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ABSTRACT: â-Lactamases hydrolyzeâ-lactam antibiotics, including penicillins and cephalosporins; these
enzymes are the most widespread resistance mechanism to these drugs and pose a growing threat to
public health.â-Lactams that contain a bulky 6(7)R substituent, such as imipenem and moxalactam, actually
inhibit serineâ-lactamases and are widely used for this reason. Although mutant serineâ-lactamases
have arisen that hydrolyzeâ-lactamase resistantâ-lactams (e.g., ceftazidime) or avoid mechanism-based
inhibitors (e.g., clavulanate), mutant serineâ-lactamases have not yet arisen in the clinic with imipenemase
or moxalactamase activity. Structural and thermodynamic studies suggest that the 6(7)R substituents of
these inhibitors form destabilizing contacts within the covalent adduct with the conserved Asn152 in
class Câ-lactamases (Asn132 in class Aâ-lactamases). This unfavorable interaction may be crucial to
inhibition. To test this destabilization hypothesis, we replaced Asn152 with Ala in the class Câ-lactamase
AmpC from Escherichia coliand examined the mutant enzyme’s thermodynamic stability in complex
with imipenem and moxalactam. Consistent with the hypothesis, the Asn152f Ala substitution relieved
0.44 and 1.10 kcal/mol of strain introduced by imipenem and moxalactam, respectively, relative to the
wild-type complexes. However, the kinetic efficiency of AmpC N152A was reduced by 6300-fold relative
to that of the wild-type enzyme. To further investigate the inhibitor’s interaction with the mutant enzyme,
the X-ray crystal structure of moxalactam in complex with N152A was determined to a resolution of 1.83
Å. Moxalactam in the mutant complex is significantly displaced from its orientation in the wild-type
complex; however, moxalactam doesnotadopt an orientation that would restore competence for hydrolysis.
Although Asn152 forcesâ-lactams with 6(7)R substituents out of a catalytically competent configuration,
making them inhibitors, the residue is essential for orientingâ-lactam substrates and cannot simply be
replaced with a much smaller residue to restore catalytic activity. Designingâ-lactam inhibitors that interact
unfavorably with this conserved residue when in the covalent adduct merits further investigation.

â-Lactamase expression is the most prevalent mechanism
of bacterial resistance to theâ-lactam family of antibiotics,
which includes the penicillins and cephalosporins (1). Their
occurrence in many bacterial pathogens poses a threat to
public health (2-4) and a challenge to medicinal chemists
when developing new and more effectiveâ-lactam antibiot-
ics. Class Câ-lactamases, such as AmpC, are especially
important among Gram-negative nosocomial pathogens. The
mechanism of AmpC (Figure 1) involves a catalytic serine
(Ser64) that acts as a nucleophile and attacks the carbonyl
carbon of theâ-lactam ring, rapidly forming an acyl-enzyme
complex with theâ-lactam. This reaction resembles that of
serine proteases (5). The deacylation of this covalent

enzyme-ligand intermediate complex typically proceeds
more slowly; a water molecule attacks the same carbon and
hydrolyzes the serine ester, forming the product of the
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FIGURE 1: Simplified mechanism of serineâ-lactamases. In the
first step, the catalytic serine (Ser64 in class C and Ser70 in class
A) attacks the carbonyl carbon of theâ-lactam ring, forming an
acyl intermediate. In the second step, a deacylating water hydrolyzes
the ester bond to regenerate the enzyme and the reaction product,
hydrolyzed antibiotic. The deacylation step is generally slower with
â-lactam-based inhibitors.
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reaction and restoring the free enzyme. Seemingly subtle
differences in the structures ofâ-lactams can convert an
excellent substrate into a molecule whose deacylation is so
slow that it effectively acts as an inhibitor. Such inhibitors,
or “â-lactamase resistant”â-lactams, retain their efficacy
against many resistant bacteria expressing serineâ-lacta-
mases. Recently, several newâ-lactamases have arisen that
hydrolyze these inhibitoryâ-lactams (6-8), raising renewed
fears of â-lactam resistance. Both the mechanisms of
inhibition of, and the origins of resistance to,â-lactams have
been intensely studied (9-20).

With new patterns of resistance emerging, drugs such as
imipenem and moxalactam are widely used because they
have retained their ability to inhibit or resist most serine
â-lactamases. In these molecules, a relatively bulky group
has replaced the proton that typically occupies the 6(7)R
position on theâ-lactam ring (21) (Figure 2). Crystal
structures of imipenem bound to the class Aâ-lactamase
TEM-1 (16) and of moxalactam bound to the class C
â-lactamase AmpC (19) suggest that bulky 6(7)R groups
make unfavorable contacts with the conserved Asn152 in
AmpC (Asn132 in TEM-1). These close contacts force the
inhibitors to adopt unusual, strained conformations in the
active site that do not allow for hydrolytic attack of the acyl-
enzyme complex. Consistent with this view, both imipenem
and moxalactam actually destabilize AmpC in their covalent
complexes with the enzyme, whereasâ-lactams such as
cloxacillin and aztreonam, which lack bulky 6(7)R substit-
uents, stabilize AmpC (22). This destabilization reflects
unfavorable noncovalent interactions within the covalent
imipenem and moxalactam adducts and may be largely due
to high-energy contacts with the conserved Asn152 (Asn132)
that are observed crystallographically.

If unfavorable interactions with Asn152 are crucial to
â-lactamase inhibition by moxalactam and imipenem, it is
reasonable to wonder whyâ-lactamases such as AmpC and
TEM-1 have not simply evolved site substitutions that replace
Asn152 (Asn132) (23), relieving the strain introduced by the
inhibitors and thereby allowing them to be hydrolyzed. Of
the more than 90 clinically isolated mutants of TEM-1, not
one has involved a substitution of Asn132, nor have any
shown activity against imipenem or moxalactam. This might
suggest either that Asn132 (Asn152) is not, in fact, involved
in destabilizing interactions with moxalactam and imipenem
or that this residue is functionally important and cannot be
replaced. The latter explanation would be consistent with
mutagenesis studies in AmpC (24) that suggest that substitu-
tions to Asn152 dramatically reduce the activity of the
enzyme (25).

To investigate the importance of Asn152 in destabilization
and inhibition of AmpC byâ-lactams containing 6(7)R

substituents, we have made the mutant AmpC N152A1 and
determined the effect of moxalactam and imipenem on its
stability. If the destabilizing effects of moxalactam and
imipenem are a result of van der Waals violations with
Asn152, as we hypothesize, the Asn152f Ala substitution
should result in complexes that are stabilized relative to the
WT complexes. To explore why this substitution has not
arisen in nature, we have investigated the effect of this
substitution on the catalytic efficiency of the enzyme and
have determined the structure of N152A in complex with
moxalactam by X-ray crystallography.

MATERIALS AND METHODS

Enzyme Preparation. The mutant AmpC N152A was
prepared from the wild-type ampC gene in the plasmid
pOGO295 using the overlap extension polymerase chain
reaction (26). This plasmid confers tetracycline resistance
and contains a temperature-sensitive repressor that controls
the expression of the ampC gene. Following mutagenesis,
the mutant plasmid was transformed back intoEscherichia
coli JM109 cells for expression.

Expression of AmpC N152A was performed as described
previously (17), with slight modifications. A 2 L fermenter
was charged with 2 L of 2×YT broth (Fisher, Fair Lawn,
NJ), 2 mL of 10 mg/mL tetracycline hydrochloride, and 25
mL of an overnight culture ofE. coli JM109 cells trans-
formed with the mutant plasmid. The culture was grown at
37 °C, with 400 rpm agitation and 2 L/min of air flow, until
the OD600 reached 0.3-0.5. At this time, the temperature of
the culture was increased to 40.8°C, and the culture was
left under these conditions for 18-24 h. After this time, the
air flow was reduced to 1 L/min for 2-4 h. Following this,
the mutant enzyme was isolated and purified as described
previously (19).

CD Measurements. Thermal denaturation experiments
were carried out in a Jasco J-715 spectropolarimeter with a
Jasco PTC-348WI Peltier-effect temperature control device
and in-cell stirring. N152A was denatured in buffer composed
of 50 mM potassium phosphate (KPi), 200 mM potassium
chloride (KCl), and 38% (v/v) ethylene glycol, at pH 6.8, as
described previously (22). The far-UV region at 223 or 232
nm was used for monitoring secondary structure motifs
(although the 232 nm wavelength monitors the edge of the
helical CD signal, it is less affected by absorbance from
â-lactams; the two wavelengths return equivalent thermo-
dynamic results). Thermal melts were performed at temper-
ature ramp rates of 2 K/min. A least-squares fit of the two-
state transition model was performed by the EXAM software
program (27) to calculateTm and ∆HVH for the thermal
denaturations. The∆Cp was set to 6.0 kcal mol-1 K-1. Prior
work (22) has demonstrated that AmpC denaturation is
consistent with a two-state, reversible model, and our results
here are also consistent with such a model.

Denaturation of N152A alone was carried out by adding
6 µL of the enzyme solution (6.9 mg/mL) to 3.5 mL of the
buffer solution. Denaturation experiments with enzyme-

1 Abbreviations: WT, wild-type; N152A, mutant form of AmpC
(alanine substituted for asparagine 152);Tm, temperature of melting;
∆Cp, change in heat capacity at constant pressure;kcat, catalytic rate
constant;KM, Michaelis-Menten constant;∆HVH, van’t Hoff enthalpy;
∆∆Gu, change in Gibbs free energy of unfolding.

FIGURE 2: Structures of theâ-lactamase inhibitors imipenem and
moxalactam.

Destabilizing Inhibitors of AmpCâ-Lactamase Biochemistry, Vol. 40, No. 27, 20017993



ligand complexes were carried out by preincubating N152A
with ligand (72-fold excess). For moxalactam (Sigma, St.
Louis, MO), a maximum∆Tm was reached within 45 min
and sustained for at least 20 h. For imipenem (Merck,
Whitehouse Station, NJ), the∆Tm measured immediately
following incubation is reported here. Following incubation,
20 µL of the enzyme-ligand solution was added to 3.5 mL
of pre-equilibrated buffer solution, and denaturation was
performed as with the enzyme alone. Each denaturation
experiment was performed at least in triplicate.∆∆Gu values
were computed from∆Tm measurements using the method
of Schellman (29), as described previously (22).

Kinetic Assays.The activity of N152A was assayed by its
hydrolysis of the characteristicâ-lactam substrate cephalothin
(Sigma) (30-32). The reaction buffer used in these experi-
ments was 50 mM KPi and 50 mM KCl, at pH 7.0 (33).
The kcat and KM values for N152A were determined at an
enzyme concentration of 3µM; the initial concentration of
cephalothin ranged from 200 to 2000µM. The reactions were
performed in 0.1 cm path length quartz cells (Hellma Cells,
Jamaica, NY) and were monitored at a wavelength of 265
nm.

Crystal Growth.N152A crystals were grown by vapor
diffusion in hanging drops over a solution of 1.7 M KPi at
pH 8.7 and 23°C, after microseeding with the wild-type
enzyme. A 6µL drop of N152A at an initial concentration
of 98 µM in 1 M KPi (pH 8.7) was placed on a cover slip.
To this drop was added 1µL of the seed solution (0.2 mm
crystal crushed in 44µL of 1.7 M KPi, at pH 8.7). Serial
dilution transfers of 1µL each were then carried out across
five more hanging drops (each containing 6µL of the N152A
solution). Crystals appeared in 5-7 days.

After retrieval, N152A crystals were soaked in excess
(approximately 50 mM) moxalactam solution in crystallizing
buffer for 1.5 h. Before being flash-frozen in liquid nitrogen,
crystals were cryoprotected in a solution containing 20%
sucrose, 1.7 M KPi, and 50 mM moxalactam, at pH 8.7.

Data Collection and Processing.X-ray diffraction data
were collected at DND-CAT beamline 5IDB at the Advanced
Photon Source at Argonne National Laboratory (Argonne,
IL) at 100 K using a 162 mm Mar CCD detector. The
reflections were indexed, integrated, and scaled using the
HKL software suite (34) (Table 2). AmpC crystallizes in
the C2 space group, with two AmpC molecules in the
asymmetric unit, each containing 358 amino acid residues.
Three percent of the reflections, chosen at random, were set
aside as the test set. The initial model was built by molecular
replacement using an AmpC-boronic acid complexed
structure (18), with inhibitor and solvent atoms removed and
Asn152 replaced with Ala. After the phases were calculated,
the model was subjected to rigid body, simulated annealing,

Table 1: Thermodynamic Denaturation Data for WT and N152A
Apo AmpC in Complex with Moxalactam and Imipenem

Tm (°C)
∆HVH

(kcal/mol) ∆Tm (°C)
∆∆Gu

(kcal/mol)

WT apoa 54.6( 0.2 182( 9 - -
WT and imipenema 53.4( 0.1 156( 6 -1.2( 0.2 -0.7( 0.1
WT and moxalactama 51.4( 0.1 200( 15 -3.2( 0.2 -1.8( 0.1
N152A apo 52.0( 0.2 184( 12 - -
N152A and imipenem 51.6( 0.2 157( 7 -0.4( 0.3 -0.2( 0.2
N152A and moxalactam 50.8( 0.3 209( 20 -1.2( 0.4 -0.7( 0.2

a From Beadle et al. (22).

Table 2: Data Collection and Refinement Statistics

space group C2
unit cell dimension a ) 117.66 Å

b ) 77.27 Å
c ) 97.68 Å
â ) 116.76°

no. of complexes per asymmetric unit 2
resolution (Å) 1.83
no. of observed reflections 274720
no. of unique reflections 68795
completeness (%)a 99.8 (99.9)
Rmerge(%)a 5.1 (40.9)
〈I/σI〉 22.08
no. of working reflections 57575
resolution range for refinement (Å)a 20.0-1.83 (1.87-1.83)
no. of protein residues 714
no. of protein atoms in the final model 5580
no. of non-hydrogen ligand atoms 58
no. of water molecules 394
rmsd for bond lengths (Å) 0.0139
rmsd for bond angles (deg) 1.72
Rcryst (%) 16.8
Rfree (%)b 20.6
averageB-factor (Å2)

protein 28.73c

protein (monomer 2) 27.85
ligand 40.62c

ligand (monomer 2) 35.94
solvent 38.56c

a Values in parentheses are for the highest-resolution shell used in
refinement.b Rfree was calculated with 3% of the reflections set aside
randomly.c Values cited were calculated for both molecules in the
asymmetric unit.

FIGURE 3: Reversible, apparently two-state thermal denaturation
curves of (a) AmpC WT and (b) AmpC N152A. Black squares
represent the apoenzyme, red diamonds the enzyme in complex
with imipenem, and blue triangles the enzyme in complex with
moxalactam. Data points represent a pairwise moving average
between adjacent measurements.
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positional minimization, and individualB-factor refinement
using the CNS software package (35). The maximum
likelihood target was used during refinement, including a
bulk solvent correction and a 2σ cutoff. Sigma-A weighted
electron density maps were generated in CNS. Manual model
building was performed using O (36), alternating with rounds
of positional and individualB-factor refinement in CNS. The
stereochemical quality of the model was monitored periodi-
cally with the program Procheck (37).

Poor electron density was noted for residues 280-291 in
molecule 1 of the asymmetric unit, and several residues were
modeled at half-occupancy to reflect this. Further, residues
282 and 284 and the side chain of residue 286 of molecule
1 were excluded from the model due to this poor density. In
general, molecule 2 of the asymmetric unit exhibited stronger
electron density in both active and non-active site regions
of the protein. Moxalactam was built into the2|Fo| - |Fc|
and |Fo| - |Fc| difference density in both molecules in the
asymmetric unit and modeled in at full occupancy.

RESULTS

Thermal Denaturation of N152A Complexes.To investi-
gate how the side chain of Asn152 contributes to the
interaction of moxalactam and imipenem with AmpC, the
mutant enzyme N152A was thermally denatured alone and
in complex with moxalactam or imipenem. Compared to the
apo form of AmpC N152A, the moxalactam adduct was

destabilized by 1.2°C, equivalent to a decrease in stability
of 0.7 kcal/mol (Figure 3 and Table 1). This is significantly
lower than the 1.8 kcal/mol destabilization of WT AmpC
by moxalactam. The imipenem adduct was destabilized by
0.4 °C after incubation for 5 min, equivalent to a decrease
in stability of 0.2 kcal/mol (Figure 3 and Table 1). This,
too, is significantly lower than the 0.7 kcal/mol destabiliza-
tion of WT when complexed with imipenem. The strain
introduced by imipenem and moxalactam was thus relieved
in N152A by 0.44 and 1.10 kcal/mol, respectively, relative
to their interactions with the wild-type enzyme (Table 1).

Kinetic Analysis of AmpC N152A. The hydrolysis of the
â-lactam substrate cephalothin was monitored by UV-vis
spectroscopy (31, 33). Background rates of cephalothin
hydrolysis in buffer alone were also measured; these rates
were negligible compared to the rate of N152A-catalyzed
hydrolysis. Thekcat andKM values for AmpC N152A were
1.3 s-1 and 1600µM, respectively. Thekcat/KM value was
0.79 mM-1 s-1, 6300 times lower than that of WT AmpC,
consistent with previously reported values (24).

Crystal Structure of AmpC N152A in Complex with
Moxalactam. To understand structurally how the mutant
enzyme interacts with aâ-lactam bearing a 6(7)R substituent,
the X-ray crystal structure of moxalactam bound to N152A
was determined to a resolution of 1.83 Å (Table 2). The
electron density for the inhibitor was well-defined in both
molecules of the asymmetric unit, particularly in molecule

FIGURE 4: Stereoview of 2|Fo| - |Fc| electron density of the refined model of AmpC N152A in complex with moxalactam, contoured at
1σ. The active site region from molecule 2 of the asymmetric unit is shown here and in all subsequent figures, with moxalactam covalently
bound to Ser64. Carbon atoms are colored gray, oxygen atoms red, and nitrogen atoms blue. Ordered water molecules are depicted as
cyan-colored spheres. This figure was generated using SETOR (51).

FIGURE 5: Stereoview of the active site of AmpC N152A covalently bound to moxalactam. Atoms are colored as described in the legend
of Figure 4, except moxalactam carbon atoms are colored green. Dashed yellow lines represent hydrogen bond interactions. This figure was
generated using MidasPlus (52).

Destabilizing Inhibitors of AmpCâ-Lactamase Biochemistry, Vol. 40, No. 27, 20017995



2 (Figure 4). The quality of the final model was evaluated
with Procheck (37): 92.6% of the amino acid residues were
in the most favored regions of the Ramachandran plot, and
the remaining 7.4% were in additionally allowed regions,
excluding proline and glycine residues. The finalRcryst and
Rfree values of the refined structure were 16.8 and 20.6%,
respectively. There is little overall change in the structure
of the enzyme between the N152A-moxalactam adduct and
either the apo WT enzyme (17) or the WT-moxalactam
structure (19) (CR rmsd of 0.46 and 0.38 Å in monomer 2,
respectively). Even in the active site, the positions of most
key residues, such as Tyr150, Lys315, and Ala318, are highly
conserved, with the only significant difference being ob-
served in the side chain of Gln120, whose distal Nε moved
by 1.6 Å relative to its position in the WT-moxalactam
structure. We note that Gln120 is the most mobile of the
conserved active site residues that we have observed in the
approximately 20 AmpC structures that we have determined.
The â-lactam carbonyl oxygen is in an almost identical
location in the “electrophilic hole” (13, 17, 38), making polar
interactions with backbone nitrogens of Ser64 and Ala318,
just as in the WT-moxalactam adduct structure (19) (Figure
5). Interestingly, this is in contrast to the structure of the
class Aâ-lactamase TEM-1 in complex with imipenem, in
which the carbonyl oxygen is swung out of the electrophilic
hole (16, 39).

Despite only minor changes in the positions of the active
site residues, the position of moxalactam within the active
site changes significantly compared to the wild-type adduct
(Table 3 and Figures 5 and 7). Consistent with the underlying
hypothesis, the methoxy substituent of moxalactam found
at the 7R position of the inhibitor is easily accommodated
by the substituted Ala152 (Figure 6); there is no longer the
steric overlap with Asn152 as seen in the WT-moxalactam
structure (19). However, the absence of Asn152 has other
consequences; there is no longer a chemical moiety that can
interact with the carbonyl oxygen of the R1 amide group
(O10a) of moxalactam (see Table 3 for the numbering of
moxalactam atoms). As a result, this R1 carbonyl oxygen
rotates 120°, leading to a 2.9 Å displacement relative to the
WT complex with moxalactam (Figure 7). Instead of making
polar interactions with both Gln120 Nε and Asn152 Nδ as
it does in the WT complex, this carbonyl oxygen is only
observed to hydrogen bond with an ordered water molecule

in the active site. Concomitantly, the hydrogen bond between
the R1 amide nitrogen (N9) of moxalactam and the backbone
carbonyl oxygen of Ala318 is also disrupted in the N152A
complex. The “tethering” that Asn152 (Asn132) provided
to this carbonyl oxygen, and indeed to allâ-lactams whose
structures have been determined in complex with class C or
class Aâ-lactamases (13, 14, 19, 20, 38, 40), is apparently
lost as a result of the residue substitution, which disrupts
three hydrogen bonds between the ligand and the enzyme.

As a consequence of this rotation of the R1 side chain of
moxalactam, the oxacephem ring at the other end of the
molecule has moved significantly (as much as 3.7 Å for a
carboxylate oxygen), displacing the putative deacylating
water from the position that it occupies in substrate (19) and
transition-state analogue (18) complexes. The carboxylic acid

FIGURE 6: Stereoview of van der Waals radii of the 7R-methoxy group of moxalactam and Câ of Ala152 of AmpC N152A. Atoms are
colored as described in the legend of Figure 5. In contrast to the overlapping interaction seen in the wild-type form of AmpC in complex
with moxalactam (19), this mutant form of the enzyme shows no steric clash due to van der Waals overlap. This figure was generated using
MidasPlus (52).

Table 3: Key Noncovalent Interactions Observed in the Crystal
Structure of AmpC N152A in Complex with Moxalactam,
Compared to Interactions Observed in the WT Complex

interaction

distance (Å)a

in the N152A
complex

distance (Å)a,b

in the WT
complex

S64 Oγ-K67 Nú 2.8 2.7
K67 Nú-Wat475 2.8 -
S64 Oγ-Y150 OH 2.9 2.8
Y150 OH-K315 Nú 2.8 2.9
moxalactam O8-Wat475 2.8 -
moxalactam O4b-T316 Oγ 2.6 4.0
moxalactam O4b-Wat474 2.7 -
moxalactam O4c-Wat525/Wat402 2.4 2.7
moxalactam O4c-T316 Oγ 3.1 6.1
moxalactamâ-lactam O-A318 N 2.9 3.0
moxalactamâ-lactam O-A318 O 3.2 3.3
moxalactamâ-lactam O-S64 N 2.9 2.9
moxalactam O10a-Wat475 2.8 -
moxalactam O12a-moxalactam N9 2.6 4.0
moxalactam O12b-Wat657 2.7 -
moxalactam O12b-Wat741 3.0 -

a All distances are for molecule 2 of the asymmetric unit.b From
Patera et al. (19).
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of the oxacephem ring now occupies the position of the
deacylating water (Figure 7) and interacts with Thr316
(Figure 5), a residue that formerly hydrogen bonded with
this water (19). When the N152A-moxalactam complex is
superimposed on a transition-state analogue complex with
WT AmpC (20) (Figure 8), the ring nitrogen of the
oxacephem (N5) is placed 1.4 Å from the transition-state
analogue O2 hydroxyl. This oxygen represents the position
of the deacylating water in the tetrahedral transition state of
the deacylation step; the placement of the ring nitrogen thus
blocks the formation of the transition state (19).

Overall, the N152A substitution appears to relieve the
steric strain with the 7R-methoxy group of moxalactam.
However, it also sacrifices key orienting interactions with
the R1 amide group of the ligand, resulting in a large rotation
of the molecule into a conformation poorly suited to
deacylation.

DISCUSSION

Moxalactam and imipenem destabilize AmpC when they
form covalent adducts with the WT enzyme. Structural
studies suggest that these 6(7)R-substitutedâ-lactams make
unfavorable contacts with Asn152 and that these strained
contacts are responsible for the reduction in enzyme stability
and contribute to their ability to inhibit the enzyme. Such a
hypothesis goes against our traditional view of inhibition
involving complementary interactions and is an intriguing
method of inhibition. To test this hypothesis, we substituted

Asn152 with Ala in AmpC and measured the effects of
moxalactam and imipenem on the stability of the mutant
enzyme. The results of thermodynamic denaturation studies
presented here are consistent with this hypothesis. Without
Asn152, a significant portion of the strain introduced by the
inhibitors has been eliminated: 1.10 kcal/mol in the case of
moxalactam and 0.44 kcal/mol for imipenem (Table 1).
Furthermore, in the crystal structure of the N152A-moxa-
lactam complex, the unfavorable steric overlap between
Asn152 and the 7R-methoxy substituent of moxalactam,
observed in the WT-moxalactam complex, is eliminated
(Figure 6).

When the widespread use of these antibiotics is considered,
why have mutantâ-lactamases containing substitutions of
Asn152 not arisen in clinical isolates? It has long been known
that Asn152 is a key catalytic residue (24); thekcat/KM value
for N152A is reduced by more than 6300 times compared
to that of WT AmpC. AmpC therefore finds itself in a Catch-
22: although an unfavorable contact with Asn152 allows
â-lactams with bulky 6(7)R substituents to inhibit the
enzyme, AmpC cannot efficiently hydrolyzeâ-lactams
without this residue.

The crystal structure of the N152A-moxalactam complex
goes some way toward explaining this paradox. Without the
hydrogen bond between Asn152 Nε and the carbonyl oxygen
of moxalactam’s R1 side chain, the orientation of the R1

group changes dramatically in the N152A complex compared
to the WT complex with moxalactam and, indeed, from the

FIGURE 7: Stereoview of overlaid crystal structures of moxalactam in complex with WT AmpC (19) and with AmpC N152A. Atoms are
colored as described in the legend of Figure 5, except carbon atoms in the WT structure are colored orange. The putative deacylating water
(Wat402) in the WT structure is shown in magenta. The corresponding water (Wat525) in the N152A structure is shown in cyan. Dashed
yellow lines represent key hydrogen bonds in the WT-moxalactam structure that are lost in the mutant structure. This figure was generated
using MidasPlus (52).

FIGURE 8: Stereoview of overlaid crystal structures of moxalactam in complex with AmpC N152A and a deacylation transition-state analogue
(cephalothin acylglycine boronic acid) in complex with WT AmpC (20). Atoms are colored as described in the legend of Figure 5, except
carbon atoms in the transition-state analogue structure are colored cyan, sulfur atoms yellow, and boron atoms purple. As shown by the
dotted line, the oxacephem nitrogen of moxalactam is 1.4 Å from the O2 hydroxyl oxygen of the transition-state analogue, which represents
the deacylating water. This figure was generated using MidasPlus (52).
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orientation adopted in a substrate complex (19) (Figure 7).
This rotation of the R1 group of moxalactam in turn shifts
the oxacephem ring at the other end of the molecule (2.9
and 3.7 Å for each carboxylate oxygen, respectively), as
though by a lever arm. Just as important, the ring nitrogen
of the oxacephem is still only 1.4 Å away from where the
tetrahedral, high-energy intermediate would form during the
deacylation step of the hydrolysis reaction, as modeled by a
boronic acid transition-state analogue (20). This would
effectively prevent the formation of the transition state
(Figure 8). This same inhibitory interaction was seen in the
WT complex with moxalactam and contrasts with what was
observed in the loracarbef substrate complex, where the
analogous ring nitrogen was positioned tostabilize the
formation of the high-energy tetrahedral intermediate (19).
The rotation of the R1 group also displaces the putative
deacylating water, as an oxacephem carboxylate oxygen is
now a mere 1.0 Å from the location of the deacylating water
seen in the WT-moxalactam adduct. Thus, although Asn152
presents a steric barrier to 6(7)R substituents ofâ-lactams,
the residue cannot be eliminated without doing substantial
harm to the catalytic efficiency of class Câ-lactamases.

Could a compromise between these conflicting demands
emerge in the clinic? Perhaps, but our results suggest that
simple point mutations in the active site are unlikely to be
sufficient. In fact, imipenemases such as NMC-A (8) and
IMI-1 (41) (both class Aâ-lactamases) have been found in
clinical isolates ofEnterobacter cloacae(42). The X-ray
structure of NMC-A resembles that of TEM-1, but Asn132
(the residue analogous to Asn152 in AmpC) is shifted by
1.0 Å. It is interesting that this movement does not occur as
a result of local changes in the active site, but rather is due
to large-scale changes in structure throughout the enzyme.
Although NMC-A and IMI-1 are 95% identical (41),
comparison with other class Aâ-lactamases such as the SHV
and TEM enzymes shows a level of sequence homology of
only 40% with these more commonly encountered enzymes
(6). Another chromosomal class Aâ-lactamase, SME-1, has
emerged inSerratia marcescensisolates (43), showing
carbapenemase activity, including resistance to imipenem
(44, 45). As with NMC-A, SME-1 also shows significant
movement of Asn132 from what is typically seen in class A
â-lactamases, a result of modifications in the enzyme far
from the active site, including the introduction of a new
disulfide bridge (46).

An artificial moxalactamase has been selected for using
in vitro evolution by DNA shuffling of AmpC genes from
four different species of bacterial pathogens. Here, too, the
ability to hydrolyze moxalactam arose not through substitu-
tion of Asn152 but rather through swapping entire domains
and stretches of amino acids, presumably allowing for the
sort of active site reorganization seen in NMC-A (47).

A paradoxical feature of both imipenem and moxalactam
is that these inhibitors are not highly complementary to their
target enzymes, as would be expected of good noncovalent
inhibitors; rather, they trap serineâ-lactamases in a covalent
adduct in which there are unfavorable contacts. These
unfavorable contacts lead to a catalytically incompetent
conformation of theâ-lactam in the site, blocking deacylation
(19). In this respect, moxalactam and imipenem resemble
serpins, which also inhibit by distortion, albeit on a much
larger scale. Like serpins, imipenem and moxalactam are

spring-loaded for inhibition; the energy in this case is stored
in the strainedâ-lactam bond itself. A lesson from moxa-
lactam and imipenem is that better inhibitors may be designed
not necessarily by optimizing complementary interactions
but rather by engineering unfavorable, distorting contacts
with key catalytic residueswithin the coValent adduct.
Perversely, this mechanism of inhibition appears to leave
these inhibitors less susceptible to the sort of point substitu-
tions that have arisen in serineâ-lactamases in response to
other “â-lactamase resistant”â-lactams, such as clavulanate
or the third-generation cephalosporins (48, 49). Designing
unfavorable interactions within scaffolds that form covalent
adducts may be easier than designing favorable interactions,
andâ-lactams of this family (50) may merit further study.
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