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Metallo-�-lactamases catalyze the hydrolysis of a broad range of �-lactam antibiotics and are a concern for the spread of drug
resistance. To analyze the determinants of enzyme structure and function, the sequence requirements for the subclass B1 IMP-1
�-lactamase zinc binding residue Cys221 were tested by saturation mutagenesis and evaluated for protein expression, as well as
hydrolysis of �-lactam substrates. The results indicated that most substitutions at position 221 destabilized the enzyme. Only
the enzymes containing C221D and C221G substitutions were expressed well in Escherichia coli and exhibited catalytic activity
toward �-lactam antibiotics. Despite the lack of a metal-chelating group at position 221, the C221G enzyme exhibited high levels
of catalytic activity in the presence of exogenous zinc. Molecular modeling suggests the glycine substitution is unique among
substitutions in that the complete removal of the cysteine side chain allows space for a water molecule to replace the thiol and
coordinate zinc at the Zn2 zinc binding site to restore function. Multiple methods were used to estimate the C221G Zn2 binding
constant to be 17 to 43 �M. Studies of enzyme function in vivo in E. coli grown on minimal medium showed that both IMP-1
and the C221G mutant exhibited compromised activity when zinc availability was low. Finally, substitutions at residue 121,
which is the IMP-1 equivalent of the subclass B3 zinc-chelating position, failed to rescue C221G function, suggesting the coordi-
nation schemes of subclasses B1 and B3 are not interchangeable.

An increasing prevalence of antibiotic-resistant strains is re-
ducing the available options for treating bacterial infections.

�-Lactam antibiotics, such as the penicillins and cephalosporins,
are among the most often used antimicrobial agents (31). The
major contributors to �-lactam antibiotic resistance are �-lacta-
mase enzymes, which act by hydrolyzing the four-member �-lac-
tam ring (15, 62). Mechanistically, this is accomplished either via
an active-site serine in the class A, C, and D enzymes or through
the use of one or two Zn2� ions (class B) (4). Class B metallo-�-
lactamases (M�Ls) are a group of structurally similar enzymes
that exhibit a characteristic ��/�� sandwich fold, with the active
site located at the interface between domains. This scaffold sup-
ports up to 6 residues at the active site that coordinate either one
or two zinc ions that are central to the catalytic mechanism (1, 6,
35). M�Ls have the capacity to hydrolyze most clinically available
�-lactam drugs, including extended-spectrum cephalosporins
and carbapenems (8, 10, 32, 40, 59, 61).

The IMP-1 metallo-�-lactamase has been identified in several
nosocomial, Gram-negative, pathogenic bacteria, including Pseu-
domonas aeruginosa and Serratia marcesens (22, 28). The blaIMP-1

gene is carried on an integron element that facilitates genetic
transfer and is likely why IMP-1 is found among multiple bacterial
species (28, 58). The combination of a broad �-lactam antibiotic
substrate profile and the genetic capacity for rapid spread is a
concern for the efficacy of antibiotic therapy. An understanding of
the determinants of stability, catalytic activity, and substrate spec-
ificity of the IMP-1 enzyme is needed for the design of novel in-
hibitors or �-lactam antibiotics that avoid hydrolysis by IMP-1
and related enzymes.

Metallo-�-lactamases are divided into three subgroups (B1 to
B3) based on primary amino acid sequence homology (16, 17).
The diverged amino acid sequences of the subclasses are reflected
in somewhat different catalytic properties of the enzymes. For

example, the B1 and B3 enzymes are most active with two zinc ions
bound in the active site while the binding of the second zinc inhib-
its catalysis by the B2 metallo-�-lactamases (6, 20, 51). Subclass B1
contains the largest number of known metallo-�-lactamases, in-
cluding the Bacillus cereus, IMP, VIM, and NDM enzymes. X-ray
crystal structures of B1 enzymes have revealed the two zinc bind-
ing sites (labeled Zn1 and Zn2). The Zn1 binding site, also known
as the 3H site, contains three histidines (His116, His118, and
His196), while the ligands for the Zn2, or DCH, site include
Asp120, Cys221, and His263. The zinc ligand residues in both the
3H and DCH sites are strictly conserved among B1 enzymes.

In contrast to the subclass B1 �-lactamases, the B3 enzymes
contain either an aspartic acid or serine residue at position 221
that are not Zn2 ligands for the enzyme. Instead, position 121,
such as His121 in the S. maltophilia L1 enzyme, provides the Zn2
ligand (1, 56). Thus, the identity of the residue at position 221 is
conserved within B1 but varies between subclasses.

The goal of this study was to understand the sequence require-
ments at residue 221 for enzyme structure and function in the
IMP-1 �-lactamase of subclass B1. For this purpose, saturation
mutagenesis was performed at position 221, and all 19 possible
substitutions were evaluated for protein expression levels in Esch-
erichia coli and for resistance to several �-lactam antibiotics. There
are strict limitations on substitutions at position 221 in IMP-1 due
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in large part to the instability of the majority of enzyme variants,
suggesting that residue C221 contributes to enzyme stability by
binding to Zn2. The only substitutions that were consistent with
enzyme function in E. coli were C221D and C221G. The discovery
of glycine as a functional residue in vivo was surprising, since it
cannot serve as a zinc ligand. Furthermore, the in vivo activity of
the wild-type (WT), C221G, and C221D enzymes, but not other
expressed mutants, can be enhanced with increasing exogenous
zinc concentrations.

Kinetic studies with purified C221G enzyme indicated that the
additional zinc was required for catalytic activity and that at high
levels of zinc (1 mM), �-lactam hydrolysis is comparable to that of
the wild-type enzyme for some substrates. Thermal stability stud-
ies of the C221G enzyme indicated that the addition of zinc stabi-
lizes the enzyme but that even at high zinc concentrations the
C221G enzyme is not as stable as the wild type. These findings
suggest that zinc concentrations in vivo are sufficient for partial
occupancy of the Zn2 site and that the binding location of Zn2 in
the C221G enzyme provides high levels of catalysis, but protein
stability is not fully restored.

To test the plasticity of location of Zn2 ligand residues for a
subclass B1 enzyme scaffold and to mimic the Zn2 coordination of
subclass B3 enzymes, we tested the effects of mutations at position
121 on IMP-1 function. Mutations were made at position 121 in
the context of the C221G mutation to allow the substitutions to
fill the void left by removal of the cysteine. However, suppression
of the defective C221G in vivo phenotype was not observed. Ad-
ditionally, only single Ala, Cys, and Thr substitutions at 121 were
functional in a wild-type IMP-1 enzyme background. These data
suggest that the wild-type Ser at position 121 is required for cata-
lytic function and/or stability of IMP-1.

MATERIALS AND METHODS
Saturation mutagenesis. Overlap extension PCR was used to introduce
substitutions into the IMP-1 gene using the oligonucleotide primers listed
in Table S1 in the supplemental material (34). Briefly, the primers
pTP123-top and pTP123-bot, which are complementary to sequences 5=
and 3= of the cloned IMP-1 gene were paired with mutagenic primers for
PCR amplification of the blaIMP-1 gene from the pGR32 plasmid. This
yielded two DNA products that were then used as the template with the
pTP123-top and pTP123-bot primers for an overlap extension PCR step
to amplify the entire gene with a randomized codon (21). The PCR prod-
ucts and the parent pGR32 plasmid were digested with restriction
enzymes SacI and XbaI to generate cohesive ends. The resulting PCR
products and plasmid backbones were ligated and transformed into E. coli
XL1-Blue [F=::Tn10 proA� proB� lacIq �(lacZ)M15-recA1 endA1
gyrA96(Nalr) thi-1 hsdR17 supE44 relA1 lac] (Stratagene) cells. Colonies
were chosen and cells were grown in LB broth culture, and purified plas-
mid DNA was sequenced to verify the gene orientation and the presence of
a mutation(s).

Antibiotic susceptibility determination. E. coli XL1-Blue cells were
transformed with the pGR32 plasmid encoding the IMP-1 mutants. An E.
coli culture containing each variant was grown overnight at 37°C in LB
containing 12.5 �g/ml chloramphenicol to select for E. coli clones con-
taining the plasmid. The cultures were diluted 1:100, grown to an optical
density at 600 nm (OD600) of 0.5 to 0.6, and spread onto LB agar. After
drying briefly, Etest (AB Biodisk) strips were applied to the lawns and
grown for 16 h at 37°C, and the MICs were recorded.

For experiments performed on M9 minimal medium, pGR32 plas-
mids encoding wild-type and IMP-1 variants were transformed into E. coli
RB791 cells (strain W3110 lacIqL8), and single colonies were grown in LB
broth containing chloramphenicol. The cultures were diluted 1:100 into

1� M9 salts (42 mM Na2HPO4, 24 mM KH2PO4, 9 mM NaCl, 19 mM
NH4Cl, 0.2 mM MgSO4, 0.1 mM CaCl2, and 0.2% dextrose), which were
prepared with high-performance liquid chromatography (HPLC) grade
water in acid-washed glassware (rinsed twice with 6 N nitric acid and then
twice with HPLC grade water). Overnight M9 broth cultures (OD600,
�0.5) were swabbed onto M9 agar plates, also prepared with HPLC grade
water, with 0 to 50 �M ZnSO4 added to the media. MIC values for ampi-
cillin, as determined by Etest, were observed after incubation at 37°C for
48 h. The results represent three independent experiments.

Protein purification. IMP-1 enzymes were expressed from the pGR32
vector under the transcriptional control of an isopropyl-1-thio-�-D-
galactopyranoside (IPTG)-inducible trc promoter in E. coli RB791 (strain
W3110 lacIqL8) cells grown in LB (34). Protein expression was achieved
by IPTG induction of mid-log-phase cultures and subsequent incubation
at 27°C for 16 h. Following centrifugation, the periplasmic fraction of the
pellet was released by osmotic shock (39). The wild-type and mutant
enzymes contained a C-terminal 8-amino-acid StrepII tag (WSHPQFEK)
that allowed purification. The enzymes were fractionated to greater than
90% purity from periplasmic lysates by affinity chromatography with a
Strep-Tactin superflow resin according to the manufacturer’s instruc-
tions, with the exception that all buffer solutions were reconstructed with-
out EDTA (Novagen). Briefly, 50 to 100 ml of lysate was applied to a 5-ml
resin bed in a gravity flow column. Following binding, 5 column volumes
of wash buffer (150 mM NaCl and 100 mM Tris-HCl at pH 7.0) was
applied. Protein was eluted in 150 mM NaCl and 100 mM Tris-HCl con-
taining 2.5 mM desthiobiotin at pH 7.0. Active fractions were confirmed
by monitoring hydrolysis of the colorimetric �-lactam substrate nitro-
cefin, and active fractions were pooled and concentrated using Amicon
concentrator units (Millipore). The final yields of purified enzyme were
between 3 and 7 mg per liter of culture.

Immunoblot assay. The effects of amino acid substitutions at position
221 on steady-state expression levels of IMP-1 �-lactamase were deter-
mined by immunoblot analysis of whole-cell lysates of E. coli XL1-Blue
expressing each of the mutant IMP-1 enzymes (3, 33). Briefly, overnight E.
coli cultures transformed with the pGR32 plasmid encoding wild-type or
mutant IMP-1 were diluted 1:100 in fresh LB medium containing chlor-
amphenicol and allowed to grow for 2 h. A total of 1.5 ml of each culture,
which was normalized by OD600, was pelleted by centrifugation and re-
suspended in SDS loading buffer (25% SDS, 62.5 mM Tris-HCl [pH 6.8],
25% glycerol, and 0.01% bromophenol blue). Sample proteins were re-
solved on a 12% SDS-PAGE gel and electrotransferred to a nitrocellulose
membrane (Amersham; GE Healthcare, Piscataway, NJ) using a Bio-Rad
semidry transfer apparatus in 25 mM Tris containing 200 mM glycine and
10% methanol. The membrane was blocked overnight in a 5% milk solu-
tion prior to probing with mouse monoclonal anti-StrepII-horseradish
peroxidase (HRP) antibody, which was detected with the Amersham ECL
chemiluminescent detection reagent (GE Healthcare) to visualize IMP-1
proteins. The wild-type and mutant enzymes contained a C-terminal
StrepII tag sequence that allowed detection using the anti-StrepII-HRP
antibody. The data shown are representative of three independent exper-
iments.

Differential scanning fluorescence. The thermal stability of purified
wild-type and C221G mutant enzymes was examined using a differential
scanning fluorescence (thermofluor) assay (14). Wild-type or mutant
IMP-1 enzymes, purified as described above, were added to achieve a final
concentration of 0.15 mg/ml in 50 mM HEPES, pH 8.0, buffer containing
a 1:2,000 dilution of Sypro orange (Invitrogen). A total of 30 �l of 1.5-
mg/ml protein solution with or without 100 �M zinc sulfate was added to
a final volume of 300 �l in each well of a 96-well MicroAmp plate (ABI).
The temperature was raised from 25°C to 99°C over 15 min using an ABI
7900 thermocycler. The data were fitted to the single-site binding equa-
tion using nonlinear regression with GraphPad Prism version 5.01 soft-
ware for Windows (46).

Isothermal titration calorimetry. Thermodynamic measurements of
IMP-1 interaction with zinc were carried out using a VP-ITC calorimeter
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(GE Healthcare). Purified IMP-1 proteins were dialyzed against 100 mM
Tris-HCl buffer at pH 7.0 containing 150 mM NaCl and chelating resin to
remove zinc contamination. Protein samples were concentrated to 25 �M
using Amicon concentrator units (Millipore). The dialysis buffer was sup-
plemented with 1 mM ZnCl2 to be used as the titrant solution. The iso-
thermal calorimetric titration of Zn binding to IMP-1 was carried out at
30°C. The data were processed using the Origin 7.0 software package with
an isothermal titration calorimetry (ITC) add-on (OriginLab Corp.,
Northampton, MA).

X-ray crystallography. (i) Sulfate-bound enzyme. The IMP-1 C221G
protein was purified as described above to greater than 90% homogeneity,
as assessed by SDS-PAGE. The purified C221G protein was screened for
crystallization against approximately 400 crystallization conditions of the
Joint Center for Structural Genomics (JCSG) Core Suite set (Qiagen) of
solutions using a Mosquito automated nanoliter liquid handler robot
(TTP LabTech). Crystals were grown by the hanging-drop method in 1:1
drops of 20 mg/ml protein in 25 mM Tris-HCl containing 1 mM zinc
sulfate at pH 7.0, and mother liquor containing 0.8 M disodium hydrogen
phosphate, 0.8 M dipotassium hydrogen phosphate, and 0.1 M HEPES at
pH 7.5 with incubation at 25°C. Diffraction data were collected at the ALS
synchrotron facility (Berkley, CA). Data processing and analysis were car-
ried out using the software d*TREK (45). The phase problem was solved
through molecular replacement with the published wild-type IMP-1 co-
ordinates (Protein Data Bank [PDB] code 1DDK) as the search model
using the Phaser program in the CCP4 software suite (47). Iterative cycles
of model building into the 2Fo-Fc maps, further validation by computing
Fo-Fc maps, and refinement were carried out using COOT and REF-
MAC5 as implemented in CCP4i (13, 47). Structure refinement was car-
ried out, and the figures were rendered using the PyMOL Molecular
Graphics System (11).

(ii) Citrate-bound enzyme. Small crystals grown under the conditions
described above were macroseeded into fresh hanging drops containing a
1:1 ratio of 10 mg/ml protein in 25 mM Tris-HCl with 1 mM zinc chloride
at pH 7.0 and the mother liquor, which consisted of 0.1 M trisodium
citrate (pH 5.5) in 40% polyethylene glycol (PEG) 600 at 25°C. The seeds
developed into larger crystals within 1 day in 2-�l drops equilibrated
against 700 �l of reservoir solution. Diffraction data were collected using
a Rigaku FR-E� SuperBright rotating anode at the Baylor College of Med-
icine Structural Biology Core. These data were processed using d*TREK
(45). For initial phasing, the sulfate-bound C221G structure was used as a
search model for molecular replacement using Phaser3. Model building
and refinement were carried out using COOT and REFMAC5 (13, 45, 47).
Figures were rendered using the PyMOL Molecular Graphics System (11).

(iii) Determination of WT and C221G IMP-1 enzyme zinc contents.
Proteins purified as described above were dialyzed into 100 mM Tris-HCl
buffer containing 150 mM NaCl and 5 g of unswelled Chelex resin (Bio-
Rad; pH 8.0; 72 h). Samples were then concentrated to approximately 2 ml
(3 to 5 mg/ml) using Amicon centrifugation units (Millipore). A total of
500 �l of either concentrated protein or buffer was added to 100 �l of
concentrated HNO3, 200 �l of internal standard (I.S.), and 2,200 �l
of HPLC grade water and allowed to equilibrate before injection into the
7100-CE inductively coupled plasma mass spectrometry (ICP-MS) in-
strument (Agilent). Total zinc counts and relative zinc content per en-
zyme were determined (see Table 2).

Steady-state kinetics. Hydrolysis of ampicillin (�ε235 nm � 	8,200
M	1 cm	1), nitrocefin (�ε485 nm � 15,000 M	1 cm	1), ceftazidime
(�ε

260 nm
� 	9,000 M	1 cm	1), cefotaxime (�ε260 nm � 	7,500 M	1

cm	1), and imipenem (�ε300 nm � 9,000 M	1 cm	1) by the wild-type and
mutant IMP-1 enzymes was measured using a DU 640 spectrophotometer
(Beckman Coulter) (28). All reactions were carried out in a final volume
of 300 �l. For all substrates except ampicillin and imipenem, experiments
were performed in 50 mM HEPES buffer containing 50 �M ZnSO4 and 20
�g ml	1 bovine serum albumin (BSA) at pH 7.0. Experiments with am-
picillin and imipenem were done in 50 mM MOPS (morpholinepropane-
sulfonic acid) buffer containing 50 �M ZnSO4, as it was found that these

substrates had a high background rate of hydrolysis in the HEPES-based
buffer. In experiments described as “metal free,” enzyme preparations
were treated with chelating resin to remove exogenous metals (as de-
scribed for the ICP-MS assays), and all buffers were constructed with
HPLC grade water. Prior to beginning kinetic measurements, the buffers
were assayed for residual zinc, which was found to be approximately 300
nM by the PAR absorbance assay (23, 48). For all substrates tested, enzyme
and substrate were preincubated separately at 30°C for 5 min prior to
mixing. Enzyme reactions were performed at 30°C, and the kinetic pa-
rameters Km and kcat were derived from initial velocity measurements
obtained by fitting to the Michaelis-Menten equation using GraphPad
Prism version 5.01 software for Windows.

Estimation of zinc binding by enzyme activity measurements.
IMP-1 enzymes purified as described above were dialyzed overnight
against 150 mM NaCl in 100 mM Tris-HCl at pH 7.0 containing a packet
of Chelex resin, followed by addition of 50% glycerol by volume for stor-
age at 	20°C. To confirm that one zinc ion remained per enzyme, pro-
teins were tested with the PAR assay as described above (see Table S2 in the
supplemental material) (23, 48). The kinetic profile of the C221G IMP-1
mutant was determined in metal-free 50 mM HEPES buffer containing 20
�g/ml BSA at pH 7.0, with 10 or more nitrocefin dilutions with concen-
trations between 3 and 100 �M. The C221G IMP-1 enzyme was stored on
ice and incubated in the buffer for 5 min at 30° 
 2°C prior to the addition
of the nitrocefin. The rate of nitrocefin hydrolysis was measured spectro-
photometrically at 482 nm, and initial velocities were plotted to determine
the Km and kcat. The profiles were then conducted in the same HEPES
buffer supplemented with 10, 25, 30, 50, 75, 100, 125, 150, or 200 �M
ZnSO4 in duplicate. The nitrocefin was also diluted fresh into the zinc-
containing buffers immediately prior to the experiment to minimize zinc-
catalyzed nitrocefin hydrolysis and stored on ice. The rate constants at
each of the zinc concentrations were determined with nonlinear fit to a
hyperbola using GraphPad Prism version 5.01 software for Windows. The
kcat was then plotted relative to the ZnSO4 concentration and fit using the
same nonlinear curve equation to evaluate the affinity of the Zn2 site.

Protein structure accession numbers. The fully refined structures
have been deposited in the Protein Data Bank as PDB 4F6H (sulfate
bound) and 4F6Z (citrate bound) (http://www.PDB.org).

RESULTS
Saturation mutagenesis of position 221 and identification of
functional mutants. The role of cysteine at IMP-1 position 221
was examined by randomizing the codon from TGT to NNS,
where N is any of the four nucleotides and S is either cytosine or
guanine, to allow for all possible amino acid substitutions and
testing the resultant mutants for function. A collection of clones
representing all 19 non-wild-type amino acids was assembled and
verified by DNA sequencing. In order to determine which substi-
tutions are consistent with in vivo function against a representa-
tive set of �-lactam substrates, each of the position 221 variants
was introduced into E. coli and the MICs of several different �-lac-
tam antibiotics, including ampicillin, cefotaxime, ceftazidime,
imipenem, meropenem, and aztreonam, were assessed. The MIC
results indicated that only 2 of the 19 mutants retained function,
and these variants were only partially functional (Table 1). The
highest MIC values were observed for the C221D mutant. The
C221G variant also retained partial function, which was unex-
pected, since glycine lacks a side chain capable of coordinating
zinc. MIC determinations also revealed differences in the sub-
strate specificity profiles for wild-type IMP-1 and the C221D and
C221G variants. The wild-type IMP-1 enzyme preferentially hy-
drolyzed ampicillin, cefotaxime, and ceftazidime, as reflected by
higher MIC values of these antibiotics. Similarly, E. coli containing
the C221D mutant exhibited the highest MICs against ampicillin
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and ceftazidime but was not as effective against cefotaxime. In
contrast, the highest MIC values for the C221G mutant were seen
with ceftazidime, followed by ampicillin and cefotaxime (Table 1).

Steady-state protein expression levels of position 221 mu-
tants. The effects of amino acid substitutions on the steady-state
protein levels for position 221 mutants were assessed by monitor-
ing protein expression levels by immunoblotting of whole-cell
lysates of E. coli cells expressing IMP-1 variants. Previous studies
from our laboratory and others have shown that mutations affect-
ing the stability of a protein result in expression defects because
unstable proteins are proteolyzed in E. coli (43, 44). Protein sta-
bility can therefore be qualitatively inferred from relative steady-
state protein levels using an immunoblot assay (3, 52).

Steady-state IMP-1 protein levels were evaluated from whole-
cell extracts of log-phase cultures of E. coli containing wild-type or
mutant enzymes. Extracts were fractionated by SDS-PAGE, and
immunoblotting with monoclonal anti-StrepII antibodies was
performed to visualize the �-lactamase enzyme. The wild-type
and mutant enzymes included a C-terminal StrepII tag sequence
that allowed detection by the antibody. Of the 19 IMP-1 mutants
tested, only enzymes with Ser, Thr, and Val substitutions, in ad-
dition to the functional Asp and Gly mutants, were observed at
detectable levels on the immunoblots (Fig. 1). While the Asp, Ser,
and Thr variants were expressed at nearly wild-type levels, the
enzymes with Val and Gly substitutions were present at somewhat
lower levels. All other variants were undetectable following over-
night exposure of the immunoblot. In general, there is a correla-
tion between the change in side chain volume of the mutants and
protein expression levels in E. coli. The volumes of the side chains
of the expressed mutants are relatively small, suggesting a size
requirement at position 221 for protein expression (5, 64). The
exception is the C221A mutant, which is not detectable in the
protein lysates by immunoblotting despite a side chain volume
within the range of the substituted residues of other variants
whose expression is observed. The immunoblotting results, in
combination with the in vivo MIC results, indicate that a limited
number of amino acid substitutions at position 221 are consistent
with function and that many of the substitutions have a negative

effect on protein expression within the bacterial cell. These results
are consistent with the wild-type X-ray structure, which indicates
that the volume of residue 221 is tightly constrained by the neigh-
boring His118 and Lys224 residues, as well as Zn2. Residues larger
than valine would be expected to create steric clashes with Zn2 or
other neighboring chelating residues and thereby to prevent Zn2
binding.

Exogenous zinc affects in vivo enzyme function. The chelat-
ing function of cysteine at position 221 has previously been shown
to be essential for optimal IMP-1 function and stability (18, 20).
Substitutions of chelating residues in dizinc M�Ls have been as-
sociated with lower affinity at the Zn2 site than the wild type and,
in addition, result in catalytic defects in vitro (7, 9, 20, 30). To
assess the role of zinc binding in vivo, the MIC values of E. coli
encoding the IMP-1 wild type and mutants were determined for
growth in M9 minimal medium containing a range of zinc con-
centrations. To minimize carryover metal contamination from
culture media, cells were subcultured twice into M9 minimal me-
dium without added zinc before being spread onto M9 agar with
the desired zinc concentration for MIC determinations. Of the
variants that exhibited detectable steady-state protein levels by
immunoblotting, E. coli containing the wild-type, C221D, and
C221G IMP-1 enzymes displayed increasing resistance to ampi-
cillin with increasing exogenous zinc (Fig. 2). Interestingly, the
Ser, Thr, and Val mutants that lacked antibiotic resistance activity
above background in rich medium also lacked activity on M9
minimal medium regardless of exogenous zinc concentrations. A
similar trend in antibiotic resistance profiles for the wild type and
the mutants was observed with increasing zinc for cefotaxime,
suggesting the increasing activity applies to general enzyme func-
tion and is not substrate dependent in vivo (data not shown).

The observed MIC values in minimal medium for the two
functional IMP-1 variants appear to plateau between 10 �M and
25 �M ZnSO4, which represents only a fraction of the MIC values

TABLE 1 Antibiotic susceptibilities of E. coli expressing position 221
IMP-1 variant enzymes (representative mutants are shown)

Antibiotic
substrate

MIC (�g/ml)

E. coli
XL1-
Blue

Wild
type C221A C221D C221G C221S C221T C221V

Ampicillin 2 125 2 128 4 3 2 2
Cefotaxime 0.094 250 0.19 0.38 3 0.19 0.064 0.047
Ceftazidime 0.38 500 0.38 48 64 0.38 0.19 0.19
Imipenem 0.25 2 0.38 0.5 1 1 1 0.25
Meropenem 0.032 1.5 0.094 1 0.38 0.094 0.094 0.064
Aztreonam 0.125 0.094 0.094 0.064 0.094 0.125 0.094 0.094

FIG 1 In vivo steady-state protein levels of C221X mutants. Shown are steady-state protein levels of wild-type and mutant IMP-1 metallo-�-lactamases as
determined by immunoblotting of E. coli whole-cell lysates. The positions correspond to residue 221 variants represented by single-letter amino acid codes, with
the exception of the wild type.

FIG 2 Ampicillin MIC determinations for E. coli grown in M9 minimal me-
dium. Shown are MIC determinations of E. coli expressing IMP-1 221 variants
performed on minimal medium containing 0 to 50 �M ZnSO4.
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observed with rich medium (Table 1). This may reflect the phys-
iological stresses imposed upon the bacteria in the defined versus
rich media. Additionally it has been shown that zinc concentra-
tions near 200 �M can decrease growth rates of E. coli (12, 29).
Consistent with that finding, we have observed that as little as 50
�M zinc can alter the growth profile of E. coli.

Another interesting finding was the apparent increase in wild-
type enzyme activity, as reflected by the antibiotic MIC, with in-
creasing concentrations of environmental zinc. Previous reports
on IMP-1 have shown that protein expressed and purified from E.
coli grown under rich-medium conditions contains two zinc ions
per enzyme molecule and exhibits optimal catalytic function (6,
18, 20, 53). Our current findings from defined minimal medium
suggest that in vivo enzyme function is highly dependent on the
availability of exogenous zinc in the growth environment of E. coli.
The results indicate that rich medium has sufficient zinc for the
enzyme to bind both Zn1 and Zn2 sites but that other growth
conditions may result in partial occupancy of the zinc sites even
with the wild-type enzyme. These findings have implications for
antibiotic resistance, since the concentration of zinc in the local
environment in which the bacteria are growing during infection
may strongly influence the zinc occupancy and thereby the cata-
lytic efficiency of the IMP-1 enzyme.

Zinc contents of wild-type and C221G IMP-1. Histidine, as-
partate, and cysteine residues are known to serve as effective zinc-
chelating residues to position zinc atoms in the active sites of
metalloenzymes (1, 19, 38). Consistent with our in vivo data, it has
been shown in vitro that an Asp substitution at position 221 is
associated with partial catalytic function of subclass B1 enzymes
(19, 20). It was surprising, however, to find that a glycine substi-
tution at position 221 also provides partial function, since glycine
does not have a side chain to serve as a zinc ligand. It was therefore
of interest to determine the metal content of the C221G enzyme.

The metallation state was determined using ICP-MS with pu-
rified samples of the wild-type and Gly mutant IMP-1 enzymes
that had been dialyzed against buffer containing chelating resin to
remove exogenous metal (Table 2). As expected, the wild-type
enzyme was found to contain the equivalent of two zinc atoms per
enzyme molecule, as has been reported previously (20, 53). The
C221G protein sample, however, contained approximately half
the zinc content of wild-type IMP-1, corresponding to approxi-
mately one zinc atom per enzyme molecule. This finding indicates
that the C221G substitution results in a significant reduction in
affinity for binding a second zinc atom and that, in the absence of
exogenous zinc, the C221G enzyme exists as a monozinc enzyme.

Thermal stability of the IMP-1 C221G enzyme. The immuno-
blotting results presented above indicate the C221G enzyme is
expressed in E. coli but at somewhat lower levels than the wild-type
enzyme (Fig. 1). Differential scanning fluorescence (thermofluor)
was performed on the wild-type and Gly mutant proteins in the
presence and absence of 100 �M ZnSO4 in order to obtain more

detailed information on the effect of the glycine substitution at
position 221 on protein stability (Fig. 3). The melting tempera-
tures (Tm) of wild-type IMP-1 and the C221G mutant were deter-
mined to be 76°C and 62°C, respectively, in the absence of zinc
(see Materials and Methods). The C221G enzyme was found to be
less stable than the wild-type enzyme in both the presence and
absence of zinc, which is consistent with the observed reduced in
vivo expression levels of the mutant. The Tm for the wild-type
protein exhibited a negligible shift (�Tm � 1.13°C) in the presence
of zinc. In contrast, the Tm for the Gly mutant protein experienced
a larger shift (�Tm � 5.34°C), showing an increase in protein
thermal stability. Mass spectrometry data indicated that in the
absence of exogenous zinc the enzyme contains an average of one
zinc atom per molecule (Table 2). The increased thermal stability
of the C221G enzyme in the presence of added zinc is likely due to
the binding of a second zinc in the active site. A similar stability
profile was observed upon addition of ZnCl2. These results further
indicate that binding of the second zinc plays an important role in
stabilizing the enzyme.

Kinetic parameter determination. The catalytic activities of
the wild-type and C221G enzymes were assayed for hydrolysis of a
series of �-lactam substrates representing penicillins, cephalospo-
rins, and carbapenems (Table 3). Each determination was per-
formed in buffer that had been treated with chelating resin, and
assays were performed with or without the addition of zinc. The
kinetic parameters for hydrolysis of �-lactam substrates by the
wild-type enzyme were similar in the presence or absence of added
zinc, although the catalytic efficiency of nitrocefin and ceftazidime
hydrolysis was higher in 1 mM zinc. This observation suggests that
both active-site zinc atoms are bound, whether or not exogenous
zinc is added to the reaction buffer. This is consistent with the
mass spectrometry results and with the fact that the wild-type
enzyme was purified from E. coli that had been grown in rich
medium. The kinetic parameters for the C221G enzyme, however,
varied considerably depending on the presence or absence of zinc
in the reaction buffer. For all �-lactam substrates tested, the addi-
tion of zinc to the reaction mixture was associated with an en-
hancement of the kcat. The most pronounced difference was seen
for the hydrolysis of nitrocefin, where the kcat enhancement from
the metal-free condition to buffer containing 1 mM zinc was more
than 340-fold. The high zinc concentration places nitrocefin sub-
strate turnover (kcat) by the C221G mutant at a level similar to that
observed for wild-type enzyme even without a functional Zn2 zinc

FIG 3 IMP-1 enzyme thermal stability determined by a thermofluor assay.
Shown are thermal shift assay results for wild-type and C221G IMP-1 enzymes.
Protein samples were diluted in 50 mM HEPES, pH 7.0, and tested in the
presence or absence of 100 �M ZnSO4 at pH 7.0.

TABLE 2 IMP-1 enzyme zinc content determined by ICP-MS

Sample
Zinc concn
(�g/liter)

Relative zinc content
(per enzyme)

Buffer �0.1 NAa

WT IMP-1 2,260.0 2
C221G IMP-1 895.6 0.8
a NA, not applicable.
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ligand. With ampicillin, cefotaxime, and ceftazidime as substrates,
the C221G enzyme exhibits little catalytic activity unless zinc is
added to the reaction buffer. While the changes seen for these
substrates are not as dramatic as for nitrocefin, turnover at high
zinc concentrations is comparable to that of the wild-type enzyme
for all substrates except ceftazidime (Table 3). Taken together
with the ICP-MS results, which indicated the Gly mutant enzyme
contains one zinc, these kinetic data suggest that the monozinc
enzyme has little catalytic activity alone but that binding of zinc at
the Zn2 site leads to an increase in substrate hydrolysis.

Binding affinity for zinc at Zn2 in C221G IMP-1. The MIC,
mass spectrometry, and enzyme kinetics results suggest the bind-
ing affinity of zinc for the Zn2 site is lower in the C221G enzyme.
Therefore, it was of interest to determine the binding constant for
zinc in the Zn2 site. Zinc binding was determined by ITC using
C221G enzyme that had been treated with chelating resin. The
ITC results in Fig. 4A revealed a binding constant of 17 �M. The
calorimetry data show strong enthalpy-driven binding. Under
the titration conditions used (a low c value of �1.47), the deter-
mination of the binding constant is accurate while the enthalpy

TABLE 3 Kinetic parameters for hydrolysis of �-lactam antibiotics by wild-type IMP-1 and a varianta

Variant Antibiotic substrate

Km (�M) kcat (s	1) kcat/Km (�M	1 s	1)

No metal 50 �M Zn 1 mM Zn No metal 50 �M Zn 1 mM Zn No metal 50 �M Zn 1 mM Zn

Wild type Ampicillin 110 
 9 601 
 7 420 
 47 122 
 8 439 
 5 357 
 13 1 1 1
Nitrocefin 79 
 6 302 
 7 9 
 1 790 
 88 489 
 34 580 
 20 10 15 64
Cefotaxime 1 
 0.1 2 
 0.1 1 
 0.2 13 
 1 9 
 2 30 
 2 13 5 35
Ceftazidime 25 
 5 28 
 7 28 
 8 14 
 1 9 
 1 196 
 14 0.6 0.3 7
Imipenem 33 
 1 86 
 16 52 
 32 67 
 7 71 
 4 130 
 10 2 1 3

C221G Ampicillin NAb 32 
 23 775 
 150 NA 1 
 0.1 120 
 10 NA 0.01 0.2
Nitrocefin 1 
 0.2 13 
 5 19 
 6 2 
 0.1 275 
 29 692 
 73 1 21 36
Cefotaxime 5 
 1 10 
 1 6 
 1 2 
 0.3 12 
 1 104 
 6 0.3 1 19
Ceftazidime NA 300 
 10 250 
 10 NA 10 
 2 12 
 4 N/A 0.03 0.05
Imipenem �1,000 �1,000 663 
 120 NDc ND 128 
 25 NA NA 0.2

a Kinetic parameters were determined in 50 mM HEPES buffer (made with HPLC grade water) containing 20 �g/ml BSA and either 0 �M, 50 �M, or 1 mM ZnSO4. Variances are
representative of the standard deviations from three independent experiments.
b NA, not available; no significant hydrolysis above background was detected.
c ND, not detected; the Km was too high to determine accurately.

FIG 4 IMP-1 C221G zinc binding determinations. (A) Isotherm generated by isothermal titration calorimetry showing ZnCl2 binding to chelator-treated C221G
IMP-1 protein. (B) Isotherm generated by a thermofluor assay showing ZnCl2 binding to chelator-treated C221G IMP-1 protein. (C) Graph of kcat values for
nitrocefin hydrolysis by chelator-treated C221G IMP-1 enzyme in the presence of various ZnSO4 concentrations. A nonlinear regression fit of these data to a
hyperbola reveals a Kd (dissociation constant) value of 43 �M for binding of Zn2 and activation of nitrocefin hydrolysis.
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could carry a large error (55). The c value is the product of the
enzyme concentration and the binding constant (55).

The thermofluor protein stability assay that was used for the
wild-type and C221G enzymes in Fig. 3 was also employed to
estimate a binding constant for the second zinc. For these experi-
ments, the Tm was determined for chelating-resin-treated IMP-1
C221G enzyme with increasing concentrations of ZnCl2. The Tm

values versus the ZnCl2 concentration are plotted in Fig. 4B and
reveal a binding constant of 30 �M, which is similar to the value
obtained by ITC.

A third method for estimating the binding affinity of zinc for
chelating-resin-treated IMP-1 C221G was to determine kinetic
parameters for nitrocefin hydrolysis with increasing ZnSO4 con-
centrations. The kcat values for nitrocefin hydrolysis versus the
zinc concentration are presented in Fig. 4C. Fitting of the curve
indicates a binding constant of 43 �M, which is broadly consistent
with the values obtained from the physical measurements.

Structure determination of the IMP-1 C221G enzyme. The
above-mentioned results indicate that the presence of zinc in-
creases both the catalytic activity and the thermal stability of the
C221G enzyme. The fact that glycine does not have a side chain
and yet activity can be restored in the presence of zinc suggests
binding occurs in a similar position as with Zn2 but at lower af-
finity. One possibility is that a water molecule fills the gap left by
the removal of the cysteine side chain and serves as a zinc ligand.
This would be consistent with the fact that the expressed C221S
mutant does not function and that molecular modeling suggests
there is not space for a water molecule when the serine side chain
is present (data not shown). It was therefore of interest to deter-
mine the X-ray structure of the C221G IMP-1 mutant. To this
end, the structure of the C221G mutant enzyme was determined
in the presence of excess zinc by X-ray crystallography (Fig. 5).

Crystallization of the C221G enzyme was achieved indepen-
dently in the presence of ZnSO4 and ZnCl2, and the structures
were solved to 1.8 Å and 2.0 Å, respectively (see Materials and
Methods). The data collection and refinement statistics for both
IMP-1 C221G structures are listed in Table S3 in the supplemental
material. While the final concentration of zinc under both crystal-
lization conditions was 500 �M, both C221G mutant structures
contained zinc only in the Zn1 site. The structure obtained from a
crystal grown with ZnSO4 contains a distinctly tetrahedral density
consistent with an SO4

2	 ion in the Zn2 binding site. The presence
of a well-coordinated sulfate ion in place of Zn2 has been observed
in other Zn2 site mutant M�L structures and may assist in crystal
packing (19). The second structure from the ZnCl2 condition also
contained a nonspherical density, but it more closely represents
the buffer element, citrate, in the Zn2 site. Occupancy of these
large ions in the mutant structure appears to affect the conforma-
tion of H263 and D120 such that the Zn2 site is shifted away from
the Zn1 site (Fig. 6; see Fig. S1 in the supplemental material). This
physical shift may contribute to defects observed in the functional
assays described above. The absence of Zn2 in these structures
could be due to the high concentrations of sulfate (1 mM) and
citrate (100 mM) found under the crystallization conditions.
LIGPLOT analysis of our mutant IMP-1 structures indicated hy-
drogen bonds with residues His263 and Ser262 and a potential salt
bridge with Lys224 with either sulfate or citrate in the Zn2 site,
which may stabilize these ligands in the crystals. Regardless, the
presence of these ligands rather than zinc at the Zn2 site does not
allow a direct test of the hypothesis that water in the cysteine 221

side chain position serves as a ligand for zinc in the functional
C221G mutant enzyme (50, 57).

The overall structures of both crystal forms were nearly iden-
tical to the published wild-type IMP-1 structure, with root mean
square deviation (RMSD) values of 0.438 Å for the sulfate-bound
and 0.404 Å for the citrate-bound forms. Furthermore, differences
in zinc-ligand distances for the three His residues of the Zn1 site
fall below the overall RMSD values. A conformational change in
active-site loop-containing residues 63 through 69 was found to
be the result of an interaction with the protein’s uncleaved puri-
fication tag and is presumed not to affect function. These data
confirm the presence of Zn1 as the single zinc in the Gly mutant
enzyme and show that no large-scale structural perturbations are
associated with the C221G mutation.

Sequence determinants of Zn2 binding. The Zn2 binding sites
of subclass B1 enzymes differ from those of B3 enzymes in the
identities of residues at positions 221 and 121 (1). B3 enzymes
include a His that functions as a zinc ligand at position 121 and a
Ser or Asp at position 221 that does not interact directly with zinc
(2). Subclass B1 enzymes, however, contain a zinc ligand Cys at
position 221 and a nonligand Ser at position 121. To understand
the plasticity of the Zn2 binding site in an IMP-1 background, we
randomly mutated the position 121 codon in the background of
the wild-type and C221G IMP-1 genes and measured the in vivo
function of sequence-verified mutants by MIC determinations
(Table 4).

The antibiotic MIC values associated with C221G-S121X dou-
ble mutants suggest that no substitutions at position 121 are able
to substantially rescue the in vivo function of the C221G enzyme.
Additionally, of the 19 mutants tested, only two were consistent

FIG 5 X-ray crystal structures of C221G mutant IMP-1 �-lactamase with
bound sulfate and citrate. Shown are cartoon representations of the overlay of
wild-type (carbon and zinc atoms in gray) and C221G mutant (carbon and
zinc atoms in teal) IMP-1 structures. The C221G mutant is shown bound to
either sulfate (A) or citrate (B). Oxygen is shown in red, and sulfur is shown in
yellow. The wild-type IMP-1 enzyme structure is from PDB file 1DDK. The
figures were rendered using the PyMOL Molecular Graphics System (11).
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with function at the level of the parent C221G mutant. Therefore,
the subclass B1 and B3 enzymes are sufficiently evolutionarily di-
verged that the 121 and 221 ligand positions are not exchangeable
between the subclasses. Interestingly, only five single-position 121
substitutions in the wild-type background were consistent with
partial function, and none exhibited wild-type function against

ampicillin or cefotaxime. Of the functional single mutants, the Ala
and Gly mutants had the highest function while the Cys, Thr, and
Val mutants exhibited more compromised functional levels. The
negative effects of substitutions seen in the single and C221G dou-
ble mutant clones point to a previously unreported role for Ser121
in the structure and/or function of IMP-1. It is notable that Ser121
is within range for hydrogen bonds with His116 and Asp120 at the
base of the active site. The main-chain amine also appears to hy-
drogen bond with the main-chain carbonyl of His118. These
structural data suggest that Ser121 may directly affect catalysis
through positioning of His116 and His118 or through another
mechanism affecting protein stability by contributing to the hy-
drogen-bonding network.

DISCUSSION

Consistent with previous findings, the results of this study indicate
that Cys221 of IMP-1 �-lactamase plays a crucial role in maintain-
ing the stability and catalytic efficiency of the enzyme (18–20, 30,
53). Of the 19 mutants tested, only Asp, Gly, Ser, Thr, and Val
substitutions resulted in detectable steady-state protein expres-
sion levels in E. coli and only the IMP-1 enzymes with Asp and Gly
substitutions provided E. coli with resistance to �-lactams. The
finding that the C221S mutant exhibits no function above back-
ground levels was consistent with previous in vitro observations;
however, the identification of a functional Gly mutant was sur-
prising (20).

The C221G mutant provides E. coli with antibiotic resistance
levels lower than those observed with wild-type IMP-1 but signif-
icantly above background levels on rich medium. We have also
shown that binding of exogenous zinc to the monozinc C221G
mutant is associated with enhancement of thermal stability, as
well as in vivo and in vitro function, despite the absence of a side
chain to ligand Zn2. Binding of zinc by the C221G enzyme was
measured by multiple techniques to be in the range of a 17 to 43

FIG 6 Active-site residues of wild-type and C221G IMP-1 enzymes. (A, C, D, and F) Illustrations of wild-type (C and F) and C221G (sulfate-bound [A] and
citrate-bound [D]) active-site residue conformations. (B and E) Overlays of the wild-type and C221G structures (sulfate-bound mutant [B] and citrate-bound
mutant [E]). Residues are represented as sticks, with carbon atoms shown in gray (wild type) or teal (C221G mutant). Citrate carbon atoms are shown in yellow.
Zinc ions are shown as gray (wild-type) or teal (C221G mutant) spheres, and water is shown as small red spheres. Nitrogen is shown in blue, sulfur in yellow, and
oxygen in red. The figures were rendered using the PyMOL Molecular Graphics System (11).

TABLE 4 Antibiotic susceptibilities of E. coli expressing position 121
IMP-1 variants

Variant

MIC (�g/ml)

Wild-type background C221G background

Ampicillin Cefotaxime Ampicillin Cefotaxime

Wild type 125 250
C221G 6 4
S121A �256 48 3 0.75
S121C 48 3 1.5 0.047
S121D 1 0.023 2 0.094
S121E 1.5 0.032 12 4
S121F 1.5 0.032 2 0.047
S121G �256 32 3 0.19
S121H 1.5 0.023 2 0.047
S121I 1.5 0.064 1 0.023
S121K 1.5 0.032 2 0.047
S121L 1.5 0.032 1.5 0.032
S121 M 1.5 0.023 1.5 0.023
S121N 6 0.38 2 0.047
S121P 1 0.023 1.5 0.032
S121Q 4 0.047 1.5 0.032
S121R 2 0.032 2 0.047
S121T 3 2 48 4
S121V 8 1 2 0.094
S121W 1.5 0.032 1.5 0.032
S121Y 1.5 0.047 1.5 0.032
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�M dissociation constant, which is significantly weaker than the
recently determined binding constant of 300 nM for cobalt for the
Zn2 site in the wild-type enzyme (63). The weaker binding affinity
for Zn2 in the C221G enzyme is consistent with the loss of the
cysteine side chain, which helps coordinate the zinc ion in the
wild-type enzyme.

The pattern of amino acid substitutions at position 221 that are
consistent with enzyme function is interesting. Although the en-
zymes with Val, Ser, and Thr substitutions are expressed in E. coli,
only the enzymes with Asp and Gly substitutions exhibit catalytic
function. Aspartate is a known zinc ligand and could ligate Zn2.
However, molecular modeling suggests there are steric constraints
on position 221, and therefore, the mutations at 221 may alter the
Zn2 positioning, resulting in the observed reduction in catalytic
activity relative to the wild type.

Molecular modeling suggests the Val, Ser, and Thr substitu-
tions can be accommodated in the presence of bound Zn2. How-
ever, Ser and Thr are poor zinc ligands and Val has not been shown
to coordinate zinc. The lack of zinc coordination by these residues
could reduce zinc binding affinity, as well as affect the positioning
and/or pKa of the coordinated water between Zn1 and Zn2, which
would alter the position and concentration of metal-bound hy-
droxide ion that is thought to act as a nucleophile in catalysis (41).

The glycine residue in the C221G enzyme cannot directly in-
teract with Zn2, but molecular modeling suggests the gap created
by the substitution could be filled with a water molecule, which
could serve as a zinc ligand. Modeling also suggests an alanine
substitution at 221 would not leave sufficient space for a water
molecule between the Ala methyl group and Zn2, which could
explain why the C221A mutant is nonfunctional. X-ray crystallog-
raphy of the C221G IMP-1 enzyme was performed to explore the
hypothesis that water fills the void created by the Gly substitution
and serves as a surrogate zinc ligand. However, adventitious bind-
ing of buffer-supplied sulfate or citrate in the Zn2 site obfuscated
the interpretation of these results.

The structure of the sulfate-bound C221G mutant enzyme dis-
plays only a small displacement (0.43 Å) between the location of
the core of the sulfate ion and the location of the Zn2 ion in the
wild-type IMP-1, which is within the overall RMSD for the en-
zyme. The structural data also indicate that the ions present at the
Zn2 site are supported by an extensive network of interactions
(Fig. 6; see Fig. S1 in the supplemental material). The Zn2 ligand
residue Asp120 appears to stabilize both the sulfate and citrate
ions by hydrogen bonding through its carboxyl group. The His263
residue also positions a side chain nitrogen to interact with a sul-
fate oxygen or with either of two proximal oxygens of the bulkier
citrate, while the second-shell Lys224 residue also appears to bind
sulfate through its main-chain carbonyl and citrate via a side chain
interaction.

It is interesting that in the class A �-lactamases replacement of
Ser130 with glycine results in a partially functional enzyme due to
a water molecule occupying the position of the missing serine side
chain (26, 27, 60). Ser130 is completely conserved among class A
enzymes and is suggested to act as a catalytic acid for protonating
the nitrogen leaving group in the amide bond and thereby facili-
tating hydrolysis of the �-lactam ring. Therefore, replacement
with glycine would be expected to result in a nonfunctional en-
zyme. However, the enzyme with an S130G substitution retains
significant catalytic activity, and the X-ray structure shows a water
molecule in the position of the serine side chain to compensate for

loss of the hydroxyl group (60). We postulate that a water mole-
cule plays an analogous role in the C221G mutant, compensating
for the loss of the zinc ligand.

The determination of kinetic parameters for nitrocefin hydro-
lysis at multiple zinc concentrations indicated binding at the Zn2
position in the C221G mutant occurs with a KD (equilibrium dis-
sociation constant) of 43 �M, and zinc concentrations above this
value can substantially restore enzyme function. This suggests
that, once occupied, the position of Zn2 in the Gly mutant is
similar to that of Zn2 in the wild-type enzyme. This result is in
contrast to the previously characterized C221S mutant, which is
partially occupied at the Zn2 site at high zinc concentrations but
does not exhibit an increase in catalytic activity in response to
increased available zinc (20).

This study has also shown via in vivo protein expression exper-
iments in defined medium that the function of the IMP-1 enzyme
in E. coli is dependent on the concentration of exogenous zinc.
This finding suggests that the level of function of M�L enzymes
depends critically on the available zinc in the extracellular envi-
ronment. In the context of a bacterial infection, this observation
becomes important, because mechanisms exist within the verte-
brate host to limit the concentration of certain metals (24, 25).
Scarcity of available zinc could, in turn, limit the catalytic activity
of metallo-�-lactamases and reduce the antibiotic resistance po-
tential of the bacteria (25).

It is known that porins such as OmpF in E. coli allow the dif-
fusion of metal ions across the outer membrane of Gram-negative
species (12, 42, 54). These studies suggest that the periplasmic
space, where M�L enzymes are processed and folded, is continu-
ous with the external milieu with respect to the zinc concentration
(12). The concentration of available environmental zinc could
then be another selecting factor in the evolution and spread of
M�L genes. As we have shown, limited zinc availability affects the
function of even the wild-type IMP-1 enzyme in bacteria, and
therefore, it will be of interest to identify the metallation state and
folded state of enzymes expressed in zinc-limited media (49).
Crowder and colleagues have shown that the bioavailability of
metal ions has a strong influence on the metal content of the class
B3 L1 metallo-�-lactamase when expressed from E. coli grown in
minimal medium, and by analogy, the metal content of IMP-1 is
likely determined by exogenous metal concentrations (22a).

Last, we have shown that amino acid residues at position 221
(subclass B1 ligand) and position 121 (subclass B3 ligand) are not
functionally interchangeable in that no substitutions at position
121 constructed in the background of C221G are able to compen-
sate for the loss of the Cys221 side chain. Consistent with these
findings, González et al. concluded that additional sequence de-
terminants beyond positions 121 and 221 likely affect binding at
the Zn2 position and therefore enzyme function (19). Structural
analysis suggests that a His residue at position 121 of IMP-1 is not
possible because of a steric clash with Asp120. Additionally, the
wild-type Ser121 is 6.7 Å away from Zn2 and too far to assist in
coordination, even if substituted. Ser221 in the L1 enzyme is 4.6 Å
away from Zn2 and is also not able to serve as a ligand (Fig. 7).
Thus, the B1 and B3 enzymes are evolutionarily diverged to such a
point that zinc-chelating residues at these positions are not inter-
changeable.

Although substitutions at position 121 do not compensate for
the loss of Cys221, the mutagenesis results support a role for
Ser121 in maintaining the stability and/or catalytic function of
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IMP-1 and possibly other subclass B1 enzymes. Ser121 is one of a
number of hydrophilic residues in the active site that contribute to
a hydrogen-bonding network that may properly position other
residues for catalysis (36). In a region containing Zn1 and Zn2
ligands, the Ser119 and Ser121 residues on either side of Asp120
engage the catalytically important His116 and His118 residues via
main-chain and side chain hydrogen bonds (6). While the side
chain of Ser119 faces into the body of the protein, the hydroxyl of
Ser121 is directed into the active-site pocket. The positioning of
the main chain at position 121 may also explain why this position
can be utilized to ligate zinc in the subclass B3 scaffold (56). Al-
though this study shows that 13 of 19 possible substitutions ablate
subclass B1 enzyme function, understanding how these substitu-
tions perturb the overall protein structure and the active-site hy-
drogen bond network will require further structural studies.
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