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ABSTRACT. Third-generation cephalosporins are widely uSddctam antibiotics that resist hydrolysis by
p-lactamases. Recently, mutghtactamases that rapidly inactivate these drugs have emerged. To investigate
why third-generation cephalosporins are relatively stable to wild-type clg@sa@amases and how mutant
enzymes might overcome this, the structures of the clggdactamase AmpC in complex with the third-
generation cephalosporin ceftazidime and with a transition-state analogue of ceftazidime were determined
by X-ray crystallography to 2.0 and 2.3 A resolution, respectively. Comparison of the acyl-enzyme structures
of ceftazidime and loracarbef, f&lactam substrate, reveals that the conformation of ceftazidime in the
active site differs from that of substrates. Comparison of the structures of the acyl-enzyme intermediate
and the transition-state analogue suggests that ceftazidime blocks formation of the tetrahedral transition
state, explaining why it is an inhibitor of AmpC. Ceftazidime cannot adopt a conformation competent for
catalysis due to steric clashes that would occur with conserved residues Val211 and Tyr221. The X-ray
crystal structure of the mutaptlactamase GC1, which has improved activity against third-generation
cephalosporins, suggests that a tandem tripeptide insertion if tle®p, which contains Val211, has
caused a shift of this residue and also of Tyr221 that would allow ceftazidime and other third-generation
cephalosporins to adopt a more catalytically competent conformation. These structural differences may
explain the extended spectrum activity of GC1 against this class of cephalosporins. In addition, the
complexed structure of the transition-state analogue inhibikp2Q nM) with AmpC reveals potential
opportunities for further inhibitor design.

Third-generation cephalosporins, such as ceftazidime, arecontains a tandem tripeptide insertion in f2doop region
widely used as antibiotics, especially against nosocomial that confers extended substrate activity against most third-
bacterial infections. The popularity of thegelactams is generation cephalosporins, which have traditionally been
partly explained by their stability tg-lactamase enzymes, resistant to hydrolysis bf-lactamases?). The apo structure
which are the most widespread resistance mechanism againsthows that this insertion increases the flexibility of Qe
the B-lactam family of antibiotics. Unfortunately, mutant loop and widens the binding site by as much as 1.84 (
p-lactamases have arisen that can rapidly hydrolyze theseln the structure of the GC1/inhibitor complex, an active site
drugs, threatening their utility. The bases of the stability of tyrosine, corresponding to residue 221, is displaced by 6 A,
these drugs to most wild-type serifidactamases, and how  opening the active site even furthé).(It was proposed that
mutant enzymes overcome this stability, have been intenselythese changes might allow the entry of larger substituents
studied (—9). into the active site, enable the acyl-enzyme intermediate to

Knox and colleagues have recently determined the X-ray be better positioned for attack by the deacylating water
crystal structures of one of these clinically isolated mutant molecule, or allow for easier departure of the hydrolyzed
enzymes, a class B-lactamase GC1 fronEnterobacter product 6). However, it was not clear from the crystal
cloacag both in the apo form@) and in complex with a  structures how these changes actually increase hydrolysis of
novel mechanism-based inhibito®)( GC1 p-lactamase  third-generation cephalosporins, since a structure of GC1,
or indeed anyp-lactamase, in complex with one of these
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A R zolylacetyllamino]lmethane boronate (compoudrigure
s o 1D) was synthesized as follows. Isobutyl chloroformate (233
HZN/QNJ\(LHN . uL, 1.8 mmol) was added to a solution df){2-aminoe-
I @ methoxyimino-4-thiazoleacetic acid (366 mg, 1.8 mmol) in
o LN anhydrous dimethylformamide (2 mL) at10 °C and
/%CZO_ oo allowed to react under inert atmosphere; after 10 min,
anhydrous triethylamine (256, 1.8 mmol) was added and
B R1 allowed to react for 2 h. Thereafter, a solution of pinacol
s o bis(trimethylsilyl)Jaminomethane boronate (602 mg, 2 mmol)
H2~/<\ \ in anhydrous tetrahydrofuran (2 mL), previously treated with
| N”W anhydrous methanol (2 mmol), was added at the same
o N temperature. After 20 min, the temperature was raised to
/Eggo_ oH room temperature, and the mixture was allowed to react for

16 h. The white precipitate (ammonium chloride) was
centrifuged, and the solvent was evaporated under reduced
c _w pressure. The residue was crystallized from Cchexane
HZN/<\ | i to give the desired product as a white crystalline solid (32%,
[ s mp 107-110°C dec).*H NMR (CDCl): ¢ 1.32 (12H, s,
"o A o CH3), 1.72 (2H, br, NHy), 3.01 (2H, d,J = 4.6 Hz, (H,-
T o e NH), 4.06 (3H, s, OEls), 6.22 (1H, br, NH), 7.06 (1H, s,
coon ° ar). 13C NMR (CDCk): ¢ 25.2, 63.5, 84.7, 113.0, 143.9,
149.8, 163.4, 168.2. MSm/z 340 (M"), 325, 309, 282, 251,
s o 209, 208, 183, 166, 141, 126 (base peak), 125, 98, 83, 59,
| 55.
N o™ Crystal Growth and Structure DeterminatiohmpC from
N E. coliwas expressed, purified to homogeneity, and crystal-
| w0’ ou lized in 1.7 M potassium phosphate (pH 8.7), as described
(11). Native AmpC crystals were harvested using nylon
E R1 loops, placed in a gL drop of 50 mM ceftazidime and 1.7

9 M potassium phosphate (pH 8.7) solution, and soaked for
" 30 min to obtain the acyl-enzyme complex of ceftazidime

" with AmpC. Ceftazidime was a gift from JesBlazquez.
SN Cocrystals of AmpCI were grown by vapor diffusion in
doom hanging drops equilibrated over 1.7 M potassium phosphate

Ficure 1: Chemical structures off-lactamase ligands: (A) buffer (pH 8.7) using microseeding techniques. The initial

ceftazidime, a third-generation cephalosporin; (B) compaljnal concentration of protein in the drop was 2§, and the
boronic acid inhibitor bearing the R1 side chain from ceftazidime concentration of the inhibitor was 58@M. The inhibitor

(10); (C) cefotaxime, a third-generation cephalosporin; (D) com- was added to the crystallization drop in a 2% dimethyl
pound2, a boronic acid inhibitor bearing the R1 side chain from g |foxide (DMSO) and 1.7 M potassium phosphate buffer
cefotaxime; (E) loracarbef, flactam substrate. (pH 8.7) solution. Crystals appeared withirnr3 days after

found that compound. is a potent inhibitor of AmpCK; equilibration at 23°C.

20 nM) that reverses resistance in cell cultut)( making Data were measured on beam line 7-1 at the Stanford
the structure of the Amp@/complex also interesting from  synchrotron Radiation Laboratory at 100 K using a Mar345
an inhibitor design perspective. image plate detector. Prior to data collection, cocrystals of

Here we report the X-ray crystal structures of ceftazidime AmpC/1 were immersed in a cryoprotectant solution of 20%
and 1, each in complex with AmpC (Figure 2). AmpC is  sycrose and 1.7 M potassium phosphate, pH 8.7, for about
70% identical and 82% homologous with GC1, and the 20 s and then flash cooled in liquid nitrogen. AmpC crystals
structures of the two enzymes closely resemble each otherspaked with ceftazidime were immersed in a cryoprotectant
(RMSD" of 0.81 A for all common @ atoms). These  solution of 20% sucrose, 50 mM ceftazidime, and 1.7 M
structures help to explain why ceftazidime resists hydrolysis potassium phosphate, pH 8.7, for about 20 s and then flash
by wild-type class (-lactamases and how GC1 overcomes ¢ooled in liquid nitrogen. Each data set was measured from
this resistance, leading to its extended spectrum activity. Theg single crystal.
structure of the boronic acid analogue also suggested a further Reflections were indexed, integrated, and scaled using the
direction for inhibitor deSign, which we inVeStigated through HKL package 12) (Tab|e 1) The space group W@Q, with
synthesis and kinetic characterization of a new analogue. o AmpC molecules in the asymmetric unit. In the structure

of AmpC/1, each AmpC molecule contained 358 residues.
MATERIALS AND METHODS In the structure of AmpC/ceftazidime, molecule 2 of the

Synthesis.Compound1 was synthesized as described asymmetric unit contained 358 residues, and molecule 1
previously (L0). Pinacol [[2-aminoa-methoxyimino-4-thia- contained 355 residues; residues 284, 285, and 290 were
excluded from the final model due to poor electron density

L Abbreviations: RMSD, root mean square deviation; DMsO, N this region. The structures were determined by molecular
dimethyl sulfoxide; PBP, penicillin-binding protein. replacement using an AmpC/boronic acid complexed struc-
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Ficure 2: Stereoview of the refined models of AmpC in complex with (A) compolirethd (B) ceftazidime. B, — F. electron density

maps are shown in blue, contoured atdl.B simulated-annealing omit map of each ligand is shown in green, contouredseb8.2and

3.0 for ceftazidime. Carbon atoms are colored gray, nitrogen atoms blue, oxygen atoms red, sulfur atoms yellow, and boron atoms purple.
Water molecules are represented as cyan spheres. This figure was generated using S3BETOR (

structures were refined using the maximum likelihood target

Table 1: Data Collection and Refinement Statistics : . : : o
in CNS and included simulated annealing, positional, and

AmpCA AmpCfeeftazidime individual temperature factor refinement with a bulk solvent
cell constants (A; deg) ~ a=118.56, a=11849, correction (3). Sigma A-weighted electron density maps
2;;?:22’ g;gg:g;‘: were calculated with CNS and used in steps of manual
f=115.44 f=115.76 rebuilding using the program .4). For each model, the
resolution (A) 2.30(2.382.30p 2.00 (2.072.00} inhibitors were built into the initial observed difference
unique reflections 35024 46338 density in each active site of the asymmetric unit, and the
total observations 137203 152381 structures of the complexes were further refined using CNS
Rierge (%) 7.5(35.9) 5.8 (23.8}
completeness (%) 98.8 (99.9) 86.5 (99.9) (Table 1).
ivirn 11.2 (4.0% 14.8 (6.4} Enzyme Inhibition AssayStock solutions of the inhibitor
resolution range for 20-2.3 20-2.0 were made up in DMSO at 10 mM, and subsequent 10-fold
no.r%f;r;?cn)wtginnt r(eAgi dues 716 13 or 100-fold stock dilutions were made as necessary. Enzyme
no. of water molecules 209 277 inhibition assays were performed using cephalothin as a
RMSD bond lengths (A)  0.009 0.011 substrate and were monitored at 265 nm as described
RMSD bond angles (deg) 1.5 16 previously (L5). All reactions were initiated by enzyme in
g;fa‘(:gg)f (%) 215'5 2128@2 an HP8453 UV/visible spectrophotometer with multicell
av B-factor ' ' transport running HP ChemStation software (version 2.5).
protein atoms (A) 32.4 27.8 ICso values were determined at 10 substrate concentra-
protein atoms (A 31.0 28.6 tion. The K; value for compound2 was obtained by
prg?;ﬂgrpoer;slg"w 201 - comparison of progress curves in the presence and absence
monomer 2 only) of inhibitor (16).
inhibitor atoms (&) 445 425
inhibitor atoms (A&, 40.2 40.9 RESULTS
inh%ﬂgfgtirrﬁso&?') 48.8 44.2 The X-ray crystal structures of both tlfelactam ceftazi-
monomer 2 only) dime and the boronic acid inhibitor bearing the R1 side chain

aValues in parentheses are for the highest resolution $tfetaction from ceftazidime, compounti were determined in complex
of theoretically possible reflections observed. (Interference from ice with the class Cp-lactamase AmpC to 2.0 and 2.3 A
rings resulted in resolution bins that were less completéRjee was resolution, respectively (Table 1, Figure 2). Unambiguous
calculated with 6% of reflections set aside randomMiRee Was  glectron density in the initiaF, — F. maps (contoured at
calculated with 5% of reflections set aside randorfilyalues cited . . S
were calculated for both molecules in the asymmetric unit. 30) revealed the location and conformation of each inhibitor

in the active sites. Simulated-annealing omit maps of the

ture (PDB entry 1FSY) X0), with inhibitor and water refined models confirmed the placement of each inhibitor
molecules removed, as the initial phasing model. Both in the active sites.
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Ficure 3: Interactions observed between AmpC and bound ligands: (A) compbu(®) ceftazidime. Dashed yellow lines indicate
distances between 2.5 and 3.2 A. Atoms are colored as in Figure 2, except carbon at@resinfmagenta and carbon atoms of ceftazidime
are in green. This figure and Figures-@ were generated with MldasPIuSOQ

The quality of each of the models was analyzed with the Table 2
program Procheckl({). For the AmpCL complex, 90.0%
of the non-proline, non-glycine residues were in the most 18 1

186 12 % 2
favored region of the Ramachandran plot (10.0% in the HN/<\M1° H2~}< 1s S
14
|

. Interactions in Complexed and Native Am@actamase

additionally allowed region); for the AmpC/ceftazidime 1+ N MONH 5 18 N4 " "H“’ 7 ¢
complex, 91.4% of the non-proline, non-glycine residues Nie 1 j_'/
were in the most favored region (8.6% in the additionally "°B H}J;z:fw 0 90/02:
allowed region). 19%@

0-28 0 28

In the complex of AmpC withl, electron density is
observed connecting)Qof the catalytic Ser64 with the boron distance (A)
atom of the inhibitor (Figure 2A). The geometry around the

boron atom is tetrahedral, as expected, since the inhibitor i3864$t;rla;ggm An;pgla AmpC/czﬂ:Z'd'me natlve’f;pe
a deacylation transition-state analog8)( Several interac- A318N-01/09 59 57 NP
tions are observed in this complex that are conserved in othery3;180-01/09 3.0 31 NP
complexes between AmpC and boronic acid derivatives. Y1500H-02 25 NP NP
Three hydrogen bonds are made with the O1 hydroxyll of VWVaEigi—ﬁé ﬁg g\lg “E
(Figure 3A; see Table 2 for atom nur_nbermg)! _whlch Y1*3500H_K315N§ 20 58 Py
corresponds to the oxygen of the deacylation transition statey1500H-s640y 28 30 32
bound in the “electrophilic” 11) or “oxyanion” (19) hole. Y1500H-K67NE 3.3 2.6 3.1
Two of these hydrogen bonds are with the main chain ﬁgmé ééioo 22é3 3361 35
nitrogen atoms of Ser64 and Ala318 (3.0 and 2.9 A, Wat4(§2—T31ng/1 9 34 38
respectively), and the third is with the main chain oxygen \yai102-wata03 56 4.0 NP
of Ala318 (3.0 A). The 02 hydroxyl of, which is thought Wat403-N3460)1 2.7 28 NP
to correspond to the deacylating water in the deacylation Wat403-R349N;1 3.2 3.0 NP
high-energy intermediate, hydrogen bonds with the hydroxyl W;j‘éc&o‘éﬁ 5 NE %-g NE
of Tyr150 (2.5 A) and a well-ordered water molecule A3180-N10 36 34 NP
(Wat402, 2.5 A). A hydrogen bond is observed between N152Ny2—012 26 28 NP
Wat402, which is thought to represent the deacylating water Q120N-2—012 3.6 6.7 NP
prior to nucleophilic attack, and Wat403 (2.6 A), another N1521-K67NE 2.6 2.6 2.7
well-ordered water molecule. In addition, Wat402 interacts gig%gﬁ%ﬁfﬁl ?’226 6,\'|?3 3,\'|?3
with Oyl of Thr316 (2.9 A). Consistent with earlier N18-G320N 33 3.2 NP
structures 10), the carbonyl oxygen of the amide group N289@3-C3 NP 3.8 NP
(012) forms a hydrogen bond withd2 of Asn152 (2.6 A; 2 Distances are for monomer 1 of the asymmetric tristances

Figure 3A). Both Asn152 on the enzyme and this amide are for monomer 2 of the asymmetric urfitNot presentd In the native
group on the R1 side chains ¢f-lactams are highly  structure, Wat402 is called Wat387.
conserved.

Unexpectedly, the unique portion of the R1 side chain quadrupole interactions with Tyr221; C15 of the inhibitor is
makes relatively few direct interactions with the protein. The 3.8 A from the center of the tyrosine ring. The methyl group
thiazole ring of1 makes van der Waals or quadrupele  C20 interacts with the hydrophobic patch formed by Leu119
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A318
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Ficure 4: Stereoview of an overlay df with ceftazidime. Atoms are colored as in Figure 3. The distance between the O2 hydrdxyl of
and N5 of ceftazidime is 1.8 A (dashed yellow line). Spheres representing Wat402 from each structure are colored magenta from the
AmpC/1 structure and green from the AmpC/ceftazidime structure.

and Leu293 (4.2 A to 62 of Leu119 and 4.1 A to &1 of On the other side of the ligand, the dihydrothiazine ring
Leu293). The C21 carboxylate group of the R1 side chain of ceftazidime makes several specific interactions with the
points toward bulk solvent. This dimethyl/carboxylate moiety enzyme (Figure 3B). The C4£arboxylate hydrogen bonds
may be somewhat flexible in the site, as indicated by its with N62 of Asn346 (2.8 A to O4B) and with il of Arg349
higherB-factors and poor electron density as compared with via a water molecule (Wat403; O4ANat403 is 2.6 A, and
the rest of the inhibitor. Nearby residues that might provide Wat403-Arg349Ny1 is 3.0 A). Wat403 also hydrogen bonds
interactions with this carboxylate are Asn343 (3.4 A from with 001 of Asn346 (2.8 A). The nitrogen of the opened
No2 to O2B) and Asn289 (4.5 A from &2 to O2B). The lactam ring (N5) hydrogen bonds with Wat402 (2.6 A); this
amino group (N18) of the thiazole ring df forms a long water is thought to represent the deacylating water molecule.
Rydrogen bond with the main chain nitrogen of Gly320 (3.3 The %\xocyclic carbon C®acks near the £atom of Asn289

). (3.8 A).
In the AmpC/ceftazidime complex, continuous electron  We compared the structure of the acyl-enzyme complex
density connects ©of Ser64 and C7 of ceftazidime (Figure (AmpC/ceftazidime) with its transition-state analogue com-
2B). The geometry around this carbon atom is planar, asplex (AmpQ1) (Figure 4). When the two complexes are
expected for an acyl-enzyme complex. The carbonyl oxygen superimposed using theirnCGatoms, the shared R1 side chain
09 of the opened lactam ring is pointing into the electrophilic of the two compounds differs by 1.2 A RMSD for all 19
(11) or oxyanion 19) hole and hydrogen bonds with the main atoms of the side chain starting with atom C7. The major
chain nitrogen atoms of Ser64 and Ala318 (2.8 and 2.7 A, deviation arises from the different placement of atoms C19,
respectively; Figure 3B). As observed in otlfelactamase/  C20, C21, O2A, and O2B, which also have the highest
f-lactam complexesy( 20—23), a presumably unfavorable B-factors in both molecules. When these five atoms are left
interaction is observed between O9 and the main chain out, the RMSD becomes 0.5 A. By comparison, for all atoms
oxygen of Ala318 (3.1 A). In the acyl-enzyme complex, of active site residues Lys67, Tyr150, Asn152, Lys315, and
ceftazidime folds back on itself, such that C19 of the R1 Ala318, the RMSD distance is 0.4 A between the two
side chain is within van der Waals contact of C2 and C3 of structures.
the cephalosporin ring; these distances are in the range of Compoundl is a 20 nM inhibitor of AmpC, but the
3.9-4.1 A (Figure 3B). These internal interactions reduce carboxylate-containing moiety of the R1 side chains of
the exposure of the hydrophobic portions of the molecule to ceftazidime andl made few direct interactions with the
solvent. enzyme. To investigate the role of this group, we synthesized

The interactions made by the R1 side chain of ceftazidime a boronic acid analogue that lacked it, replacing it with the
resemble those made by its analogous R1 side chain in R1 side chain from cefotaxime (Figure 1C), another third-
The carbonyl oxygen of the R1 amide group (O12) hydrogen generation cephalosporin, giving compouh@Figure 1D).
bonds with Asn152 (2.8 A; Figure 3B). Also observed are To our surprise, this inhibitor was found to haviaf 310
the quadrupolequadrupole interactions made between the nM for AmpC, 15-fold worse thad. As has been shown in
thiazole ring and Tyr221 (4.0 A from C15 to the center of earlier studies with boronic acid inhibitors of serifidac-
Tyr221). The methyl group C19 points into the hydrophobic tamases0, 15, 16), both1 and2 are reversible inhibitors
patch formed by Leu119 and Leu293, but it is slightly farther of AmpC that show no time dependence to their inhibition.
away from these residues than in the complex Wit4.8 A Unlike inhibition values fors-lactam inhibitors, the values
from C19 to Leu119@2). The carboxylate group of the R1 for these transition-state analogues representirwalues.
side chain points toward bulk solvent. As in the AmpC/
complex, this portion of the compound seems to be flexible; piISCUSSION
the electron density is diminished, and tBeactors are
higher than those observed for the rest of the molecule. As Ceftazidime and related third-generation cephalosporins
with 1, multiple conformations could be assumed by this are widely used clinically because of their broad-spectrum
flexible portion of ceftazidime. Residues that are near this antibiotic activity and their relative stability to marfylac-
carboxylate group are Asn343 (4.3 A fromdRlto O2B), tamases. By determining the crystal structures of AmpC in
Arg204 (5.6 A from Nj2 to 02B), and GIn120 (5.4 A from  complex with ceftazidime and with a transition-state analogue
Ne2 to O2A). As with 1, the amino group (N18) of the of ceftazidime, we investigated the following questions: why
thiazole ring of ceftazidime hydrogen bonds with the main are these compounds relatively resistant to hydrolysis by class
chain nitrogen of Gly320 (3.2 A). C S-lactamases, how does the insertion mutant GC1 over-
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the opened lactam ring, although it is displaced by 1.2 A
Y150 relative to its position in the loracarbef structure. Conversely,
a comparison of the structures of the acyl-enzyme intermedi-
ate and the deacylation transition-state analogue suggests that
formation of the transition state is blocked in the ceftazidime
complex (Figure 4). The O2 hydroxyl df is thought to
represent the position of the deacylating water, and the
distance between O2 and N5 of the opened lactam ring of
ceftazidime is 1.8 A, too close for formation of the tetrahedral
transition state represented in the structure of AMip@
appears that ceftazidime is a poor substrate of AmpC because
E‘\;'211

it destabilizes the high-energy tetrahedral intermediate,
preventing rapid deacylatio2?). Althoughsomes-lactams
Ficure 5: Overlay of ceftazidime with loracarbef, Arlactam are inhibitors because they displace the deacylating water

substrate. Atoms are colored as in Figure 3, except carbon atomsmodel 1 above), the structures all of the S-lactamase/

of loracarbef are in orange. Spheres representing Wat402 are colored,_ P, ;

green in the wild-type AmpC/ceftazidime structure and orange in lactam inhibitor complgxe_s determined so far [the class C
the Q120L/Y150E AmpC/loracarbef structure. enzyme fromC. freundii with aztreonam 25), AmpC/

moxalactam 22), AmpC/cloxacillin 2), GC1/sulfone 9),
come this, and why is the transition-state analogue (com-and AmpC/ceftazidime] are consistent with the second
pound1) so potent an inhibitor of the wild-type enzyme? model. They all appear to destabilize formation of the

Three models fop-lactam inhibition of serings-lacta- tetrahedral transition state.
mases have been proposed. One model suggesfsidaam Why then does ceftazidime adopt a conformation that is
inhibitors displace the hydrolytic water molecule, preventing incompetent for catalysis? When ceftazidime is modeled in
deacylation4, 9, 24). In class CS-lactamases, the structure a conformation similar to the catalytically competent con-
of the inhibitor cloxacillin with a mutant AmpC fits this  formation adopted by loracarbef, it collides with invariant
model in that the CXarboxylate of the inhibitor is observed residues Val211l and Tyr221 (Figure 6). The unfavorable
to displace the deacylating watez2j. This is also true of  interactions in this modeled conformation are between
the complex between the monobactam aztreonam and theceftazidime N18 and V211 (2.3 A), ceftazidime S16 and
class C f-lactamase fromCitrobacter freundii (25—an Y221C51 (2.4 A), and ceftazidime C15 and Y224C (2.5
overlay of this structure with that of a substrate complex A). These collisions appear to force ceftazidime away from
suggests that the putative catalytic water would be displacedthe catalytically competent conformation, such that its
by the sulfonate of aztreonam. A second model suggests thadihydrothiazine ring is placed to block the formation of the
B-lactam inhibitors destabilize the formation of the deacy- high-energy tetrahedral intermediate. We note that, in the
lation high-energy intermediate by physically occluding the structure of the complex between the clasg-Gctamase
space where the transition state would deve@p2@). In from C. freundiiand the monobactam aztreonab)( the
this model, portions of th@-lactam—typically the lactam R1 side chain is in a similar position to that adopted in the
nitrogen itself-are forced into a position where they would ceftazidime complex, and the same interactions are made
sterically block the formation of the tetrahedral deacylation between the aminothiazole rings, Tyr221, and Val21l.
high-energy intermediate. In this model, the deacylating Although the lactam cores between aztreonam and ceftazi-
water may still be present, as long as the substrate is in adime are quite different, their R1 side chains are identical.
conformation where the tetrahedral transition state cannotThe R1 side chain may play an important role in placing
form. The AmpC/cloxacillin structure and the aztreonam the acyl-enzyme adduct in a position that is either competent
complex are also consistent with this model. Moreover, the or incompetent (inhibitory) for hydrolytic attack.
structure of the inhibitor moxalactam with wild-type AmpC The activity of the mutanf-lactamase GC1 is consistent
is consistent only with this modethe deacylating water  with this model. An overlay of the GC1 structure with the
remains present in the acyl adduct, but formation of the AmpC/ceftazidime complex suggests that in GC1 ceftazidime
transition state appears blockezP). The structure of GC1  would be better able to adopt the conformation of a substrate
in complex with a novel sulfone inhibitor also supports this (i.e., loracarbef) because the binding site has widened (Figure
model; the sulfinate group of the inhibitor appears to 6).Val21lin AmpC has in essence been replaced by Ala211
destabilize formation of the tetrahedral transition st&@e (  (the first residue of the tripeptide insertion) in GC1. Ala211
Finally, a third model suggests that an electronic rearrange-has shifted away from the binding site by approximately 1.5
ment, which occurs within the acyl-adduct after lactam ring A (as measured by thecOpositions of residues Val211 and
opening, makes third-generation cephalosporins relatively Ala211) (Figure 6). The insertion in tHe loop also causes
inert to water attack26). Of these three models, only the Tyr221 to shift by approximately 0.3 A and rotate ap-
first two are addressed by the present study. proximately 20 around the @—Cy bond. This change is

A comparison of the AmpC complexes with ceftazidime even more apparent in the GC1/sulfone complex where the
and with thes-lactam substrate loracarbef?) (Figure 1E) Q loop has adopted a completely different conformation,
shows that the bound conformation of ceftazidime differs displacing Tyr22 6 A away from the active site. These
from that of the substrate (Figure 5). In apparent conflict changes result in an active site that can better accommodate
with the first model, this orientation does not exclude the the bulky R1 side chains of ceftazidime and other third-
deacylating water molecule Wat402. Wat402 is observed in generation cephalosporins and indeed ofhtactams, such
the active site of AmpC/ceftazidime, interacting with N5 of as aztreonam, that share the same R1 side chain. In turn,
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FIGURE 6: Stereoview of an overlay of AmpCiceftazidime with unliganded GC1. Ceftazidime has been modeled into a catalytically competent
conformation, similar to the conformation adopted by the substrate loracarbef (see Figure 5). The magenta sphere labeled O2 marks the
location of the O2 hydroxyl atom from the AmpCsétructure and represents the putative location of the deacylating water in the high-
energy intermediate. Atoms are colored as in Figure 3, except carbon atoms of GC1 are in orange. Residues Ala211 and Val212 of the
tripeptide insertion in they loop of GC1 are shown; the third residue of the insertion Arg213 as well as residues Val214 and Ser215 is
missing from the final model of GC1 due to poor densiy. Distances indicated by dashed yellow lines are as follows=-Q% = 2.5

A; N18—V211Cy2 (AmpC)= 2.3 A; N18-A211C3 (GC1)= 3.8 A; S16-Y221Cy1 (AmpC) = 2.4 A; S16-Y224C51 (GC1)= 2.7 A.

this would allow the acyl-enzyme intermediate to relax into However much the aminothiazole group contributes to
a conformation that would not destabilize the tetrahedral improved recognition of third-generation cephalosporins by
transition state during deacylation. Indeed, the distance PBPs, it seems that differefitlactam-recognizing enzymes
between the O2 hydroxyl in the transition-state analogue can bind this characteristic group in substantially different
complex and N5 of the opened lactam ring in the acyl- ways.
enzyme complex would be 2.5 A in this modeled orientation, Third-generation cephalosporins, like ceftazidime, are
suggesting that thg-lactam itself might stabilize its own  widely used clinically due to their relative inertness to
transition state, as has been previously sugge@dapd  B-lactamases. The crystal structures of ceftazidime and its
as is seen in the loracarbef comple22y transition-state analogue in complexes with AmpC suggest
One question not answered in a simple way by these that these antibiotics are stable to the actions of class C
complexes is whyl is a 20 nM inhibitor of AmpC. Thisis  g-lactamases because their bulky R1 side chain makes
1000-fold more potent than a glycyl boronic acid that lacks unfavorable interactions with the enzyme, specifically with
the aminothiazole/oxime functionality characteristic of third- residues Val211 and Tyr221. To relieve these interactions,
generation cephalosporins, and one naturally would expectthese 5-lactams rotate into a conformation that blocks
to see key specificity interactions with this portion of the formation of the deacylation high-energy intermediate; this
inhibitor. However, this side chain makes relatively few conformation is incompetent for catalysis. The mutant class
specific interactions in the crystal structure. The aminothia- C g-lactamase GC1 appears to achieve its activity against
zole ring, which is characteristic of most third-generation third-generation cephalosporins by increasing the size of the
cephalosporins, interacts in an edge-to-face manner withactive site, especially in the region of Val211 and Tyr221,
Tyr221, typical of quadrupotequadrupole interactions. The  relieving the high-energy interactions and allowjiactams
dimethyl group off the oxime (C19 and C20; Table 2) makes such as ceftazidime to relax into a catalytically competent
nonpolar, hydrophobic contacts with Leu119 and Leu293. conformation. The X-ray crystal structure of AmpC in
The carboxylate group of the side chain points into the bulk complex with1, a 20 nM inhibitor, may be a template for
solvent. further inhibitor discovery against serifielactamases and
To investigate what, if anything, the dimethyl/carboxylate their broad spectrum mutants.
moiety of the R1 side chain contributes to binding, we
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