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Abstract: Group | g-lactamases are major resistance determinanfléxtam antibiotics. Despite intense
study, the identity of the catalytic base, the direction of hydrolytic attack, and the functional difference between
p-lactam substrates arnilactam inhibitors remain controversial. To explore these questions, we determined
the X-ray crystal structures of several representg@l@ctams in their acytadduct complexes with the group

| p-lactamase AmpC. A complex with the substrate loracarbef and a deacylation-deficient mutant enzyme
reveals an ordered water molecule that is consistent @Batace attack of the catalytic water in group |
p-lactamases. The ring nitrogen of the substrate is placed to hydrogen-bond with this water in the position it
is thought to adopt in the deacylation transition state. In complexes with the inhibitors cloxacillin and
moxalactam, conformational restrictions displace the equivalent ring nitrogens, sterically blocking the formation
of the presumed deacylation transition-state structure. In conjunction with earlier studies, thesnagyie
structures suggest that both Tyr150 and the ring nitrogen of the substrate itself stabilize the hydrolytic transition
state, and thaf-lactam inhibitors of group B-lactamases can act by physically blocking this activation.

Introduction
p-Lactamases are the major resistance mechanightetctam
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antibiotics, such as the penicillins and the cephalosporins;
bacteria that express these enzymes increasingly threaten public
health!2 Several families of these enzymes have evolved, the H,
most widespread of which are the group | and group Il serine h
fB-lactamased Group | f-lactamases, like AmpC, are prevalent Figure 1. Simplified mechanism of-lactam hydrolysis by group |
among Gram negative hospital pathogens and are responsibles-lactamases. The-face of thes-lactam ring is below and thé-face
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is above the plane of the paper. For mghklactams the second step is

antibiotics. This has prompted intense mechanistic and structuralrate limiting in group Ip-lactamases.

investigationt~13
The overall mechanism of group fi-lactamases is well
accepted, closely resembling that of groupgHlactamases such
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as TEM-1810.14|n the first step, the catalytic Ser64 attacks the
lactam carbonyl carbon, opening tidactam ring to form an
acylated enzyme intermediate. In the second step, this acyl
intermediate is attacked by an activated water molecule,
releasing the hydrolyzef@-lactam (Figure 1). For mog}-lac-
tams, deacylation is rate limiting.

Unlike the group IlS-lactamases, the details of the rate-
determining hydrolytic step remain controversial for the group
| p-lactamases. Early structural studies suggested that the
conserved Tyrl50 was the catalytic base that activated the
hydrolytic water for its attack on the acyl intermedi&fé.In
the structure of a boronic acid transition-state analogue in
complex with AmpC3 Tyr150 hydrogen-bonds with a hydroxyl
of the tetrahedral center, consistent with its role as a catalytic
base. Additionally, substitution of this residue by a Phe or a
Ser reduces enzyme activity by as much as 10 000¥old.
However, other studies found that these substitutions affected
catalysis only slightly for slowly hydrolyzed substrates, such
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loracarbef® and an inhibitor, cloxacilli® (Figure 2), were
determined in complex with a deacylation deficient mutant
AmpC, Q120L/Y150E. The structure of another inhibitor,
moxalactari! (Figure 2), was determined in complex with wild-
type (WT) AmpC. These structures suggest a mechanism that
draws together earlier, seemingly incompatible results into a
consistent picture for the rate-determining hydrolytic step in the
mechanism of group f-lactamases.

Experimental Section

Site-Directed Mutagenesis and Enzyme PreparationThe Q120L/
Y150E mutant of. coli AmpC S-lactamase was made by oligonucle-
otide-directed mutagenesisThe mutant enzyme was expressed as
previously describet’: To isolate the mutant protein, the growth
medium supernatant was filtered, concentrated, dialyzed against 10 mM
Tris-HCI (electrophoresis grade, FisherBiotech), pH 7.0, and passed
over an S-Sepharose (Pharmacia) column equilibrated with dialysis
buffer. The protein was eluted with a #@00 mM Tris-HCI, pH 7.0,
gradient. The protein elutes at 55 mM Tris-HCI. The protein appeared
homogeneous by SDSPAGE. The protein concentration was deter-
mined on the basis of absorbance at 280 nm, using an extinction
coefficient of 2.4 OD (mg/mL)! cm1.1223

Crystal Growth. Crystals of WT and Q120L/Y150E were grown
by vapor diffusion in hanging drops over 1.7 M potassium phosphate
buffer (pH 8.7) using microseeding techniques. The initial concentration
of the protein in the drop was 1QfM. Crystals appeared within-57

fB-lactamases, and a transition-state analogue, in the enzyme-acylategiays after equilibration at 2. For the cloxacillin structure, crystals

form. Theo-face of thes-lactam ring is below and th@-face is above

of Q120L/Y150E were soaked in 30 mM cloxacillin in crystallizing

the plane of the paper. The R2 group of moxalactam has been eliminatedyffer for another 30 min, and then soaked in 20% sucrose, 30 mM

owing to electronic rearrangement in the acyl addti¢t.

as cefotaximé® Furthermore, structural studies with other
transition-state analogu@s+failed to reveal a direct role for
Tyr150 in stabilizing the tetrahedral center. Studies of modified
substrate’¥ have suggested that the lactam ring nitrogen, and
perhaps the exocyclic carboxylic acid@iactams themselves,
act as the activating base in a substrate-assisted catélysis
mechanism.

The direction of hydrolytic attack also remains uncertain for
group IB-lactamases. Structural consideratiigsuggest that
the water attacks from the-face of the lactam ring, in contrast
to the case with the group J3-lactamases, where the water
attacks from thex-face® (Figure 1). Howeverg-face-substituted

cloxacillin in crystallizing buffer for an additional 30 min before
cryomounting. For the loracarbef/mutant and the moxalactam/AmpC
complexes, crystals of enzyme were soaked in either 15 mM loracarbef
or 50 mM moxalactam, respectively, in crystallizing buffer for 3 h,
and then dipped in 20% sucrose, 15 mM loracarbef, or 50 mM
moxalactam, respectively, in crystallizing buffer for 1 min. The crystals
were frozen in liquid N before cryomounting.

The crystallization buffer was prepared using ACS reagent grade
potassium phosphate from Aldrich in deionized (MilliQ) @& filtered
water. The3-lactam solutions were prepared by dissolvinggHactam
in crystallizing buffer or cryobuffer. Moxalactam and cloxacillin were
purchased from Sigma-Aldrich, and loracarbef was a gift from Eli Lilly;
all three were used without further purification.

Data Collection and ProcessingThe data were collected on an
R-Axis-1IC image plate system at144°C for the loracarbef complex

B-lactams, such as moxalactam (Figure 2), which are thought and at—167 °C for the cloxacillin and moxalactam complexes. For

to inhibit group Il 3-lactamases by displacing the catalytic water
with bulky o-face 6(7)-substituentd, also inhibit group |
enzymes. It is unclear how a group on tlidace of the ring
would displace a water attacking from the other side.

Finally, the difference between a substratiactam, such as
penicillin, and an inhibitog-lactam, such as cloxacillin, is often
minor (Figure 2). Thus, penicillin and cloxacillin differ only in
side chains that appear to be distant from the point of hydrolytic
attack. How these differences distinguish substfatactams,
which are ineffective against AmpC-producing bacteria, from
inhibitor B-lactams, which remain active against many such
pathogens, is unclear.

In an effort to resolve these ambiguities, we have determined

the crystal structures of thrgkelactam acyt-enzyme complexes
with AmpC fromEscherichia coli The structures of a substrate,
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each of the threg-lactam/AmpC complexes, the data were collected
from one crystal. The reflections were indexed, integrated, merged,
and scaled using the Denzo/Scalepack program?i(ifable 1). The
space group was C2, with two AmpC molecules in the asymmetric
unit. In each complex, only poor electron density was observed for
residues 286291 of molecule 1, and five to six residues were left out
of the refinement (Table 1). Molecule 2 of the asymmetric unit
contained all 358 amino acids. Initial models were built using molecular
replacement with the native structifePhases were calculated, and
the models were subjected to rigid body, simulated annealing, and
positional refinement techniques, all in CRS?” Electron density maps
were calculated in CNS, and model building was done in the program
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Table 1. Data Collection and Refinement Statistics
parameters loracarbef/mutant cloxacillin/mutant moxalactam/WT

space group
cell constants (A, deg)

C2
a=119.36b=76.26,
c=98.36,4 =116.00

c2
a=118.52pb=76.19,
c=98.28,/ =116.68

c2
a=118.12b = 77.16,
c=97.928=116.17

resolution (A) 2.35 2.46 2.20

unique reflections 33137 26 662 39390
Rierge(%0)? 8.1(22.7) 12.1 (28.4) 11.4 (31.6)
completeness (%) 95.0 (94.9) 92.8 (88.1) 98.0 (89.1)
Moy 11.9 12.4 12.8
resolution range for refinement (&) 8.0-2.35(2.43-2.35) 20-2.46 (2.52-2.46) 8.0-2.20 (2.25-2.20)
number of protein residues 710 710 711
residues missing in monomer 1 Asn285ys290 lle284-Asn289 Ser287l1le291
number of non-hydrogen ligand atoms 52 62 62
number of water molecules 124 126 144

RMSD bond lengths (A) 0.016 0.015 0.016
RMSD bond angles (deg) 19 1.9 1.8

Rfactor (%) 208 207 215

Reree (%0)° 25.8 26.5 25.9
averageB-factor, protein (&) 21.1 26.5 21.8

average ligan®-factor (A2)c 35.7 41.2 33.9

% residues in most favored regidr{ao Gly and Pro) 89.9 89.9 89.3

% residues in additionally allowed regidns 10.1 10.1 10.7

aValues in parentheses are for the highest resolution shell used in refinérRentwas calculated with 10% of reflections set aside randomly.
¢ Values cited were calculated for both molecules in the asymmetric tRi#machandran plot regions.

Kinetics and Stability of Q120L/Y150E.Enzyme assay conditions  Results
for AmpC have been previously describddhe values okcarandKp,

X ; S > . . In an effort to capture a substratenzyme complex, the
for cephalothin were determined by monitoring reaction velocity while tant 120L/Y150E de b ite-directed
varying the cephalothin concentration, using a«®0concentration of mutant enzyme Q was made Dby site-directe

Q120L/Y150E in 50 mM phosphate buffer, pH 7.0, in 1-mm path length Mutagenesis. A substitution at Tyr15_0 seemed _senS|bIe, given
cells. Reversible thermal denaturation of Q120L/Y150E was performed itS proposed role as the catalytic base in deacylatighlattam-
in the absence and in the presence of cloxacillin, using circular AmpC adducts; a functionally related mutant of TENB-lac-
dichroism to monitor the folded structure as previously described.  tamase (E166N) had been used to determine the structure of an
Fitting the Transition-State Analogue onto the Threef-Lactam/ acyl-enzyme complex of that enzynieilso, the substitution
AmpC Structures. Using the match command in MidasPRisthe of Tyrl50 — Glu might be expected to preserve interactions
crystallographically determined structure of the transition-state analogue with a putative hydrolytic water (such interactions are, in fact,
complex of BZBTH2B/AmpC® was fit onto the loracarbef/mutant, the  gpserved in the loracarbef structure, see below). The Q120L/
cloxacillin/mutant, and the moxalactam/AmpC structures (see Figure y{150E mutant enzyme was 20 000-fold less active than the
2 fc|>r cclamgound S"“gt‘t"e;)'f. Thfgcmontqsh of residues HB50 of native enzyme, based on its ability to hydrolyze the characteristic
mo'ecule £ were used fo define the match. substrate cephalothin. Thermal denatur&foh Q120L/Y150E

boﬁ dtgg:::gr:r'] d”:ﬁgealmcgclt(?sgngfé:fgvgﬁepnﬁsc:trt‘;'::'h‘é"gg;tz Le;/((:jt?omxylin the presence of cloxacillin indicated that this mutant rapidly
to the acyl carbon, was created using SYBYL (Tripos Assoc., St. Louis, forms a covalent acyl adduct (unpublished data). These results

MO). The R2 side chain was represented by an exocyclic methylene. sugggst thaF the mutant enzyme is deacylation deficient,
Five hundred conformations for this molecule were calculated and consistent with earlier WOI’I.(S. .
docked into the site of the native enzythasing the conformational The X-ray crystallographic structures of loracarbef, cloxacil-
ensemble version of the program DOGKA total of 6395 orientations  lin, and moxalactam complexed with either Q120L/Y150E or
of each of the conformations were calculated in the site. Each complex WT were determined to 2.35, 2.46, and 2.20 A resolution, with
was scored on the basis of stéfiand electrostatic complementarity,  R/Ryeevalues of 20.8%/25.8%, 20.7%/26.5%, and 21.5%/25.9%,
using a grid calculated by DelPHi**The DIFDOCK option was used  respectively (Table 1). All residues are in allowed regions of
to bias the search to place the tetrahedral center in the active-site regionthe Ramachandran plot, as evaluated by Proc&Elable 1).
defined by atoms in a phosphon#tand a boronic acid transition- £q10\ing refinement, simulated annealing omit maps of the

state analogue compléx.To allow for covalent approach to Ser64, . . .
the @3 and O/ atoms of this residue were deleted. The low-energy ligand region were calculated and showed unambiguous, con

of Ser64 and Ala318 was RMS-fit onto tfidactam/enzyme structures, ~ contoured at 8. In each structure, the electron density for the
as above. p-lactam was well defined (Figure 3).

For each complex, the crystallographic space group@23s
with two molecules in the asymmetric unit. In the descriptions
that follow, we will focus on molecule 2 of the asymmetric
unit, which had better density and temperature factors than
molecule 1 in all three structures. All 358 amino acids were
modeled for molecule 2 of the asymmetric unit for each
complex, whereas only partial electron density was observed
for residues 286291 of molecule 1, and five or six residues

_ were left out of the refinement of this molecule (Table 1). In
13(33)5,5/'52[1?' E. C.; Shoichet, B.; Kuntz, I. 1. Comput Chem 1992 molecule 2, the ligand temperature factors for the loracarbef,

(36) Laskowski, R. A.; MacArthur, M. W.; Moss, D. S.; Thornton, J.  €loxacillin, and moxalactam complexes were in the-20 A
M. J. Appl. Crystallogr. 1993 26, 283-291. range in the ring portions of the ligands, which are most closely

(29) Weston, G. S.; Blazquez, J.; Baquero, F.; Shoichet, Bl. Kled
Chem 1998 41, 4577-4586.

(30) Beadle, B. M.; McGovern, S. L.; Patera, A.; Shoichet, BPKotein
Sci. 1999 8, 1816-24.

(31) Ferrin, T. E.; Huang, C. C.; Jarvis, L. E.; Langridge, RMol.
Graph 1988 6, 13—27.

(32) Lorber, D. M.; Shoichet, B. KProtein Sci 1998 7, 938-950.

(33) Shoichet, B.; Bodian, D. L.; Kuntz, |. . Comput Chem 1992
13, 380—-397.

(34) Gilson, M. K.; Honig, B. HNature 1987 330, 84—86.
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a.

C.

Figure 3. Stereoview of 2FeFc electron density of the refined models for complexes of loracarbef/mutant, cloxacillin/mutant, and moxalactam/
AmpC contoured atd. All of the figures show the same active-site region, from the same perspective, of the enyactam adduct. (a) The
substrate loracarbef covalently bound to Q120L/Y150E. (b) The inhibitor cloxacillin bound to Q120L/Y150E. (c) The inhibitor moxalactam bound
to WT AmpC. In all the figures, carbon atoms are colored gray, oxygen atoms red, and nitrogen atoms blue. The green sphere in (a) and (c)
represents the putative deacylating water molecule. These figures were generated using the programs*MaigidRpster 35 and displayed

using Bobscript#

involved with the key catalytic residues. For the cloxacillin and the asymmetric unit. This rotation places the oxacephem ring
loracarbef complexes, there are no significant differences in the oxygen in the position occupied by the ring nitrogen in molecule

placement of thg-lactam rings between the two molecules in 2. This does not affect the conclusions that we will draw from

the asymmetric unit. In the moxalactam complex, the oxacephemthis structure, which relate to steric occlusion by the oxacephem
ring of moxalactam has rotated by almost 1&®out the C6- ring (see below).

C7 bond (Figure 2) in molecule 1 compared to molecule 2 of Interactions Common to All Three Complexes. The
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Table 2. Interaction Distances between tfd_actam Core of the Ligands and AmpC Residues

distance (A3

interactions loracarbef/utant cloxacillin/mutant moxalactam/WT apo-WT
Y1500H/Wat500—S640y 3.1 n.o¢ (3.7) 2.8 3.2
Y1500H/Wat508—-K67Ng 3.0 25 2.8 3.1
Y1500H/Wat500—K315Ng 3.1 34 2.9 2.6
Glu150G—Wat500 2.6 2.6 n.6. n.o¢
T3160-K315Ng 3.0 2.9 3.2 3.2
N152Q)1—-K67Ng 3.1 2.9 2.8 2.7
N152Q91—Q120G1(L120G2) n.o¢(3.5) n.o¢ (3.6) 3.0 3.1
p-lactam O-A318N 3.1 3.2 3.0
p-lactam G-A3180 35 3.2 3.3
p-lactam O-S64N 3.1 3.0 2.9
p-lactam RO—N152Ny2 2.7 2.6 3.3
p-lactam RN9—A3180 3.1 n.d(4.0) 3.2
f-lactam RO—Q120N:2 n.o¢ n.o¢ 3.0
Wat402-T3160y 31 3.2 n.c (3.9
Wat402-4 lactam C7(8) 4.0 3.7
Wat402--lactam C3(C4)COOH O1 no(3.3) 2.7
Wat402-f-lactam N4(5) n.c¢.(3.6) 3.0
Wat402-Wat403 2.8
BZBTH2B O2—p-lactam N4(5) 2.4 0.9 1.6
N289Ny2—p-lactam C3 (C4)COOH 02 n.o(4.0) n.o¢ (5.8) 3.2
N346N)2—p-lactam C3(C4)COOH O1 n9(3.9) n.o¢ 3.2
N346Ny2—pS-lactam C3(C4)COOH 02 n.o. 3.1 n.ob
p-lactam C3(C4)COOH OtWat401 2.7 n.g. 2.6
p-lactam C3(C4)COOH)}tWat400 2.9 - n.s.
p-lactam C3(C4)COOH O2Wat401 n.d. 2.8 3.1
p-lactam C3(C4)COOH O2Wat400 2.7 2.8
p-lactam C3(C4)COOH O2Wat406 2.8

a All distances are for molecule 2 of the asymmetric uhifyr150 in the native structures, Wat500 in the mutant structdreseraction is not
observed? Residue 120 is either Q or L, depending on whether wild-type or mutant complex, respectet402 is equivalent to Wat387 in
native structuré?

L120

Wat500 %

Watd02 i .

Figure 4. Key polar interactions observed in the structure of loracarbef in complex with Q120L/Y150E. Dashed lines indicate hydrogen bonds;
the purple spheres represent water molecules. Wat402 is the putative deacylating water molecule. Atoms are colored as in Figure 3. Loracarbef
carbons are green. Interaction distances are listed in Table 2. Figuiewdre made with MidasPIUS.

conformation of AmpC in the loracarbef, cloxacillin, and to the main-chain oxygen of Ala318; in the cloxacillin structure
moxalactam complexes resembles that of the apo-enzyme, withthis interaction is not observed. In the Q120L/Y150E complexes,
an RMSD from thex carbon atom positions of the apo structure the side chain of Leu120 does not interact directly with the
of 0.48, 0.46, and 0.57 A, respectively. All three of fhiactams ligands. In the WT AmpC complex, a hydrogen bond is
make several anticipated interactions (Table 2), based onppserved between GIn12@R and the R1 side chain carbonyl
previous structural studies. These include hydrogen bondsoxygen of moxalactam. Few interactions are observed beyond
between thef-lactam carbonyl oxygen and both Ser64N and  the amide functionality of the R1 side chain. In the loracarbef
Ala318N, which are thought to activate the carbonyl for complex, the N12 of the R1 side chain hydrogen-bonds with
hydrolytic attack’*#3"The amide portion of the R1 side chain 4 ordered water molecules. In the moxalactam complex, the

(Figure 2) of all thregs-lactams fits into a region lined by the R1 ; ;
. . phenolic hydroxyl hydrogen-bonds with an ordered water,
conserved residues Asn152, Ala318, and GIn120 (Leul20 in as does the R1 carboxylic acid.

Q120L/Y150E). In each complex, the amide oxygen hydrogen- L
bonds with Asn152k2 (Figures 4-6). In the loracarbef and The Loracarbef Complex. A key observation in the complex

moxalactam structures, the amide nitrogen also hydrogen-bondsbetween the substrate loracarbef and the mutant enzyme is the
presence of a well-ordered water molectBe#ctor= 20.0 A?)

(37) Murphy, B. P.; Pratt, R. FBiochem J. 1988 256, 692-672. near the hydrolytic center (Figure 4). The water, Wat402, is
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Figure 5. Key polar interactions observed in the structure of cloxacillin in complex with the mutant enzyme. Dashed lines indicate hydrogen
bonds. The purple sphere indicated by the arrow represents the putative deacylating water molecule that is present in the substrate complex (Figure
4) but absent in this inhibitor complex. Atoms are colored as in Figure 3. Cloxacillin carbons are in cyan. Interaction distances are listed in Table

2.

Figure 6. (a) Key polar interactions observed in the structure of moxalactam in complex with wild-type AmpC. Dashed lines indicate hydrogen
bonds. Atoms are colored as in Figure 3. Moxalactam carbons are orange. Interaction distances are listed in Table 2. (b) Close-up of view of van
der Waals overlaps between Asn152 and thenYethoxy group of moxalactam (Figure 2).

located on what was the-face of the now open lactam ring of  of the group I3-lactamase fronk. cloacae(PDB 1BLS)* 0.7
loracarbef, forming hydrogen bonds to Thr336@at403 (not A from Wat387 in the AmpC native structure (PDB 2BL3),
shown in Figure 4), and possibly the C4 carboxylate of the and 0.3 A from Wat402 in the structure of a transition-state
carbacephem ring (distance 3.3 A). It is 4.0 A away from the analogue, benzbJthiophene-2-boronic acid (BZBTH2B), in
carbonyl carbon of the acylenzyme complex and appears to complex with AmpC (PDB 1C3B)3

have an unobstructed line of attack to the acyl center. The We compared the loracarbef acyl complex to its likely
position of Wat402 is highly conserved in the structures of group tetrahedral high-energy intermediate structure. This structure was
| B-lactamases. Wat402 is 1.1 A from Wat226 in the structure surmised from the crystal structure of the transition-state
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Figure 7. Overlay of the thre@-lactam complexes and the tetrahedral transition-state analogue, BZBTH2B. Loracarbef, cloxacillin, moxalactam,

and BZBTH2B are colored green, cyan, orange, and magenta, respectively. Carbon atoms of residues Asn152 and Tyrl50 from the BZBTH2B/
AmpC compleX® are colored magenta. The distances between the O2 of BZBTH2B, presumed to represent the deacylating water in the transition
state, and the N4(5), colored blue, of ffidactams are 2.4, 0.9, and 1.6 A for loracarbef, cloxacillin, and moxalactam, respectively (black lines).

The yellow dashed lines indicate hydrogen bonds observed in the BZBTH2B/AmpC complex. The green and orange spheres represent the deacylating
water, Wat402, in the loracarbef/mutant and moxalactam/AmpC complexes, respectively.

analogue BZBTH2B in complex with AmpC, and also from a tions speak to the functional importance of the tyrosine hydroxyl;
docked model of a cephalosporin in its tetrahedral high-energy its replacement by a water, which would be less active in-acid
intermediate conformation with AmpC. The RMgDof the base catalysis, may explain much of the decreased activity of
BZBTH2B/AmpC and the loracarbef/mutant structure is 0.30 this mutant AmpC.
A (Figure 7). In this superposition, the O2 of the boronic acid,  Finally, the exocyclic C4 COOH group of the loracarbef
thought to represent the position of the deacylating water in carbacephem ring hydrogen-bonds with two ordered waters,
the transition stat&is 2.4 A from the carbacephem ring N5 of ~ Wat401 and Wat400 (not shown in Figure 4). Wat401, in turn,
the loracarbef. The O2 of the boronic acid is located ap- is coordinated to Arg349NH1, Asn346Q@, and Gly3170.
proximately perpendicular to the plane formed by the double Wat400 interacts with Asn343% and Asn34301. The
bond in the substrate ring (Figure 2), at an angle of168he carboxylate may form a long hydrogen bond with the putative
ring plane. This angle might suggest that the 02 hydroxyl of deacylating Wat402 (a distance of 3.3 A). The locations of this
the boronic acid is interacting with the nitrogen lone pair, which carboxylate and the ring to which it is attached differ consider-
should be localized perpendicular to the ring plane. The angle ably from their locations in the cloxacillin and moxalactam
between the boron, 02, and substrate nitrogen s-&ally, complexes (see Figures 5 and 6, below).
one would expect this angle to be closer to L09evertheless, The Cloxacillin Complex. A key difference between the
if this ring nitrogen could occupy a similar position in the cloxacillin/mutant and the loracarbef/mutant complexes is the
transition state, it would be well placed to hydrogen-bond with placement of the penicillanic ring of cloxacillin compared to
the hydrolytic water as it attacks the acyl center. the analogous carbacephem ring of loracarbef. The R1 side chain
Similar observations are made when we fit a tetrahedral model of cloxacillin contains a bulky phenyl-isoxazole group. In two
of the characteristic substrate cephalothin into AmpC, using a dimensions (Figure 2), this group appears to be distant from
multiconformational version of the docking program DOEXK.  the point of chemical attack if-lactams. In three dimensions,
This model of the tetrahedral high-energy intermediate resemblesthis group folds back, like a scorpion’s tail, toward the
that of crystallographic loracarbef/mutant structure, with the penicillanic ring (Figures 5 and 7). This appears to induce a
exception that the planar acyl center in loracarbef has been—58° rotation of the penicillanic ring of the inhibitor about its
modeled as tetrahedral in the cephalothin model. The distanceC5—C6 bond (Figure 2), compared to the conformation adopted
from the cephalothin N5 to its own O2 oxygen, representing by loracarbef. Without this rotation, the penicillanic methyl
the deacylating water, is 2.3 A; the distance from the loracarbef would have been 2.2 A from the phenyl-isoxazole, in violation
N5 nitrogen to this oxygen position would be 2.5 A. This of van der Waals limits. This rotation places the C3 COOH of
suggests that the putative hydrogen-bond between the ringthe penicillin ring in the site of Wat402 in the loracarbef
nitrogen and the oxygen of the tetrahedral intermediate is not complex, displacing this water (Figure 5).
peculiar to the boronic acid or to loracarbef. In both the  As in the loracarbef complex, Wat500 has replaced the
crystallographic transition-state analogue complex and the Tyrl500H, forming hydrogen bonds with the substituted
modeled cephalothin tetrahedral intermediate complex, the Glu150CG1, Lys67N;, and Lys315N. The rotated position of
Tyrl500H hydrogen-bonds to the same tetrahedral oxygen asthe penicillanic acid ring of cloxacillin displaces Wat500
does the ring nitrogen of the substrate (see Figure 7, below).somewhat, so that its distance to the position formerly occupied
The substituted Glu150 occupies a position similar to that of by the tyrosine hydroxyl is 0.7 A. The Glu150 has swung out
Tyrl50 in native structure’s;!2except that the shorter glutamate  of the position adopted in the loracarbef structure, also reflecting
cannot extend to replace the hydroxyl of the tyrosine. Instead, the crowding by the penicillanic acid ring of the inhibitor.
Glul50 hydrogen-bonds with an ordered water, Wat500, which  We again overlaid the cloxacillin acyl adduct onto deacylation
is 0.3 A from the position occupied by the Tyrl500H in the tetrahedral intermediate structures inferred from the crystal-
native structures (Figure 4). Wat500 hydrogen-bonds with the lographic structure of BZBTH2B/AmpC and from a model of
same residues with which the Tyrl1500H normally interacts: a tetrahedral conformation of cephalothin/AmpC. The transition-
Lys67NZ, Lys312N;, and Ser64@. These conserved interac- state analogue complex was fit to the cloxacillin complex
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(RMSD¢, = 0.30 A, Figure 7). In the resulting overlay, the the other. The hydrogen bond between Tyr150 and the O2
tetrahedral O2 of the transition-state analogue is 0.9 A from oxygen is consistent with a role for Tyrl50 as a catalytic
the cloxacillin penicillanic N4. A similar distance to the basel*15especially if the residue were present as a tyrosinate
equivalent oxygen is observed in the docked model of a (the protonation state of this residue is unknown to us). The
tetrahedral conformation of cephalothin in AmpC. This distance role of the ring nitrogen of loracarbef in stabilizing its own

is so close as to block the formation of the tetrahedral high- deacylation high-energy intermediate is consistent with a

energy intermediate. substrate-assisted mechanism of catalysis, as suggested by
The Moxalactam Complex.The inhibitor moxalactam was ~ Mobashery and colleagués.
determined in complex with WT AmpC. As in the cloxacillin The complexes of the inhibitors, cloxacillin and moxalactam,

complex, the placement of the oxacephem ring in the inhibitor with AmpC are consistent with this mechanism. Whereas in
moxalactam complex differs from that of the analogous carba- the loracarbef structure the ring nitrogen is poised to stabilize
cephem ring of the substrate loracarbef (Figure 6a). Tiae 7 the tetrahedral high-energy intermediate, in the inhibitor struc-
methoxy group of moxalactam (Figure 2) is within 2.9 A of tures the equivalent nitrogens occupy positions that block the
Asn152M1; this unfavorable contact (Figure 6b) leads to a formation of this intermediate (Figure 7). In the cloxacillin
—25° rotation about the moxalactam €Z8 bond, compared  complex, the conformationally restricted side chain of the
to the conformation adopted by loracarbef. This relieves what inhibitor folds back on the penicillanic acid ring, displacing it.
would have been severe steric violations involving the 7 This places the ring nitrogen 0.9 A from where a tetrahedral
methoxy and Asn152, but it also displaces the oxacephem ringoxygen of the high-energy intermediate would be expected to
so that the C4 COOH group has moved by 1.9 A relative to exist in a substrate structure. In the moxalactam complex, the
that in the loracarbef structure. This movement, in turn, displaces a-face methoxy group sterically conflicts with the conserved
the putative deacylating water, Wat402, by 1.2 A compared to Asn152, forcing accommodations that displace the oxacephem
the loracarbef structure, though it remains on fhace of the ring. This places the ring nitrogen 1.6 A from where the
openedB-lactam ring. In its new position, Wat402 is coordinated tetrahedral oxygen would be placed in the presumptive transition
by four groups: the oxacephem N5 and the C4 COOH from state. Unlike group IB-lactamases, where the water attacks from
the inhibitor, and the Tyr1500H and the Thr3h6@om the the a-face of the substrate, in groupftlactamasesg-face
enzyme (Table 2). This may be compared to the loracarbef inhibitors, such as moxalactam, do not displace the hydrolytic
structure, where Wat402 makes only two hydrogen bonds, onewater directly, but rather appear to destabilize the tetrahedral
of which is to another water. high-energy intermediate by forcing the activating ring nitrogen
As with the cloxacillin structure, a key feature of the out of position.
moxalactam complex appears to be steric occlusion of the yet-  Syrprisingly, cloxacillin and moxalactam, which are less
to-be-formed tetrahedral high-energy intermediate. When the similar to each other than each is to several subsftdaetams
structure of the transition-state analogue complex, BZBTH2B/ (Figure 2), both act as inhibitors owing to steric obstructions
AmpC, is overlaid on the moxalactam/AmpC structure (RIMS  that displace the key ring nitrogen in the active site (Figure 7).
= 0.25 A, Figure 7), the moxalactam oxacephem ring N5 |n the case of cloxacillin, this steric occlusion is internal to the
(Figure 2) is 1.6 A from the O2, representing the incoming inhibitor, whereas in moxalactam it occurs between the inhibitor
deacylating water of the transition-state analogue. The sameand the enzyme. This is consistent with thermal denaturation
distance is observed in the model of the tetrahedral cephalothin/stydies that show that cloxacillin stabilizes AmpC on binding,
AmpC. This short distance would be expected to block whereas moxalactam destabilizes the enz§mg:Lactam
formation of the high-energy intermediate. inhibitors that differ considerably from each other may,
In this WT AmpC complex, Tyr150 is in the same position nonetheless, inhibit groupAd-lactamases in the same manner,
as in earlier native structures. We note that the hydroxyl of namely by destabilizing the formation of the deacylation
Tyr150 is within 2.9 A of four potential hydrogen-bonding transition state.

partners: Lys67M, Lys315NL, Wat402, and Ser640 The A caveat to this model of substrate-assisted catalysis and its
geometry is consistent with a blfuré:ated hydrogen bond from jnpibition is that it does not explain the ability of group |
Tyr1500H to Wat402 and Ser64G S-lactamases to hydrolyze depsipeptides. Several of these are

good substrates for these enzyrfitdespite the fact that they
do not contain an equivalent of the lactam nitrogen proposed
Akey to understanding these ae}dnzyme Comp|exes comes here to participate in stabilizing the tetrahedral high-energy
from their comparison to structures representing the deacylationintermediate. Depsipeptides may rely exclusively on Tyr150 to
tetrahedral high-energy intermediate for the AmpC reaction. In stabilize the hydrolytic water in the high-energy intermediate.
the loracarbef complex, the ring nitrogen of the substrate is By extension, an alternate model fédactam hydrolysis would
placed such that in the high-energy intermediate it would be be one where Tyr150 alone is responsible for stabilizing the
2.4 A from the tetrahedral oxygen representing the hydrolytic high-energy tetrahedral intermediate, with the proximity of the
water. In an overlay of the loracarbef/mutant complex with a lactam nitrogen of the substrate being largely epiphenomenal.
transition-state ana|ogue Comp|§3xboth the substrate ring In this model, the inhibition of cloxacillin and moxalactam mlght
nitrogenand the hydroxyl of Tyr150 hydrogen-bond with the —derive from their displacement of the proposed hydrolytic
02 representing the hydrolytic water (Figure 7). This would Wat402, and not from their blocking the formation of the
explain why both groups are necessary for rapid deacylation of tetrahedral high-energy intermediate as proposed above. We
S-lactams. At the same time it suggests how the loss of one of certainly cannot discount this alternative model, but we do not
these two groups dramatically reduces, but does not abolish,favor it. Although the putative deacylating Wat402 has been
catalysis. Especially for slow substratéghe loss of one of completely displaced in the cloxacillin/mutant structure, this
these groups may be partly compensated by the presence owvater is moved by only 1.2 A in the moxalactam/AmpC

(38) Preissner, R.; Egner, U.; Saenger, FEBS Lett1991, 288 192— (39) Xu, Y.; Soto, G.; Hirsch, K. R.; Pratt, R. Biochemistry1996 35,
196. 3595-3603.

Discussion
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structure, suggesting it is still available to attack the acyl oxygen of Tyrl50 and the ring nitrogen of the substrate itself.
intermediate. Additionally, this alternative model does not seem If Tyr150 were present as the tyrosinate, it would be well placed
to explaing-lactam modification studiésthat suggest that the  to play the role of the catalytic base. Subsequently, as observed
lactam nitrogen participates in the catalytic mechanism. Dis- in the phosphonate/P99 complex fr@ncloacae! the hydroxyl
tinguishing between these two views conclusively may await of Tyr150 switches to activating theyQpf Ser64 for departure
further studies. from the acyl adduct. The switching of Tyrl50 from the
A Model for the Deacylation Mechanism of Group | attacking water to the leaving group Ser64 may represent the
p-LactamasesWe present a model that seems most consistent two deacylation transition states that have been proposed for
with previous mutagenesis, substrate modification, and structuralgroup | S-lactamase$* The ability to displace their own
data on the deacylation mechanism ®factams by group | functionality, the catalytically important ring nitrogen fflac-
p-lactamases. In the acyl intermedigtelactam substrates are  tams, seems to distinguighlactam inhibitors fromp-lactam
oriented in the active site by multiple interactions in a substrates, and consequenfifactams that are active against
conformation similar to that adopted by loracarbef. Water attacks AmpC-expressing bacteria frorg-lactams to which these
this intermediate from itg-face, from what appears to be a pathogens are resistant.
structurally conserved position represented by Wat402 in the  Coordinates. The coordinates for loracarbef/Q120L/Y 150E,
loracarbef/mutant complex. As the hydrolytic water attacks the cloxacillin/Q120L/Y150E and moxalactam/AmpC have been
acyl intermediate, i.e., in the high-energy intermediate, it moves deposited in the Protein Data Bank (accession codes are 1FCN,
to a position where it is stabilized by interactions with both the 1FCM, and 1FCO, respectively).
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