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ABSTRACT. f3-Lactamases hydrolyzg-lactam antibiotics, including penicillins and cephalosporins; these
enzymes are the most widespread resistance mechanism to these drugs and pose a growing threat to
public health8-Lactams that contain a bulky 6¢r substituent, such as imipenem and moxalactam, actually
inhibit serinef-lactamases and are widely used for this reason. Although mutant getaatamases

have arisen that hydrolyzg&lactamase resistaptlactams (e.g., ceftazidime) or avoid mechanism-based
inhibitors (e.g., clavulanate), mutant serffactamases have not yet arisen in the clinic with imipenemase
or moxalactamase activity. Structural and thermodynamic studies suggest that the@{g)ituents of
these inhibitors form destabilizing contacts within the covalent adduct with the conserved Asnl152 in
class Cp-lactamases (Asn132 in class/Alactamases). This unfavorable interaction may be crucial to
inhibition. To test this destabilization hypothesis, we replaced Asn152 with Ala in the cl|adadtamase
AmpC from Escherichia coliand examined the mutant enzyme’s thermodynamic stability in complex
with imipenem and moxalactam. Consistent with the hypothesis, the Asrl1Ala 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
A. Moxalactam in the mutant complex is significantly displaced from its orientation in the wild-type
complex; however, moxalactam dasst adopt an orientation that would restore competence for hydrolysis.
Although Asn152 forceg-lactams with 6(7) substituents out of a catalytically competent configuration,
making them inhibitors, the residue is essential for orienfidgctam substrates and cannot simply be
replaced with a much smaller residue to restore catalytic activity. Desigriactam inhibitors that interact
unfavorably with this conserved residue when in the covalent adduct merits further investigation.

fB-Lactamase expression is the most prevalent mechanism ¢
of bacterial resistance to thelactam family of antibiotics, Rw)j\HN
which includes the penicillins and cephalosporitis Their
occurrence in many bacterial pathogens poses a threat to ZN Ry
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Imipenem Moxalactam substituents, we have made the mutant AmpC NZ52#d
determined the effect of moxalactam and imipenem on its
6a R, sidechain stability. If the destabilizing effects of moxalactam and
\Ec“)H\ HO 0 |\\7a imipenem are a result of van der Waals violations with
H H 0 Asn152, as we hypothesize, the Asn152Ala substitution

i p S/\/N\7NH HN
N
0" "OHg WT complexes. To explore why this substitution has not
arisen in nature, we have investigated the effect of this
FiGURre 2: Structures of th@g-lactamase inhibitors imipenem and substitution Qn the catalytic efficiency of t.he enzyme apd
moxalactam. have determined the structure of N152A in complex with
moxalactam by X-ray crystallography.
reaction and restoring the free enzyme. Seemingly subtle
differences in the structures gklactams can convert an MATERIALS AND METHODS

excellent substrate into a molecule whose deacylation is SO gpzyme preparatianThe mutant AmpC N152A was
slow that it effectively acts as an inhibitor. Such inhibitors, prepared from the wild-type ampC gene in the plasmid

gr ;ﬁ]'é?crt;";]asfesri‘c{:;?nbyzl'é?grtgm;’( rreet:é?nthigﬁﬁ‘gig?y pOGO295 using the overlap extension polymerase chain
9 y | | P hg . h reaction £6). This plasmid confers tetracycline resistance
mases. Recently, several ngwactamases have arisen that - 5 contains a temperature-sensitive repressor that controls

hydrolyze these inhibitorj-lactams 6—8), raising renewed  yho eypression of the ampC gene. Following mutagenesis,
fears of f-lactam resistance. Both the mechanisms of e mant plasmid was transformed back iE&echerichia
inhibition of, and the origins of resistance fblactams have .4 3109 cells for expression.
been intensely studled)(—ZO_). . Expression of AmpC N152A was performed as described
With new patterns of resistance emerging, drugs such as reviously (7), with slight modificationsA 2 L fermenter
imipenem and moxalactam are widely used because they\I{,)vas charged wht 2 L of 2xYT broth (Fisher, Fair Lawn
have retained their ability to inhibit or resist most serine NJ), 2 mL of 10 mg/mL tetracycline hydroch]oride and ’25
f-lactamases. In these molecules_, a relatively bulky group mL,of an overnight culture o&. coli IM109 cells ,trans-
has replaced the proton that typically occupies the &(7) formed with the mutant plasmid. The culture was grown at

ptosmton on ft_he_ﬂ-lactamb r|n% tel)th(FIQIUfe i)a tCrystaI 37°C, with 400 rpm agitation and 2 L/min of air flow, until
structures of imipenem bound to the clasgfAactamase the ODyoo reached 0.30.5. At this time, the temperature of

TI?M:{l (16) z;nd gf moxalactzin:h btogn:jk t06 the class C the culture was increased to 40’8, and the culture was
p-lactamase AmpC1Q) suggest that bulky 6(@) groups left under these conditions for 84 h. After this time, the

make unfavorable contacts with the conserved Asnl152 in air flow was reduced to 1 L/min for-24 h. Following this,

AmpC (Asn132 in TEM-1). Thesg close contact_s forqe the the mutant enzyme was isolated and purified as described
inhibitors to adopt unusual, strained conformations in the -
. . . previously (L9).
active site that do not allow for hydrolytic attack of the aeyl CD MeasurementsThermal denaturation experiments
enzyme complex. Consistent with this view, both imipenem . . XP :
were carried out in a Jasco J-715 spectropolarimeter with a

32%32;2?%? ?hcéu2'2;3%2%:};}2?%223;%? elegﬁvzlsent Jasco PTC-348WI Peltier-effect temperature control device

cloxacillin and aztreonam Wh,iCh lack bulky 67substit- a?d in-cell stirring. N152r,]6\ Waﬁ’ den(?;;;;ed in buffer composed
- X ; o of 50 mM potassium phosphate 00 mM potassium

uents, stabilize AmpC2@Q). This destabilization reflects chloride (KCI), and 38% (v/v) ethylene glycol, at pH 6.8, as

unfavorable noncovalent interactions within the covalent . . .
imipenem and moxalactam adducts and may be largely duedescrlbed prewouslﬂ@).'Th.e far-UV region at 223 or 232.
nm was used for monitoring secondary structure motifs

to high-energy contacts with the conserved Asn152 (Asn132) (although the 232 nm wavelength monitors the edge of the

that are observed crystallographically. . . o

If unfavorable inteyractior?s \F/)vith A)s/n152 are crucial to helical CD signal, it Is less affected by ab;orbance from
pB-lactamase inhibition by moxalactam and imipenem, it is ﬂ-lacta_ms; the two wavelengths return equivalent thermo-
reasonable to wonder wiflactamases such as AmpC and dynamic results). Thermalimelts were performgd at temper-
TEM-1 have not simply evolved site substitutions that replace 2:;{: trrgrr?sri)ti?r:ens;ggezl V};é r;uné r’?‘olrﬁesgzq%ﬁ;eé)?;ﬁ g:)?wtvv::é
Asnl152 (Asn132)Z3), relieving the strain introduced by the program 27) to calculate'll? and AH yfor the thermal
i ihi H m VH
inhibitors and thereby allowing them to be hydrolyzed. Of denaturations. ThAC, was set to 6.0 kcal mot K. Prior

the more than 90 clinically isolated mutants of TEM-1, not work (22) has demonstrated that AmpC denaturation is

one has involved a substitution of Asn132, nor have any consistent with a two-state, reversible model, and our results
shown activity against imipenem or moxalactam. This might : . '
here are also consistent with such a model.

suggest either that Asn132 (Asn152) is not, in fact, involved _ . .

in destabilizing interactions with moxalactam and imipenem Denaturation of A alone was carried out by adding
or that this residue is functionally important and cannot be 6 ulL of the enzyme solutlo.n (6.9 mg/mL) to 325 mL of the
replaced. The latter explanation would be consistent with Puffer solution. Denaturation experiments with enzyme
mutagenesis studies in Amp@4) that suggest that substitu-

tions to Asn152 dramatically reduce the activity of the  *Abbreviations: WT, wild-type; N152A, mutant form of AmpC
enzyme 25) (alanine substituted for asparagine 15P); temperature of melting;
. a . . e AC,, change in heat capacity at constant presskigg;catalytic rate
To investigate the importance of Asn152 in destabilization constantiy, Michaelis-Menten constantAHyy, van't Hoff enthalpy:

and inhibition of AmpC byf-lactams containing 6(@) AAG,, change in Gibbs free energy of unfolding.

OH

o
J\/ / should result in complexes that are stabilized relative to the
N~ S N,
J\ \"}r a
° o“H N
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Table 1: Thermodynamic Denaturation Data for WT and N152A a
Apo AmpC in Complex with Moxalactam and Imipenem
AHyn AAGy
Tm (°C) (kcal/mol) ATn, (°C) (kcal/mol) :
WT apd 54.6+0.2 182+ 9 - - ¥ . 3
WT and imipenerh 53.4+0.1 1566 —-1.2+0.2 —0.7+0.1 g B
WT and moxalactain  51.4+0.1 200+15 —3.2+0.2 —1.8+0.1 g -
N152A apo 52.0: 0.2 184+12  — - gos f
N152A and imipenem 51.60.2 1577 —0.4+0.3 —0.2+0.2 Ny
N152A and moxalactam 50:8 0.3 209+ 20 —1.24+ 0.4 —0.740.2 0z b T
2 From Beadle et al.22). 0 :
oz - . I L L I N R B |
Table 2: Data Collection and Refinement Statistics 35 40 45 50 55 60 L
Temperature (°C)
space group c2
unit cell dimension a=117.66 A 12 -
b=77.27A E o b
c=097.68A
S =116.76
no. of complexes per asymmetric unit 2 -
resolution (A) 1.83 3 N
no. of observed reflections 274720 2% r 5
no. of unique reflections 68795 5 e
completeness (%) 99.8 (99.9) g4 r “h
Rinerge(%)? 5.1 (40.9) N
Mo, O 22.08 0z )
no. of working reflections 57575 L
resolution range for refinement (&) 20.0-1.83 (1.871.83) or
no. of protein residues 714 _ L L . S L
no. of protein atoms in the final model 5580 2 w0 e " . " o
no. of non-hydrogen ligand atoms 58 Temperature (°C)
png.sgff\év? é%rnrg?é(ra](;l#gs(ﬁ\) 8%4139 FiIGURE 3: Reversible, apparently two-state thermal denaturation
rmsd for bond angles (deg) 1.72 curves of (a) AmpC WT and (b) AmpC N152A. Black squares
Reryst (%) 16.8 represent the apoenzyme, red diamonds the enzyme in complex
Rree (%)° 20.6 with imipenem, and blue triangles the enzyme in complex with
averageB-factor (A?) moxalactam. Data points represent a pairwise moving average
protein 28.73 between adjacent measurements.
protein (monomer 2) 27.85
ligand 40.62 Crystal Growth.N152A crystals were grown by vapor
Islgﬂ/nedm(monomer 2) 3%55%4 diffusion in hanging drops over a solution of 1.7 M Kd

pH 8.7 and 23°C, after microseeding with the wild-type
*Values bin parentheses are for the highest-resolution shell used inenzyme. A 6uL drop of N152A at an initial concentration
reflnemenz. Riee Was calculated with 3% of the reflections set aside of 98 uM in 1 M KP; (pH 8.7) was placed on a cover slip.
randomly.c Values cited were calculated for both molecules in the ! .
asymmetric unit. To this drop was added AL of the seed solution (0.2 mm
crystal crushed in 44.L of 1.7 M KP;, at pH 8.7). Serial
ligand complexes were carried out by preincubating N152A dilution transfers of uL each were then carried out across
with ligand (72-fold excess). For moxalactam (Sigma, St. five more hanging drops (each containingl6of the N152A
Louis, MO), a maximumAT,, was reached within 45 min  solution). Crystals appeared ir-3 days.
and sustained for at least 20 h. For imipenem (Merck, After retrieval, N152A crystals were soaked in excess
Whitehouse Station, NJ), th&T,, measured immediately  (approximately 50 mM) moxalactam solution in crystallizing
following incubation is reported here. Following incubation, buffer for 1.5 h. Before being flash-frozen in liquid nitrogen,
20 uL of the enzyme-ligand solution was added to 3.5 mL  crystals were cryoprotected in a solution containing 20%
of pre-equilibrated buffer solution, and denaturation was sucrose, 1.7 M KR and 50 mM moxalactam, at pH 8.7.
performed as with the enzyme alone. Each denaturation Data Collection and Processing-ray diffraction data
experiment was performed at least in triplica#\ G, values were collected at DND-CAT beamline 5IDB at the Advanced
were computed from\T,, measurements using the method Photon Source at Argonne National Laboratory (Argonne,
of Schellman 29), as described previous|22). IL) at 100 K using a 162 mm Mar CCD detector. The
Kinetic AssaysThe activity of N152A was assayed by its  reflections were indexed, integrated, and scaled using the
hydrolysis of the characteristizlactam substrate cephalothin  HKL software suite 84) (Table 2). AmpC crystallizes in
(Sigma) B0—32). The reaction buffer used in these experi- the C2 space group, with two AmpC molecules in the
ments was 50 mM KPand 50 mM KCI, at pH 7.033). asymmetric unit, each containing 358 amino acid residues.
The k.o: and Ky values for N152A were determined at an Three percent of the reflections, chosen at random, were set
enzyme concentration of @MVl; the initial concentration of  aside as the test set. The initial model was built by molecular
cephalothin ranged from 200 to 200M1. The reactions were  replacement using an Amp&boronic acid complexed
performed in 0.1 cm path length quartz cells (Hellma Cells, structure 18), with inhibitor and solvent atoms removed and
Jamaica, NY) and were monitored at a wavelength of 265 Asn152 replaced with Ala. After the phases were calculated,
nm. the model was subjected to rigid body, simulated annealing,
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Ficure 4: Stereoview of &, — |F| electron density of the refined model of AmpC N152A in complex with moxalactam, contoured at

1o. 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 SEBOR (

N152A N152A

a120 Qilzo
KE7 K67
A ¥ S Y150

Y150
! Se4 lse4 W
ooowe=d ’ \\4\ P !
. l\( ¢ Tae . l\.{ ¢ T316
A318 A318

Ficure 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 MidasPIus2).

positional minimization, and individud-factor refinement destabilized by 1.2C, equivalent to a decrease in stability
using the CNS software packag®5). The maximum of 0.7 kcal/mol (Figure 3 and Table 1). This is significantly
likelihood target was used during refinement, including a lower than the 1.8 kcal/mol destabilization of WT AmpC
bulk solvent correction and asZutoff. Sigma-A weighted by moxalactam. The imipenem adduct was destabilized by
electron density maps were generated in CNS. Manual model0.4 °C after incubation for 5 min, equivalent to a decrease
building was performed using G§), alternating with rounds  in stability of 0.2 kcal/mol (Figure 3 and Table 1). This,
of positional and individuaB-factor refinementin CNS. The  too, is significantly lower than the 0.7 kcal/mol destabiliza-
stereochemical quality of the model was monitored periodi- tion of WT when complexed with imipenem. The strain
cally with the program Procheci87). introduced by imipenem and moxalactam was thus relieved
Poor electron density was noted for residues-2201 in in N152A by 0.44 and 1.10 kcal/mol, respectively, relative
molecule 1 of the asymmetric unit, and several residues wereto their interactions with the wild-type enzyme (Table 1).
modeled at half-occupancy to reflect this. Further, residues  Kinetic Analysis of AmpC N152Ahe hydrolysis of the
282 and 284 and the side chain of residue 286 of mOIeCU|Eﬂ-|actam substrate Cepha|0thin was monitored by—ms
1 were excluded from the model due to this poor density. In spectroscopy 31, 33). Background rates of cephalothin
general, molecule 2 of the asymmetric unit exhibited stronger hydrolysis in buffer alone were also measured; these rates
electron density in both active and non-active site regions yere negligible compared to the rate of N152A-catalyzed

of the protein. Moxalactam was built into tt2F,| — |F| hydrolysis. Thek.s: andKy values for AmpC N152A were
and|F,| — |F¢| difference density in both molecules inthe 13 <1 gnd 1600uM, respectively. Theke{Ky value was
asymmetric unit and modeled in at full occupancy. 0.79 mM ! 71, 6300 times lower than that of WT AmpC,

consistent with previously reported valuesly.

Crystal Structure of AmpC N152A in Complex with

Thermal Denaturation of N152A Complex@®. investi- Moxalactam To understand structurally how the mutant
gate how the side chain of Asn152 contributes to the enzyme interacts with @-lactam bearing a 6(@)substituent,

interaction of moxalactam and imipenem with AmpC, the the X-ray crystal structure of moxalactam bound to N152A

mutant enzyme N152A was thermally denatured alone andwas determined to a resolution of 1.83 A (Table 2). The

in complex with moxalactam or imipenem. Compared to the electron density for the inhibitor was well-defined in both

apo form of AmpC N152A, the moxalactam adduct was molecules of the asymmetric unit, particularly in molecule

RESULTS
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FiGURE 6: Stereoview of van der Waals radii of the-fnethoxy group of moxalactam ang@f Alal52 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).

2 (Figure 4). The quality of the final model was evaluated Table 3: Key Noncovalent Interactions Observed in the Crystal
with Procheck 87): 92.6% of the amino acid residues were ~Structure of AmpC N152A in Complex with Moxalactam,
in the most favored regions of the Ramachandran plot, and Compared to Interactions Observed in the WT Complex

the remaining 7.4% were in additionally allowed regions, OH. R, sidechain

excluding proline and glycine residues. The fifal,s; and g=

Riee Values of the refined structure were 16.8 and 20.6%, " N
respectively. There is little overall change in the structure [, N 90‘ /i oH
of the enzyme between the N152Moxalactam adduct and & OH gl/l{ﬁ e
either the apo WT enzymel () or the WT—moxalactam 0=y &0
structure 19) (C, rmsd of 0.46 and 0.38 A in monomer 2, Ser

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-

distance (A3 distance (A3®
inthe N152A  inthe WT

g . ! | interaction complex complex
served in the side chain of GIn120, whose distalmbved 564 O)—K67 NC 28 27
by 1.6 A relative to its position in the WAmoxalactam K67 NE—Watd75 58 =
structure. We note that GIn120 is the most mobile of the s64 g/—Y150 OH 2.9 2.8
conserved active site residues that we have observed in theY150 OH-K315 N 2.8 2.9
approximately 20 AmpC structures that we have determined. mgiglgggm 83},1;/\%% Eéy 2268 40
The ﬁ-la_ctam carbonyl oxygen is in an almo_st identical | oxalactam O4bWata74 27 _
location in the “electrophilic hole3, 17, 38), making polar moxalactam O4eWat525/Wat402 2.4 2.7
interactions with backbone nitrogens of Ser64 and Ala318, moxalactam O4eT316 Oy 3.1 6.1
just as in the WTFmoxalactam adduct structurgd (Figure mgig:zggn"gz:ggtgm gﬁgig g gg 53’3
5). Interestingly, this is in cpntrast to the_ st_ruc_:ture of t_he moxalactang-lactam O-S64 N 59 59
class Ap-lactamase TEM-1 in complex with imipenem, in moxalactam O10aWat475 28 _
which the carbonyl oxygen is swung out of the electrophilic moxalactam O12amoxalactam N9 2.6 4.0
hole (16, 39). moxalactam O12bWat657 2.7 -

’ moxalactam O12bWat741 3.0 -

Despite only minor changes in the positions of the active
site residues, the position of moxalactam within the active p
site changes significantly compared to the wild-type adduct
(Table 3 and Figures 5 and 7). Consistent with the underlying in the active site. Concomitantly, the hydrogen bond between
hypothesis, the methoxy substituent of moxalactam found the R amide nitrogen (N9) of moxalactam and the backbone
at the @ position of the inhibitor is easily accommodated carbonyl oxygen of Ala318 is also disrupted in the N152A
by the substituted Alal52 (Figure 6); there is no longer the complex. The “tethering” that Asn152 (Asn132) provided
steric overlap with Asn152 as seen in the Woxalactam to this carbonyl oxygen, and indeed to gHlactams whose
structure 19). However, the absence of Asn152 has other structures have been determined in complex with class C or
consequences; there is no longer a chemical moiety that carclass AfS-lactamasesi@, 14, 19, 20, 38, 40), is apparently
interact with the carbonyl oxygen of the; Rmide group lost as a result of the residue substitution, which disrupts
(O10a) of moxalactam (see Table 3 for the numbering of three hydrogen bonds between the ligand and the enzyme.
moxalactam atoms). As a result, this Barbonyl oxygen As a consequence of this rotation of the $tde chain of
rotates 126, leading to a 2.9 A displacement relative to the moxalactam, the oxacephem ring at the other end of the
WT complex with moxalactam (Figure 7). Instead of making molecule has moved significantly (as much as 3.7 A for a
polar interactions with both GIn120eNand Asn152 N as carboxylate oxygen), displacing the putative deacylating
it does in the WT complex, this carbonyl oxygen is only water from the position that it occupies in substrai® @nd
observed to hydrogen bond with an ordered water moleculetransition-state analogu&8) complexes. The carboxylic acid

a All distances are for molecule 2 of the asymmetric uhfrom
atera et al.19).
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Y150

Qizo

Wat525 @ Wal52E &

Ficure 7: Stereoview of overlaid crystal structures of moxalactam in complex with WT AniCand 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-WiToxalactam structure that are lost in the mutant structure. This figure was generated

using MidasPlusg2).
N152A 2 N152A z

564
K315 U K315

A318 A318

Ficure 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 AmpZD). 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 A from the O2 hydroxyl oxygen of the transition-state analogue, which represents
the deacylating water. This figure was generated using MidasBR)s (

of the oxacephem ring now occupies the position of the Asn152 with Ala in AmpC and measured the effects of
deacylating water (Figure 7) and interacts with Thr316 moxalactam and imipenem on the stability of the mutant
(Figure 5), a residue that formerly hydrogen bonded with enzyme. The results of thermodynamic denaturation studies
this water (9). When the N152A-moxalactam complex is  presented here are consistent with this hypothesis. Without
superimposed on a transition-state analogue complex withAsn152, a significant portion of the strain introduced by the
WT AmpC ((0) (Figure 8), the ring nitrogen of the inhibitors has been eliminated: 1.10 kcal/mol in the case of
oxacephem (N5) is placed 1.4 A from the transition-state moxalactam and 0.44 kcal/mol for imipenem (Table 1).
analogue O2 hydroxyl. This oxygen represents the position Furthermore, in the crystal structure of the N152#oxa-

of the deacylating water in the tetrahedral transition state of lactam complex, the unfavorable steric overlap between
the deacylation step; the placement of the ring nitrogen thusAsn152 and the &@-methoxy substituent of moxalactam,

blocks the formation of the transition statE9). observed in the W¥moxalactam complex, is eliminated
Overall, the N152A substitution appears to relieve the (Figure 6).
steric strain with the @-methoxy group of moxalactam. When the widespread use of these antibiotics is considered,

However, it also sacrifices key orienting interactions with why have mutanf-lactamases containing substitutions of
the R amide group of the ligand, resulting in a large rotation Asn152 not arisen in clinical isolates? It has long been known
of the r_noIecuIe into a conformation poorly suited to that Asn152 is a key catalytic residu; thek.o/Ky value
deacylation. for N152A is reduced by more than 6300 times compared
to that of WT AmpC. AmpC therefore finds itself in a Catch-
DISCUSSION 22: although an unfavorable contact with Asn152 allows
Moxalactam and imipenem destabilize AmpC when they S-lactams with bulky 6(7 substituents to inhibit the
form covalent adducts with the WT enzyme. Structural enzyme, AmpC cannot efficiently hydrolyzg-lactams
studies suggest that these @&@ubstitutegs-lactams make ~ Without this residue.
unfavorable contacts with Asn152 and that these strained The crystal structure of the N152Anoxalactam complex
contacts are responsible for the reduction in enzyme stability goes some way toward explaining this paradox. Without the
and contribute to their ability to inhibit the enzyme. Such a hydrogen bond between Asn152 Bind the carbonyl oxygen
hypothesis goes against our traditional view of inhibition of moxalactam’s R side chain, the orientation of the;R
involving complementary interactions and is an intriguing group changes dramatically in the N152A complex compared
method of inhibition. To test this hypothesis, we substituted to the WT complex with moxalactam and, indeed, from the



7998 Biochemistry, Vol. 40, No. 27, 2001 Trehan et al.

orientation adopted in a substrate compl&®) ((Figure 7). spring-loaded for inhibition; the energy in this case is stored
This rotation of the Rgroup of moxalactam in turn shifts in the strained3-lactam bond itself. A lesson from moxa-
the oxacephem ring at the other end of the molecule (2.9 lactam and imipenem is that better inhibitors may be designed
and 3.7 A for each carboxylate oxygen, respectively), as not necessarily by optimizing complementary interactions
though by a lever arm. Just as important, the ring nitrogen but rather by engineering unfavorable, distorting contacts
of the oxacephem is still only 1.4 A away from where the with key catalytic residueswithin the caalent adduct
tetrahedral, high-energy intermediate would form during the Perversely, this mechanism of inhibition appears to leave
deacylation step of the hydrolysis reaction, as modeled by athese inhibitors less susceptible to the sort of point substitu-
boronic acid transition-state analogu20). This would tions that have arisen in serifielactamases in response to
effectively prevent the formation of the transition state other ‘f-lactamase resistang-lactams, such as clavulanate
(Figure 8). This same inhibitory interaction was seen in the or the third-generation cephalosporir,(49). Designing

WT complex with moxalactam and contrasts with what was unfavorable interactions within scaffolds that form covalent
observed in the loracarbef substrate complex, where theadducts may be easier than designing favorable interactions,
analogous ring nitrogen was positioned stabilize the and -lactams of this family §0) may merit further study.

formation of the high-energy tetrahedral intermediét®).(

The rotation of the Rgroup also displaces the putatve ACKNOWLEDGMENT
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