMP-1 have been reported in Portugal (Da Silva et al.
1999).
Structures have been determined by X-ray crystallogra-

phy forBacteroides fragilis(Concha et al. 1996; Carfi et al.
1998a; Fitzgerald et al. 1998),Bacillus cereus(Carfi et al.
1995, 1998b; Fabiane et al. 1998),Stenotrophomonas
maltophilia (Ullah et al. 1998), and, most recently, IMP-1
metallo-�-lactamase (Concha et al. 2000). Based on these
structures, the location of active-site zinc atoms has been
described. One zinc ion (Zn1) is coordinated by His116,
His118, and His196, and a second zinc (Zn2) is coordinated
by residues Asp120, Cys221, and His263 (standard num-
bering of class B�-lactamases; Galleni et al. 2001). The
cleavage of the amide bond in the�-lactam ring proceeds
via nucleophilic attack of a Zn1-activated hydroxide on the
carbonyl carbon atom of the�-lactam ring to yield a tetra-
hedral intermediate. The oxyanion formed at the�-lactam
carbonyl oxygen is thought to be stabilized by Asn233
and Zn1. Zn2 potentially interacts with the lone pair elec-
trons of the�-lactam nitrogen atom. Residue Asp120 may
accept the proton of the activated water molecule to proto-
nate the nitrogen of the cleaved�-lactam ring to release
the hydrolyzed substrate and regenerate the free enzyme

(Fabiane et al. 1998). The exact mechanism of this enzyme,
however, has yet to be clearly defined.
The class B metallo-�-lactamases can be grouped into

three functional subgroups based on metal requirements. In
the active site of theB. cereus�-lactamase, Zn1 is tightly
coordinated and Zn2 is loosely coordinated; interestingly,
this enzyme appears to be an intermediate between a mono-
nuclear and binuclear�-lactamase, because it can function
with either one or two zinc ions (Fabiane et al. 1998). The
second functional group is defined by theB. fragilis
metallo-�-lactamase, which possesses two zinc sites, each
with similar binding affinity (Kd < 10 �M) and each re-
quired for function (Crowder et al. 1996). Likewise, the L1
�-lactamase fromS. maltophiliarequires both zinc ions for
activity (Ullah et al. 1998). In contrast, for theAeromonas
hydrophilaAE036�-lactamase, zinc binding at the Zn1 site
(Kd < 20 nM) is required for activity, but zinc binding at the
Zn2 site drastically reduces the activity of the enzyme (Her-
nandez Valladares et al. 1997). Like theB. fragilis enzyme,
IMP-1 is a binuclear enzyme and appears to require both
zinc ions (Concha et al. 2000); however, it is not clear if
IMP-1 can function catalytically as a monozinc enzyme.
Although X-ray crystallography provides an accurate

view of protein structure, it does not supply a complete
understanding of structure–function relationships. Site-di-
rected mutagenesis can be used to determine whether a pro-
tein will tolerate certain amino acid substitutions and
thereby to infer the importance of the position for the struc-
ture and function of the enzyme. We have randomized the
codons for 27 individual amino acid residues that lie in or
near the active site of IMP-1 metallo-�-lactamase. The li-
braries were sorted based on the ability of mutants to confer
ampicillin resistance toEscherichia coli. DNA sequencing
of functional random mutants was employed to identify the
residues necessary for�-lactam hydrolysis.

Results

Codon randomization and selection

The randomization procedure generates libraries containing
all possible amino acid substitutions for the amino acid
residue position of interest. Individual codons in the
blaIMP-1 gene were randomized using overlap extension
polymerase chain reaction (PCR; Ho et al. 1989). Func-
tional random mutants were then selected from the libraries
by growth in the presence of antibiotic and sequenced to
determine the spectrum of amino acid substitutions at the
randomized position that are consistent with�-lactam hy-
drolysis. The rationale for the approach is that a wide range
of different amino acids will be identified at a position
among the selected mutants if the position is not important
for the structure and function of the enzyme. In contrast, if
a position is critical for the structure and function of the
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enzyme, only one amino acid type will be identified among
the selected mutants because all other substitutions will lead
to nonfunctional enzymes that do not provide for resistance
and therefore do not pass the antibiotic selection.
Previous studies based on a sequence alignment of five

metallo-�-lactamases indicate that only nine residues:
Leu95, His118, Asp120, Gly123, Leu145, His196, Gly232,
Asn233, and His263, are strictly conserved among this fam-
ily of metallo-�-lactamases (Carfi et al. 1995). In addition,
residues His116, Lys224, and Cys221 are predominantly
conserved in the alignment. All of these residues were tar-
geted for randomization. Other residues were selected for
their potential involvement in substrate binding because of
their location near the active-site cleft.
Each of the 27 random libraries was introduced intoE.

coli XL1-Blue cells (Bullock et al. 1987). Initially, an av-
erage of nine naïve mutants from each library were se-
quenced to verify that the codon of interest had been mu-
tagenized and to ensure the library was not obviously biased
toward a certain sequence. The amino acid residues of the
naïve mutants from each library are shown in Figure 1.
Functional random mutants were then selected for the abil-
ity to hydrolyze ampicillin. These mutants were selected by
spreadingE. coli containing a random library on Luria-
Bertani (LB) agar plates and placing a paper disk saturated
with 3 mg/mL of ampicillin in the center of each plate. The
antibiotic diffused from the disk, killing susceptible bacteria
and creating a zone of clearing. Mutants resistant to ampi-
cillin grew as colonies within the zone of clearing. The
susceptibility of each selected mutant was confirmed by
determining the ampicillin minimum inhibitory concentra-
tion (MIC) using twofold dilutions (Table 1). The MIC
values of the selected mutants were comparable to that ofE.
coli containing the wild-type enzyme. Therefore, the selec-
tion method is an effective means of identifying mutants
with wild-type levels of function. An average of nine mu-
tants from each library were sequenced to determine the
range of amino acid substitutions at each randomized posi-
tion that are consistent with ampicillin hydrolysis by the

enzyme. The amino acid residues of the functional mutants
from each library are shown in Figure 2.

Amino acid residues critical for�-lactamase structure
and function

Based on the results of the 27 mutagenesis experiments, the
amino acid positions were divided into three groups: criti-
cal, that is, only the wild-type amino acid was identified
among selected mutants; restrictive, 1–2 substitutions al-
lowed; and tolerant, 3–6 substitutions allowed (Fig. 3). In
total, 14 of the 27 mutated residue positions are believed to
be critical for ampicillin hydrolysis by the IMP-1 metallo-
�-lactamase because only the wild-type amino acid residue
is found at these positions among the sequenced mutants.
The set of essential residues includes the putative catalytic
residues His116, His118, Asp120, His196, Cys221, Lys224,
and His263, which confirms the critical role of these resi-
dues for the function of the enzyme. Residues His116,
His118, His196, His263, and Cys221 are positioned to co-
ordinate Zn1 and Zn2 within the active site (Concha et al.
2000). The requirement for all of the chelating residues

Fig. 1. Summary of sequencing results for the naïve IMP-1 random libraries. An average of 9 random mutants were sequenced from
each naïve library. The amino acids found among the random mutants are shown below the labeled amino acid position. Each labeled
amino acid position represents a distinct library. Stop codons and frameshift mutations are represented by an asterisk. The numbers in
superscript represent the number of occurrences of the mutant among sequenced clones.

Table 1. Ampicillin susceptibility of a set ofE. coli XL-1 Blue
IMP-1 random mutants, including wild-type and the vector
control using two-fold LB-Cm broth dilutions

Mutants MIC (�g/ml)

pGR32 1
Wild-type 16
Leul45Ala 32
Leu145Phe 32
Leu145Arg 16
Asn233Tyr 16
Asn233Ala 32
Asn233Ser 64
Gly232Asn 4
Val61His 1
Val61Leu 8
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indicates that the coordination of both zincs is required for
wild-type levels of ampicillin hydrolysis by IMP-1 enzyme.
Residue Asp120 is believed to link Zn1 and Zn2 by hydro-
gen-bonding to the hydroxide nucleophile (Fabiane et al.
1998), whereas the interaction of the Lys224 side chain with
the carboxyl group of the�-lactam is thought to be impor-
tant for the binding and positioning of substrate (Concha et
al. 2000). The fact that these positions do not tolerate sub-
stitutions is consistent with their critical role in�-lactam
hydrolysis.

Several other residue positions including Gly65, Val67,
Leu95, Asp199, Gly232, Asp236, and Ser262 do not toler-
ate residue substitutions and therefore make critical contri-
butions to enzyme structure and function. The side chains of
residues Asp236 and His118 are 2.7 Å apart and most likely
form a hydrogen bond. This hydrogen bond may fix His118
in position to ligand Zn1. A substitution at this position
would interfere with the orientation of His118 and conse-
quently contribute to a decrease in catalytic efficiency. Resi-
dues Gly65, Val67, Leu95, Gly232, and Ser262 are not

Fig. 3. Spacefill diagram of the IMP-1 metallo-�-lactamase structure showing the mutagenized residues of the 27 random libraries.
The residues are divided into three groups: critical, represents positions that do not allow any substitutions (red); restrictive, represents
positions that allow 1–2 substitutions (yellow); and tolerant, represents positions that allow 3–6 substitutions (blue). The two green
spheres represent zinc molecules. The figure was rendered using the Molscript and Raster3d programs (Kraulis 1991; Merritt and
Murphy 1994) using coordinates from the Protein Data Bank accession code 1DD6 (Concha et al. 2000).

Fig. 2. Summary of sequencing results of mutants selected from the IMP-1 random libraries based on their ability to confer ampicillin
resistance toEscherichia coli. The amino acids found among the functional mutants are shown above the labeled amino acid position.
Each labeled amino acid position represents a distinct library. The numbers in superscript represent the number of times the mutant
appeared in the selection.
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directly in the active-site pocket but most likely influence
substrate binding. MIC values for mutants containing substi-
tutions at these positions support a critical role for the wild-
type residue. For example, the MIC value for Gly232Asn is
4 �g/mL compared with 16�g/mL for E. coli containing
the wild-type IMP-1 enzyme (Table 1). The flap, a flexible
mobile loop consisting of two antiparallel�-strands con-
nected by a�-turn, is made up of residues 58–67 (Concha
et al. 2000). The flap is believed to be involved in substrate
binding, and residues Gly65 and Val67 are part of the flap.
Hence, substitutions at these positions may affect substrate
binding by disrupting the flap structure. Residue Ser262 is
located near Cys221 and Asp84, which are known to play an
important structural role and may influence zinc binding in
theB. cereus, B. fragilis, andS. maltophiliaZn-�-lactama-
ses (Chantalat et al. 2000; Concha et al. 2000). However, it
is unclear what role Ser262 plays in this region; it may be
structural or involved in enzymatic activity. Nevertheless, it
is clear that Ser262 is an essential residue for ampicillin
hydrolysis. Leu95 is an essential residue that is not in the
active site, but is buried in a hydrophobic region on the
opposite end of the active site. Leu95 most likely is not
involved in catalysis, but, rather, may be required for struc-
tural stability.
In total, more than half of the 27 residues randomized

were found to be critical for function. This result indicates
that the active site of IMP-1�-lactamase is highly opti-
mized for�-lactam hydrolysis and, therefore, is generally
intolerant of amino acid substitutions.
At several residue positions only a few amino acid types

are consistent with wild-type levels of ampicillin hydroly-
sis. This restrictive substitution group includes positions
Val61, Asn62, Gly63, Lys69, Phe87, and Pro225 (Figs. 2,
3). Note that Val61, Asn62, and Gly63 reside within the flap
region of the enzyme (Concha et al. 2000). The fact that a
large percentage of residues in the flap either do not tolerate
substitutions or only permit a restricted range of substitu-
tions indicates that the flap plays a key role in the structure
and function of the enzyme. It is also of interest that, at
residues Val61 and Asn62, a non-wild-type amino acid was
found to predominate among the functional mutants (Fig.
2). At position 61, leucine was found in 90% of the mutants
sequenced, whereas the wild-type valine was not observed.
Similarly, proline and alanine substitutions occurred mul-
tiple times at position 62, but the wild-type asparagine was
not observed. The fact that non-wild-type residues predomi-
nate among mutants selected for ampicillin hydrolysis in-
dicates thatE. coli containing these mutants outcompeteE.
coli containing wild-type IMP-1. Therefore, substitutions at
positions 61 and 62 may result in enzymes with increased
catalytic efficiency for ampicillin hydrolysis. Hence, posi-
tions 61 and 62 may influence the substrate specificity of the
enzyme. Taken together, the results support an important role
for the flap region for substrate binding and catalysis.

Finally, at several residue positions a relatively broad
range of amino acids was found to be consistent with am-
picillin hydrolysis by the enzyme. This substitution-tolerant
group includes positions Pro68, Gly123, Leu145, Pro194,
Thr197, Gly228, and Asn233 (Figs. 2, 3). Residue Pro68 is
located between Val67 and Lys69 on a�-strand that forms
part of the hydrophobic pocket of the mobile flap. Hence,
not all positions in the flap are critical for enzyme function.
The most interesting of the positions that tolerate amino
acid substitutions is Asn233. This residue is strongly con-
served among class B�-lactamases and is believed to be
involved in substrate binding (Carfi et al. 1995; Concha et
al. 1996, 2000). Surprisingly, substitution of an alanine,
tyrosine, or serine was observed at this position. In addition,
MIC measurements indicated thatE. coli strains containing
these mutant enzymes possess ampicillin resistance levels
that are equal to or greater that the strain containing wild-
type IMP-1 (Table 1). To confirm that substitutions at this
position function at a level similar to wild type, the Asn233Ala
mutant was purified for further characterization by kinetic
analysis.

Overexpression and purification of the
IMP-1 metallo-�-lactamase

To facilitate purification of the IMP-1 enzyme, the intact
wild-type blaIMP-1 gene was cloned into an isopropyl-1-
thio-�-D-galactopyranoside (IPTG)-inducible expression
vector (Petrosino et al. 1999), and the enzyme was ex-
pressed inE. coliRB791 (Brent and Ptashne 1981; Amann
et al. 1983). The metallo-�-lactamases were expressed
by inducing mid-log-phase cultures with IPTG and then
incubating at 25°C to avoid cell lysis (Wang and Benkovic
1998). Most of the protein remained insoluble in the
periplasm and cytoplasm; however, enough soluble protein
was detectable in the supernatant to permit efficient purifi-
cation by ion exchange and gel filtration chromatography.
Activity of the protein was qualitatively monitored using
nitrocefin, a chromogenic substrate, and enzyme inhibition
by EDTA, a zinc chelator, was confirmed.

Kinetic studies for purified Asn233Ala mutant and
wild-type IMP-1 metallo-enzymes

The values of the steady-state parameters,kcat, Km, and
kcat/Km, for purified wild-type IMP-1 for four�-lactam an-
tibiotics are presented in Table 2. The wild-type IMP-1
enzyme showed kinetic parameters similar to previously
published values (Marumo et al. 1995; Laraki et al. 1999b;
Haruta et al. 2000). The kinetic parameters for the
Asn233Ala enzyme are presented in Table 3. The Asn233Ala
mutant was selected for the ability to hydrolyze ampicillin,
and therefore, it was expected that the enzyme would hy-
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drolyze this substrate at near wild-type levels. Consistent
with this expectation,E. coli containing the Asn233Ala mu-
tant showed an approximately twofold increase in ampicil-
lin resistance compared with wild-type (Table 1). Surpris-
ingly, the catalytic efficiency (kcat/Km) for ampicillin hydro-
lysis by the Asn233Ala enzyme was found to be sixfold
higher than that of the wild-type enzyme. The improved
efficiency is owing to both increased turnover and improved
binding of substrate. Therefore, rather than being critical for
ampicillin hydrolysis, an asparagine at position 233 is, in
fact, suboptimal compared with the alanine substitution.
It is also of interest that the alanine substitution resulted

in increased catalytic efficiency for all of the substrates
tested (Table 3). Therefore, an enzyme that efficiently hy-
drolyzes a range of substrates was obtained despite the fact
that the selection was only for ampicillin hydrolysis. The
increased catalytic efficiency is predominately attributable
to a large increase in turnover (kcat) for each of the sub-
strates (Table 3). In contrast, theKm values are slightly
higher than wild type for all substrates except ampicillin.
Taken together, these data clearly indicate that asparagine at
position 233 is not critical for the binding and turnover of
any of the tested substrates.

Discussion

Based on X-ray crystallographic structures, several models
for substrate binding and catalysis for metallo-�-lactamases
have been proposed (Carfi et al. 1995; Concha et al. 1996;
Fabiane et al. 1998; Ullah et al. 1998). Structural studies
indicate that the carbonyl oxygen of the�-lactam ring in-
teracts with the side chain of Asn233 in the IMP-1-mercap-
tocarboxylate inhibitor crystal complex (Concha et al.

1996). Based on this observation, Asn233 and Zn1 are
thought to form an oxyanion hole to polarize the carbonyl
group of the�-lactam ring of the substrate, making the
carbonyl carbon susceptible to nucleophilic attack (Concha
et al. 1996). Mutagenesis studies performed forB. fragilis
metallo-�-lactamase CcrA3 indicate that substitution of
Asn233 with aspartate increaseskcat for penicillin G and
cephaloridine but decreaseskcat for imipenem, whereasKm
is increased for all three substrates (Yang et al. 1999). Yan-
chak et al. (2000) replaced Asn233 of the CcrA enzyme
with alanine, leucine, or aspartate and observed increases in
both kcat andKm for penicillin G and cephaloridine. Taken
together, these studies indicate that substitutions at Asn233
of CcrA �-lactamase are detrimental for substrate binding
but may increase turnover of penicillins and cephalosporins.
The Asn233Ala substitution of IMP-1 also resulted in an
increase in bothkcat andKm values for cephaloridine hy-
drolysis. However, for ampicillin, cefotaxime, and nitroce-
fin, the Asn233Ala substitution resulted in large increases in
kcat with only minor effects onKm. Hence, the Asn233Ala
enzyme showed significant increases in catalytic efficiency
for these substrates. These data indicate that, if Asn233 is
acting to polarize the carbonyl oxygen of the substrate, other
residues can compensate for the loss of this interaction, and,
therefore, challenge the proposed essential role of wild-type
asparagine at position 233. Perhaps the removal of the
Asn233 side chain facilitates another interaction that in-
creases catalytic efficiency.
The ampicillin selection also indicated that tyrosine and

serine are functional substitutions for position 233. The en-
zymatic activity of these mutants has yet to be tested. Based
on MIC data, however, the mutants show wild-type or
greater levels of activity (Table 1). Serine and tyrosine have
a hydroxyl group in common that can potentially hydrogen-
bond to the oxygen of the carbonyl bond. The phenol group
of tyrosine is bulky, and it is unclear how it contributes to
IMP-1 activity. Nevertheless, tyrosine replaces asparagine
in the equivalent positions for the BlaB metallo-�-lactamase
from Chryseobacterium meningosepticumand the IND-1
metallo-�-lactamase fromChryseobacterium indologenes
(Wang et al. 1999).
The majority of the positions that are invariant in an

alignment of metallo-�-lactamase amino acid sequences
also do not tolerate substitutions in the randomization and
selection experiments. These residues include the ligands
of Zn1 and Zn2: His116, His118, His196, His263, and
Cys221. Although comparative studies of monozinc and
dizinc forms of IMP-1 �-lactamase have not been per-
formed, these data indicate that the coordination of Zn1 and
Zn2 is essential for function. These results are consistent
with experiments showing that IMP-1 mutants with substi-
tutions at His116, His118, and His196 show reduced hy-
drolysis for cephalothin in the absence of 1 mM zinc sulfate,
but show wild-type activity in the presence of 1 mM zinc

Table 2. Kinetic parameters of the purified wild-type IMP-1
metallo-�-lactamase at pH 7.5 and 30°C

Antibiotics kcat (s
−1) Km (�M) kcat/Km (�M−1 s−1)

Ampicillin 66 ± 22 231 ± 33 0.29
Nitrocefin 228 ± 11 9 ± 3 26.3
Cefotaxime 20 ± 3 14 ± 2 1.4
Cephaloridine 71 ± 14 39 ± 8 1.8

Table 3. Kinetic parameters of the purified mutant Asn233Ala
IMP-1 metallo-�-lactamase at pH 7.5 and 30°C

Antibiotics kcat (s
−1) Km (�M) kcat/Km (�M−1 s−1)

Ampicillin 230 ± 20 110 ± 18 2.1
Nitrocefin 1488 ± 488 13 ± 5 118
Cefotaxime 495 ± 40 30 ± 4 16.3
Cephaloridine 654 ± 141 148 ± 32 4.4
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sulfate (Haruta et al. 2000). The randomization results are
also consistent with the finding that substitution of the Zn2
ligands Asp120 and Cys221 generally leads to impaired
cephalothin hydrolysis (Haruta et al. 2000). Taken together,
the results strongly indicate that both Zn1 and Zn2 are re-
quired for maximal levels of�-lactam hydrolysis by IMP-1
�-lactamase.
Another residue that was found to be essential in the

randomization experiments is Ser262. This residue is situ-
ated near residues Cys221, Asp84, and Lys69, all of which
contribute to the structure and function of IMP-1 and may
form an important network of hydrogen or electrostatic
bonds (Concha et al. 2000). Interestingly, IMP-3 metallo-
�-lactamase, an enzyme identical to IMP-1 except for two
amino acid substitutions, Gly for Glu at position 126 and
Gly for Ser at position 262, shows low hydrolytic activity
for penicillins and carbapenems (Iyobe et al. 2000). It has
also been shown that reversion of residue 262 to Ser restores
catalytic efficiency toward ceftazidime, benzylpenicillin,
ampicillin, and imipenem. However, the hydrolysis of ce-
fotaxime and cephalothin is largely unaffected by the sub-
stitutions at either position 126 or 262 in IMP-3 (Iyobe et al.
2000). These data indicate that substitutions at Ser262 in-
fluence the substrate specificity of the enzyme. Therefore,
selection of the Ser262 random library on cefotaxime or
cephalothin may reveal functional substitutions that were
not detected in the ampicillin selection.
The data obtained for residues in the flap (positions 58–

67) of IMP-1 are of particular interest for further substrate-
specificity experiments. It is clear that Gly65 and Val67 are
essential for ampicillin hydrolysis because they do not tol-
erate substitutions. Residues Val61, Asn62, and Gly63 only
tolerate one or two structurally conservative substitutions.
This trend of either no substitutions or restrictive substitu-
tions indicates that the flap is a sensitive structural compo-
nent of the enzyme. Presently, there is no other collective
information available on flap mutants from any metallo-�-
lactamases; however, there is published data about the flap
structure as a whole. It has been observed for theB. fragilis
CcrA enzyme that there is a small but significant increase in
the backbone heteronuclear NOE measurements for the flap
upon inhibitor binding (Scrofani et al. 1999). This indicates
that there is a decrease in flexibility of the flap, and there-
fore, that the flap likely participates in binding of substrate
and in the shielding of the zinc sites from solvent (Scrofani
et al. 1999). Scrofani et al. propose that the flap acts as a
fishing rod to bind a wide range of different substrate mol-
ecules and accommodate them in an active site of variable
width and depth.
Randomization of codons followed by a genetic selection

for enzyme function is an efficient method to determine the
spectrum of amino acids at a position that is consistent with
enzyme function, and thereby, infer the importance of the
position for the structure and function of the enzyme. Here

we have randomized the codons for 27 positions in the
IMP-1 enzyme and selected mutants based on ampicillin
resistance. Previously, a similar comprehensive codon ran-
domization and selection study was carried out for the class
A TEM-1 �-lactamase (Cantu et al. 1996, 1997; Huang et
al. 1996). Ampicillin selection data for 30 positions that
encompass the active site of TEM-1 indicate that 33% of the
positions do not tolerate any substitutions and are therefore
critical for function, 30% of the positions tolerate one or two
substitutions, and 37% of the positions tolerate 3 or more
substitutions (Cantu et al. 1997). In comparison, the IMP-1
ampicillin selection data indicate that 52% of the residues
do not tolerate substitutions, 22% of the positions tolerate
one or two substitutions, and 26% tolerate more than two
substitutions. Based on this comparison, it appears that the
active-site region of the IMP-1 metallo-�-lactamase is more
sensitive to substitution than the active site of the class A
TEM-1 �-lactamase. These differences presumably reflect
structural and mechanistic differences between the class A
and class B enzymes.
It is interesting to note that 14 of the 27 randomized

positions were found to be essential for ampicillin hydro-
lysis, but only nine positions are strictly conserved in the
alignment of metallo-�-lactamases (Carfi et al. 1995). This
observation may be owing to different selective pressures
on metallo-�-lactamases in nature. The selection in the
laboratory was for ampicillin resistance, but metallo-�-lac-
tamases as a group are likely to be under pressure to hy-
drolyze other �-lactam antibiotics. The nine positions
strictly conserved in the alignment may reflect the minimal
core of residues necessary for hydrolysis of all�-lactams,
whereas the additional positions found to be critical in the
laboratory selections may reflect requirements unique to a
subset of�-lactams that includes ampicillin. It is also pos-
sible that reducing the ampicillin concentration in the labo-
ratory selections would result in a wider range of substitu-
tions at any particular position among the selected mutants
and thereby reduce the number of positions that are found to
be critical.
The relative intolerance of the IMP-1�-lactamase for

amino acid substitutions may have important implications
for the evolution of antibiotic resistance. The TEM-1�-lac-
tamase is an efficient penicillinase and cephalosporinase,
yet it does not possess the broad substrate profile of IMP-1
�-lactamase. However, mutant derivatives of TEM-1 with
expanded substrate profiles have evolved in response to
antibiotic therapy (Jacoby 1994). TEM-1 has evolved be-
cause the active-site region can tolerate amino acid substi-
tutions, which allows alternative amino acids to be sampled
by the enzyme (Huang et al. 1996). In contrast, the evolu-
tion of the IMP-1 enzyme may be more constrained by the
relatively stringent amino acid sequence requirements of the
active-site region. Thus, antibiotics and inhibitors designed
to combat IMP-1 mediated resistance may enjoy a longer
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period of efficacy before bacteria containing the IMP-1 en-
zyme evolve resistance.
Clearly, evolving�-lactamases such as TEM-1, and en-

zymes with broad substrate profiles such as IMP-1, pose a
serious threat to antimicrobial therapy and challenge our
current use of antibiotics. Therefore, the detailed character-
ization of such enzymes is vital for the design of new�-lac-
tam inhibitors.

Materials and methods

Bacterial strains and plasmids

E. coli XL1-Blue [F�:: Tn10 proA+B+ lacIq �(lacZ) M15/recA1,
endA1, gyrA96 (Nalr), thi-1c, hsdR17, supE44, relA1, lac] (Bul-
lock et al. 1987; Stratagene) was used for transformation of the
ligation reaction of the pCM01 plasmid.E. coli RB791 (strain
W3110 lacIqL8) was used for expression and purification of
IMP-1 �-lactamase (Brent and Ptashne 1981; Amann et al. 1983).
The vector used for expression of IMP-1�-lactamase, pGR32, was
previously described (Petrosino et al. 1999).

Construction and cloning of pGR32 andblaIMP-1 gene

Two oligonucleotide primers—Imp-XbaI, 5�-GGCGGGTC-
TAGAAATTTAGTTGCTTGGTTTTGATGG-3� (containing a
XbaI site), and Imp-Sac10, 5�-GCGGGAGCTCGTGGAAACG-
GATGAAGGCAC-3� (containing aSacI site)—were used to am-
plify the blaIMP-1 gene, including the native promoter of the gene,
from the pBCAM-52E plasmid by PCR (Laraki et al. 1999a). The
PCR product was digested withXbaI andSacI and ligated into the
cloning site of the pGR32 vector that contains an IPTG-inducible
Ptrc promoter for large-scale expression of the enzyme. ThePtrc
promoter is tightly regulated by the presence of thelacIq-gene-
encoded product present in pGR32. Therefore, in the absence of
IPTG, transcription of the gene is mediated by the native promoter
from the integron. The ligation product was then transformed into
E. coli RB791 cells by electroporation, and plasmid minipreps
were performed to isolate plasmid DNA from transformants. The
blaIMP-1 gene was PCR-amplified from the plasmid DNA of trans-
formants and sequenced by the Sanger method to confirm the
correct sequence.

Random mutagenesis procedures

Codons were randomized by overlap-extension PCR as previously
described (Ho et al. 1989) using AdvanTaq DNA polymerase as
specified by the manufacturer (CLONTECH Laboratories).
Briefly, primers complementary to internal and external sequences
in wild-type blaIMP-1 were used to PCR-amplify two DNA frag-
ments with overlapping ends. Specific mutations in the nucleotide
sequence of the internal complementary primers incorporated
nucleotide changes NNN, where N represented any of the four
base pairs at the codon position to be randomized (Huang et al.
2000). The reaction products were analyzed on a 1% agarose gel
containing 0.2�g/mL ethidium bromide run in 1× TAE (40 mM
Tris-acetate, 1 mM EDTA). The two PCR reactions containing the
overlapping fragments were then combined in a single PCR reac-
tion and amplified using the external primersImp-XbaIand Imp-
Sac10to create randomized fusion products. The fusion products

were then digested withXbaI andSacI and ligated into the multiple
cloning site of the pGR32 vector. The ligation products (library
DNA) were transformed intoE. coli XL1Blue cells by electro-
poration. The transformants were grown at 37°C in LB-Cm, then
plated and pooled for storage at −80°C. Plasmid minipreps were
performed to isolate plasmid DNA from the mutant transformants.
The blaIMP-1 gene containing the randomized codon was PCR-
amplified from the plasmid DNA of transformants and sequenced
to determine the sequence of naïve mutants and, after antibiotic
selection, functional mutants.
The probability that a given sequence occurs is calculated using

the Poisson distributionP� �xe−�/x!. For these calculations,
� � np, wheren is the pool size,p is the probability of a codon
occurring, andx is the number of times the codon sequence occurs
in pool sizen. For these calculations,x� 0. The probability that
the given sequence occurs is thenP� 1 − e−np, which is the prob-
ability that the sequence occurs one or more times in the pool
(Palzkill and Botstein 1992). Using these calculations, a library
randomized for one codon has a 1/64 probability of occurring;
therefore, for one codon sequence to be represented with a 99%
probability, 294 transformants are needed. The average size of the
random libraries is 104–105 cfu/mL.

Selection of active mutants

Selection for ampicillin-resistant random mutants was carried out
by the disk diffusion method. Mutants were grown at 37°C over-
night in LB broth containing 12.5�g/mL chlorampenicol (Cm)
from single colonies. A 1:9 dilution in LB-Cm was made from the
overnight mutant cultures, and 100�L of the dilution was spread
on LB-Cm agar plates. IPTG was not added to the liquid cultures
or the agar plates, and therefore thePtrc promoter was not induced.
The presence of the native, constitutive integron promoter within
the construct ensures transcription of the IMP-1 gene. Disks satu-
rated with 100�L of 3 mg/mL ampicillin were then applied to the
center of LB-Cm agar plates, and the plates were incubated at 37°C
overnight. The antibiotic in the disk diffused outward forming a
concentration gradient on the agar plate that created a zone of
clearing in which susceptible bacteria were inhibited from grow-
ing. The mutant transformants that grew closest to the disk within
the zone of clearing were considered to have wild-type or greater
than wild-type IMP-1 hydrolytic activity. MIC measurements con-
firmed that the selected mutants possessed ampicillin resistance
levels similar to wild type (Table 1). The resistant mutants were
isolated from the zone of clearing and sequenced to determine the
identity of their randomized target region.

Minimum inhibitory concentration determinations

The MIC values, in micrograms per milliliter (�g/mL), for each
mutant were determined by using twofold dilutions in LB-Cm for
ampicillin concentrations ranging from 0.5 to 256�g/mL. An
inoculum of 104 cfu/mL of E. coli XL1 Blue cells containing
plasmid-carried mutantblaIMP-1 genes, the wild-typeblaIMP-1
gene, or the pGR32 vector were added to the serial dilutions. The
MICs were read after∼ 16 h of incubation at 37°C. Data for a set
of mutants are presented in Table 1.

Overexpression and purification of soluble wild-type
metallo-� -lactamase IMP-1

The recombinant plasmid pCM01 was transformed intoE. coli
RB791 cells by electroporation. A single colony was then used to
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inoculate 25 mL of LB broth containing 12.5�g/mL Cm and
allowed to grow at 37°C overnight with shaking. The overnight
culture was diluted 1:500 into 1 L of fresh LB broth containing
12.5�g/mL Cm. The cell culture was grown at 37°C to an OD600

of ∼ 0.6. The culture was then induced with IPTG for protein ex-
pression to a final concentration of 0.5 mM and further incubated
at 25°C for 4 h. The culture was centrifuged at 5000g for 20 min.
The cultured supernatant was concentrated to∼ 100 mL using an
Amicon concentrator (Millipore Corp.) with a YM-10 membrane
at 55 psi. The resulting solution was dialyzed overnight against 4
L of Buffer H (50 mM HEPES at pH 7.5, 50�M ZnSO4). The
dialyzed supernatant was filtered and then loaded onto a HiTrap
SP sepharose cation-exchange column (Amersham Pharmacia Bio-
tech) that had been washed with Buffer H containing 1 M NaCl
and equilibrated with Buffer H. The column was washed with
Buffer H, and the enzyme was eluted with a linear gradient of
0–0.5 M NaCl. The active fractions were pooled, concentrated to
2 mL using the Amicon concentrator with a YM-10 membrane,
and dialyzed against 4 L of Buffer H. The solution was then loaded
onto a G-75 Sephadex gel permeation column (Amersham Phar-
macia Biotech) that had been equilibrated with Buffer H. After
loading, the column was eluted with Buffer H at a flow rate of 0.3
mL/min. The purified active enzyme was pooled, concentrated
with a YM-10 Amicon membrane to a final volume of 1 mL, and
stored in aliquots at −80°C.

Kinetic parameters

The hydrolysis of ampicillin, cephaloridine, cefotaxime (Sigma),
and nitrocefin (Becton Dickinson) antibiotics by wild-type and
mutant IMP-1 metallo-�-lactamases was monitored at 235 nm, 260
nm, 260 nm, and 482 nm, respectively, using a DU 640 spectro-
photometer (Beckman Coulter). All the reactions were performed
in a total volume of 500�L. The substrate and buffer (50�M
ZnSO4; 50 mM HEPES at pH 7.5; 20�g/mL final concentration
bovine serum albumin, BSA) were preincubated at 30°C for 5 min.
All substrate stocks and dilutions were prepared in the assay
buffer. Then 4% dimethylsulfoxide was added to the nitrocefin
stock to facilitate dissolution. The steady-state kinetic parameters,
Km andkcat, were derived from initial velocity measurements using
the EnzymeKinetics v. 1.42 program. The absorbance/time data
were converted into concentration per centimeter using extinction
coefficients�� � −820 M−1 cm−1, −10,000 M−1 cm−1, −7500
M−1 cm−1, and 15,000 M−1 cm−1 for ampicillin, cephaloridine,
cefotaxime, and nitrocefin, respectively (Laraki et al. 1999b). The
data obtained were from three independent experiments each con-
sisting of duplicate assays.
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