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Summary

pB-lactamases hydrolyze B-lactam antibiotics and are
the leading cause of bacterial resistance to these
drugs. Although B-lactamases have been extensively
studied, structures of the substrate-enzyme and prod-
uct-enzyme complexes have proven elusive. Here, the
structure of a mutant AmpC in complex with the
pB-lactam cephalothin in its substrate and product
forms was determined by X-ray crystallography to
1.53 A resolution. The acyl-enzyme intermediate be-
tween AmpC and cephalothin was determined to
2.06 A resolution. The ligand undergoes a dramatic
conformational change as the reaction progresses,
with the characteristic six-membered dihydrothiazine
ring of cephalothin rotating by 109°. These structures
correspond to all three intermediates along the reac-
tion path and provide insight into substrate recogni-
tion, catalysis, and product expulsion.

Introduction

The expression of B-lactamases is the most common
cause of resistance to the B-lactam class of antibiotics
[1, 2]. The mechanism of action of these enzymes is of
great interest because of their threat to public health.
Of the four classes of B-lactamases, class A, C, and D
enzymes use a catalytic serine to hydrolyze the 3-lactam
ring, and class B enzymes use metal cofactors [3]. Class
C B-lactamases, such as AmpC, are a growing concern
because of their prevalence in Gram-negative hospital-
acquired pathogens.

Class C B-lactamases hydrolyze the p-lactam bond
of these antibiotics in a four-step process involving the
formation of three intermediates (Figure 1). Like serine
proteases, serine B-lactamases first form a precovalent
encounter complex with their substrates (intermediate
1). This complex positions the substrate for nucleophilic
attack by an activated serine, Ser64 in class C enzymes,
which results in the formation of a relatively stable covalent
acyl-enzyme (intermediate 2). This acyl-enzyme is then
attacked by water, which breaks the covalent acyl-enzyme
bond, and results in a noncovalent product-enzyme com-
plex (intermediate 3) and subsequently free enzyme.

Class C p-lactamases have been intensely studied
both mechanistically and structurally. Early mutagene-
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sis [4-8] and structural [9-11] work identified key cata-
lytic residues. Subsequent X-ray crystallographic work
has investigated acyl-adduct complexes of the enzymes
with B-lactam inhibitors and poor substrates, such as
aztreonam [9], moxalactam [12], ceftazidime [13], and
a cephem sulfone [14]. Complexes of the enzyme with
B-lactam substrates, like loracarbef [12], have been cap-
tured through the use of deacylation-deficient mutant
enzymes. These complexes revealed key interactions
that contribute to B-lactam binding in the acyl state. In
addition, covalent adducts with transition-state analogs
have suggested the identity of the hydrolytic water and
offered a structural view of how the enzyme stabilizes
the deacylation transition state [15-17].

Despite this wealth of structural information, all previ-
ous complexes have captured the B-lactamase inter-
acting with a B-lactam or transition-state analog in an
acyl state; therefore, little is known about how the sub-
strate is first recognized. This precovalent, first encoun-
ter complex is highly transient; the strain of the four-
membered B-lactam ring and the nucleophilicity of
Ser64 makes covalent bond formation very rapid. Thus,
the precovalent substrate-enzyme complex has not
been observed structurally. Similarly, the hydrolyzed
product of the reaction has never been observed in
the active site of a B-lactamase. This is consistent with
enzymatic studies that have failed to show any apprecia-
ble product inhibition [18, 19]. Serine B-lactamases have
been described as “perfect” enzymes [20, 21], and part
of their proficiency arises from being able to distinguish
between substrates and products. The basis for preco-
valent substrate recognition and selectivity over product
binding remains unknown.

Efforts to capture crystal structures of precovalent
enzyme-substrate and postcovalent enzyme-product
complexes have been undertaken in other enzymes and,
although technically challenging, have proven to be
mechanistically illuminating [22-27]. Recently, the non-
covalent Michaelis complex of a tetrapeptide substrate
has been captured with an inactivated form of D-Ala-D-
Ala-peptidase R61; the product complex with the active
form of the enzyme has also been observed [26]. Com-
plexes of Factor Xlll activation peptide, a substrate ana-
log, with a-thrombin [25], fibrinogen-Aa, another substrate
analog, with bovine thrombin [24], a-chymotrypsin with
noncovalent product oligopeptides [22], and HIV-1 and
SIV proteases with hydrolysis products [23] have also
been observed through X-ray crystallography. The rare
structures of these complexes have provided insight
into both binding and catalysis. These complexes also
demonstrated the limitations of analogs and acyl-inter-
mediates in understanding recognition at other steps in
the reaction pathway of these enzymes.

Here we report the X-ray crystal structures of the three
intermediates in the reaction pathway of hydrolysis of
the characteristic substrate cephalothin, a cephalospo-
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(A) The pathway is shown with the stable intermediates (above) and the corresponding complexes that have been determined to understand
each step (below). The substrate first binds to the enzyme to form a precovalent first encounter complex (left). Following nucleophilic attack
by the catalytic serine, the enzyme and B-lactam are covalently bound in an acyl-enzyme complex (middle). Water then attacks the carbonyl
carbon of the acyl-intermediate, hydrolyzing the covalent enzyme-ligand bond and generating the hydrolyzed product and intact enzyme

(right). Finally, the product leaves, and the active enzyme is regenerated.

(B) Structural diagrams of substrate, acyl, and product forms of cephalothin. Interaction distances describing the interactions of substrate
and product cephalothin with AmpC S64G and acyl cephalothin with AmpC WT are given in Table 2.

rin B-lactam, by AmpC B-lactamase (Figure 1). The mu-
tant AmpC S64G was used to capture both the substrate
and product of the reaction within the active site, and
the structure of these complexes was determined to
1.53 A resolution. In addition, an acyl complex of the
wild-type (WT) enzyme with cephalothin was also cap-
tured; the structure of this complex was determined to
2.06 A resolution. For the first time, the recognition of
a good substrate by a B-lactamase can be observed as
it undergoes acylation and then deacylation. The ligand
itself undergoes dramatic conformational changes in the
course of this hydrolysis; these changes help to explain
substrate recognition, catalysis, and discharge of the
product.

Results

S64G/Cephalothin Complex

The X-ray crystal structure of AmpC S64G in complex
with cephalothin was determined to 1.53 A resolution
(Table 1; Figures 2A and 2C). Well-defined features in
the initial F, — F, electron density, contoured at 3 o,
revealed the presence of a ligand in each of the two
active sites of the crystallographic asymmetric unit. Two

different forms of cephalothin were observed; the preco-
valent substrate cephalothin, with its intact four-mem-
bered B-lactam ring, was bound in monomer 1, and the
product of the reaction, hydrolyzed cephalothin, was
bound in monomer 2. Refinement resulted in a model
with a final R factor of 19.5% and a final Rs.. of 22.0%
using data from 20 to 1.53 A. Simulated-annealing omit
maps of the active site ligands in the final model con-
firmed their identities and conformations (Figures 2A
and 2C). The stereochemistry of the model was evalu-
ated by the program Procheck [28]; 92.3% of the non-
proline, nonglycine residues were in the most favored
region of the Ramachandran plot, and 7.7% were in the
additionally allowed region. As compared to a WT AmpC
structure determined to 1.72 A (Protein Data Bank entry
1KE4), the root-mean-square deviation (rmsd) of Ca po-
sitions between WT apo monomer 1 and S64G/cephalo-
thin monomer 1 is 0.27 A and WT apo monomer 2 and
S64G/cephalothin monomer 2 is 0.15 A.

Substrate-Enzyme Complex

Within the precovalent substrate-enzyme complex ob-
served in monomer 1, there is no electron density be-
tween residue 64 and the bound substrate. It is also
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Table 1. Data Collection and Refinement Statistics

S64G/Cephalothin WT/Cephalothin
Space group C2 C2
Cell constants (A) a =118.62, b = 77.15, ¢ = 98.07; a=117.69, b = 77.20, c = 97.59;
B = 115.90° B =116.13°
Resolution (A) 1.53 2.06
Number of molecules per asymmetric unit 2 2
Total reflections 385,475 168,893
Unique reflections 108,082 46,729
Rrerge (%)? 6.6 (40.0) 6.2 (32.0)
Completeness (%) 90.3 (95.5)° 96.2 (83.4)
<I>/<o> 28.2 (2.14) 23.2 (2.93)
Resolution range for refinement (A) 20-1.53 (1.57-1.53) 20-2.06 (2.11-2.06)
Number of protein residues 716 712
Number of protein atoms in final model 5544 5541
Number of nonhydrogen ligand atoms 26 NP°
(monomer 1 only)
Number of nonhydrogen ligand atoms 23 22
(monomer 2 only)
Number of water molecules 488 339
Rmsd bond lengths (A) 0.014 0.012
Rmsd bond angles (°) 1.7 1.7
R factor (%) 19.5 17.6
Riree (%)° 22.0 21.9
Avgrage B factor, protein atoms 27.0 31.7
(L]
Average B factor, protein atoms 26.4 30.9
(A% monomer 1 only)
Average B factor, protein atoms 27.7 32.5
(A% monomer 2 only)
Average B factor, ligand atoms 49.3° NP
(A% monomer 1 only)
Average B factor, ligand atoms 42.5f 50.5
(A% monomer 2 only)
Average B factor, solvent %) 35.1 37.3

2Values in parentheses are for the highest resolution shell used in refinement.
5The higher completeness of the last resolution bin reflects the presence of ice rings in a few of the lower resolution bins. Reflections in these

ice rings were rejected, thereby lowering the overall completeness.

°NP, not present. For WT/cephalothin, the ligand was modeled only in monomer 2 as the acyl cephalothin; it is modeled at an occupancy of

0.8. For monomer 1, no ligand was observed.

4Ry Was calculated with 2.5% and 5.0% of reflections set aside randomly for S64G and WT, respectively.
¢For S64G/cephalothin, the ligand in monomer 1 is the substrate cephalothin; it is modelled at an occupancy of 0.65.
fFor S64G/cephalothin, the ligand in monomer 2 is the product cephalothin; it is modelled at an occupancy of 0.9.

clear that the occupancy of the substrate is less than
1.0; tetrahedral density overlaps the proximal portion of
the B-lactamring, suggesting a bound phosphate, which
corresponds to one observed in the AmpC S64G native
structure (unpublished data). The occupancy of the sub-
strate was set to 0.65, and that of the phosphate was
set to 0.35.

In the precovalent substrate complex with S64G, the
09 carbonyl oxygen of the B-lactam ring is recognized
in the “electrophilic” [11] or “oxyanion” [29] hole by the
main chain nitrogens of Gly64 (2.8 A) and Ala318 (2.8 A)
and makes a close contact with the main chain oxygen
of Ala318 (3.1 A) (Table 2; Figure 3A). The six-membered
dihydrothiazine ring of cephalothin is locked into posi-
tion since it remains fused to the intact four-membered
B-lactam ring. The characteristic C4’ carboxylate is di-
rected “down” toward the bottom of the active site; the
O4A oxygen appears to accept a hydrogen bond from
the putative catalytic base, Tyr150 (3.2 A) and Thr316
(3.2 A), and the 04B oxygen hydrogen bonds with
Wat401, a well-ordered water molecule that is seen in
many structures [12-14, 16] and corresponds to Wat403

in monomer 2. Wat401 also interacts with Asn346 and
Arg349. There is no water in the active site that corre-
sponds to the deacylating water (Wat400 in monomer
1, and Wat402 in monomer 2 of other structures); in-
stead, this site is occupied by the C4’ carboxylate of
the ligand. The R2 leaving group of the substrate makes
few interactions in the active site (Figure 3A), pointing
toward bulk solvent in an area of relative disorder in the
structure (residues 280 to 295). On the other side of
the molecule, the amide group of the R1 side chain
is recognized by GIn120, Asn152, and the main chain
oxygen of Ala318, as expected [9, 12, 15] (Table 2). The
more distal portion of the R1 side chain, the thiophene
ring of cephalothin, 7 stacks with Tyr221; the centroids
of these two rings are 4.4 A away from each other, and
their planes are at an angle of 21°.

Product-Enzyme Complex

In monomer 2 of the S64G/cephalothin complex, simu-
lated-annealing omit electron density reveals that the
bound ligand is the hydrolyzed, postcovalent form of
cephalothin, the product of the reaction (Figure 2C); it
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was modeled at an occupancy of 0.9. Although we did
not explicitly add product in the crystal-soaking experi-
ment, the mutant S64G retains enough activity (72,000-
fold down from WT; unpublished data) to produce a
substantial amount of product over the time course of
the experiment. With its four-membered ring broken and
the R2 leaving group having departed, the product-
enzyme complex shows a different set of interactions
(Table 2; Figure 3C). The hydrolysis of the B-lactam ring
results in a carboxylate, with oxygens O9A and O9B in
place of the original carbonyl oxygen O9 of the sub-
strate. The O9A oxygen of the newly formed carboxylate
binds similarly to the 09 carbonyl oxygen of the sub-
strate, hydrogen bonding to the main chain nitrogens
of Gly64 (2.8 A) and Ala318 (2.9 A), but moves away from
the main chain oxygen of Ala318. The other carboxylate
oxygen, 09B, interacts with Lys67 (2.9 A) and Tyr150
(2.6 A). Without the four-membered ring to lock it in
place, the six-membered dihydrothiazine ring rotates
about the C6-C7 bond [30] so that its carboxylate is
109° from its original position in the substrate (as mea-
sured as the angle from C4' [substrate] to C6 to C4’
[product]); the C4' carbon of this carboxylate is 7.3 A
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Figure 2. Stereoviews of the Active Site Elec-
tron Density for Each Complexed Structure

For each, the 2F, — F, electron density of the
refined model of AmpC is shown in blue, con-
toured at 1.0 o, and the simulated-annealing
omit electron density of the refined ligand is
shown in green, contoured at 3.0 o for the
substrate (A) and 3.3 ¢ for both the acyl (B)
and product (C) complexes. The active site
region from monomer 1 of the asymmetric
unit is shown for the substrate (A) complex,
and the active site from monomer 2 of the
asymmetric unit is shown for the acyl (B) and
product (C) complexes. Carbon atoms, gray;
oxygen atoms, red; nitrogen atoms, blue. Wa-
ter molecules are indicated by cyan spheres.
The figure was generated using SETOR [52].

Lys315

50

from its original position in the substrate complex (Fig-
ure 4A). The carboxylate loses its interactions with
Tyr150 and Thr316, which were seen in the substrate
structure, and now interacts with GIn120. The movement
of the carboxylate opens up this area of the active site
of monomer 2, and well-ordered waters Wat402 and
Wat403 are observed. Wat402 is highly conserved in
AmpC structures and is believed to be the deacylating
water molecule [12, 14, 16]. On the other side of the
molecule, the amide group of the R1 side chain is recog-
nized by GIn120, Asn152, and the main chain oxygen of
Ala318, as in the substrate. However, the thiophene ring
has rotated such that it no longer can = stack with
Tyr221. The centroids of the thiophene ring and Tyr221
have been displaced so that they are 5.8 A away from
each other, and their planes are at an angle of 86°. The
change in the thiophene position may be due to the
proximity of the C4’ carboxylate, which has rotated “up”
to hydrogen bond with Gin120.

WT/Cephalothin Acyl-Enzyme Complex
The X-ray crystal structure of cephalothin in complex
with the WT AmpC was determined to 2.06 A resolution
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Table 2. Key Interactions within the AmpC/Cephalothin Complexes

Distance (A)

Interaction S64G/substrate? WT/acylP S64G/product® Native AmpC>*
Y1500H-K315N({ 2.7 2.8 2.8 2.8
Y1500H-S640y NP¢ 3.1 NP 2.9
Y1500H-K67N{ 2.9 3.1 2.9 3.3
K67N(-A2200 2.9 3.0 3.0 2.9
K67N{-S640vy NP 3.2 NP 2.8
N1520381-K67N¢ 2.7 2.7 2.7 2.6
N152N32-Q1200€1 3.0 2.9 2.8 2.8
S/G64N-09 2.8 4.0 NP NP
A318N-09 2.8 3.4 NP NP
A3180-09 3.1 41 NP NP
A3180-N10 3.1 3.0 2.9 NP
K67N(-09B NP NP 2.9 NP
Y1500H-09B NP NP 2.6 NP
G64N-09A NP NP 2.8 NP
A318N-09A NP NP 2.9 NP
N152N52-012 2.8 2.6 2.9 NP
Q120Ne2-012 3.1 3.1 3.1 NP
Wat402-N5 NP 4.9 6.0 NP
Wat402-T3160+1 NP 3.1 2.7 3.0
Wat402-Wat403 NP 3.9 2.8 2.9
Wat402-04B NP 8.0 8.9 NP
Wat402-09 NP 2.6 NP NP
Wat402-Y1500H NP 3.4 4.4 4.3
Wat403-N346051 NP 2.6 2.9 2.6
Wat403-R349Nn1 NP 2.9 3.1 2.9
Wat403-04A NP 3.7 8.2 NP
Wat401-04B 2.4 NP NP NP
Wat401-N346051 2.6 NP NP NP
Wat401-R349Nn1 2.9 NP NP NP
Wat681-022 2.5 NP NP NP
Y1500H-04A 3.2 8.8 10.0 NP
T3160v1-04A 3.2 7.6 11.4 NP
N343N52-04B 6.8 3.0 7.9 NP
Q120Ne2-04B 9.0 7.6 2.9 NP

Structural diagrams are given in Figure 1B.
2Distances are for monomer 1 of the asymmetric unit.
°Distances are for monomer 2 of the asymmetric unit.

°From R.A. Powers and B.K.S. (unpublished data; Protein Data Bank entry 1KE4).

9NP, not present.

(Table 1; Figure 2B). Unambiguous F, — F, electron den-
sity in the initial maps, contoured at 3 o, revealed the
presence of a ligand covalently linked to the Oy of Ser64
in monomer 2 (Figure 2B); little difference density was
seen in monomer 1. Cephalothin was modeled into the
difference density of monomer 2 as its covalently bound,
open ring form at an occupancy of 0.8. As expected,
the R2 leaving group has departed, leaving an exocyclic
methylene (C3’) off of the dihydrothiazine ring. A simu-
lated-annealing omit map of the ligand in the final model
confirmed the identity and conformation of the ligand
(Figure 2B). The final R factor was 17.6%, and the final
Rie. Was 21.9%. The stereochemistry of the model was
evaluated by the program Procheck [28]; 91.6% of the
nonproline, nonglycine residues were in the most fa-
vored region of the Ramachandran plot, and 8.4% were
in the additionally allowed region. As compared to mo-
nomer 2 of the WT AmpC structure (Protein Data Bank
entry 1KE4), the rmsd of Ca positions of monomer 2 of
the acyl complex is 0.15 A.

One unusual feature within the covalent adduct of WT
AmpC with cephalothinis that the 09 carbonyl oxygen of
cephalothin is not bound in the electrophilic or oxyanion

hole but is twisted about the Oy-C8 bond so that the
09 oxygen is displaced approximately 1.5 A from its
expected location (Figure 3B). The O9 oxygen now inter-
acts with Wat402, the deacylating water [12, 14, 16].
Because of the opening of the B-lactam ring, the dihy-
drothiazine ring of the acyl complex is free to rotate
about the C6-C7 bond, like the product. Indeed, the
carboxylate of the acyl ligand has rotated 66° from its
initial position in the substrate, resulting in a displace-
ment of the C4’ carbon of the carboxylate of 5.5 A ln
this position, the carboxylate picks up an interaction
with Asn343; it has lost the interactions with Tyr150 and
Thr316 observed in the precovalent substrate complex
(Table 2). The rotation of the six-membered dihydrothia-
zine ring opens up that region of the active site of mono-
mer 2, which then binds Wat402 and Wat403 [12, 16].
On the other side of the molecule, the R1 side chain has
been displaced by about 0.7 A relative to the substrate,
most likely due to the repositioning of the O9 oxygen.
Nevertheless, the R1 amide of cephalothin is still recog-
nized by GIn120, Asn152, and the main chain oxygen of
Ala318. The thiophene ring = stacks with Tyr221, much
as in the precovalent substrate complex. The conforma-



Structure
418

Tyri50

4 s Thi3te

UNHJIE

Thi318

Ala318

tion of the entire R1 group (Figure 1B) is quite similar
to that observed in the precovalent substrate-enzyme
complex, whereas the conformation of the dihydrothia-
zine ring is intermediate, between that of the substrate
and the product (Figure 4B).

Discussion

To hydrolyze B-lactams, serine B-lactamases must rec-
ognize their substrate, form an acyl-adduct, and finally
produce and expel the hydrolyzed product. Key aspects
of how these perfect enzymes [20, 21] recognize sub-
strate, activating it for hydrolytic attack, and how they
bind substrate selectively over the product, avoiding
measurable product inhibition, emerge from the preco-
valent substrate, acyl-intermediate, and postcovalent
product complexes described here.

A Possible Role of Substrate in Activation

of AmpC for Catalysis

In the precovalent encounter complex, the substrate
cephalothin makes several interactions that are familiar

Thr316

Figure 3. Stereoviews of Key Interactions
Observed within Each Complexed Structure

(A) S64G/cephalothin enzyme-substrate com-
plex.

(B) WT/cephalothin acyl complex.

(C) S64G/cephalothin enzyme-product com-
plex.

Atoms are colored as in Figure 2, except that
the carbon atoms of the substrate are green,
the acyl ligand is orange, and the product
is magenta, for clarity. Dashed yellow lines
indicate interactions within hydrogen bond-
ing distance; interaction distances are given
in Table 2. Hydrogen bonds between protein
residues are not shown. Figures 3 and 4 were
generated using MidasPlus [53].

Lys31s

Thi31g

from acyl-enzyme structures; several unexpected inter-
actions are also observed. The interactions between
the enzyme and the R1 side chain of cephalothin and
between the electrophilic [11] or oxyanion [29] hole resi-
dues of the enzyme closely resemble those seen in ear-
lier structures. Less expected is the placement of the
characteristic C4’ carboxylate (Figure 1B) to accept a
hydrogen bond from Tyr150 (Figure 3A), a residue pre-
viously implicated as the catalytic base [8, 9]. Several
investigators have suggested that the substrate carbox-
ylate could have a role in activating the B-lactamase
for catalysis in both class A [31] and class C enzymes
[32-34]. The structure of the precovalent substrate com-
plex suggests that the C4’ carboxylate may activate
Tyr150, which in turn may abstract a proton from Ser64
(which is 2.9 A from the Tyr150 in the WT apo structure),
either directly or via Lys67, to activate the serine for
hydrolytic attack. This substrate-assisted mechanism
may also be allowed by other hydrogen bond-accepting
groups at this C4’ position [35].

In the covalent adduct between cephalothin and WT
AmpC (Figure 3B), the C4’ carboxylate has moved by
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5.5 A fromits initial position in the precovalent substrate-
enzyme complex, adopting a position similar to that
seen in the complex between the substrate loracarbef
and the deacylation-deficient mutant AmpC Y150E/
Q120L [12]. This conformation opens the position for
the presumptive hydrolytic water Wat402 [12-14, 16],
which, in the precovalent substrate-enzyme complex,
had been occupied by this carboxylate. Absent from the
substrate-enzyme complex, Wat402 has reappeared in
the acyl-enzyme complex, hydrogen bonding with
Thr316 and within 3.4 A of Tyr150, poised for hydrolytic
attack on the acyl-intermediate. This suggests that class
C B-lactamases, like class D p-lactamases [36, 37], use
a symmetrical mechanism for hydrolysis. In the preacy-
lation encounter complex, the C4' carboxylate of the
substrate appears to accept a hydrogen bond from
Tyr150, which in turn accepts a hydrogen bond from
Ser64, activating the serine for nucleophilic attack on
the B-lactam bond of the substrate (Figure 5). On deacyl-
ation, Wat402 donates a hydrogen bond back to Tyr150,
which in turn can donate a hydrogen bond to the
Ser640+, activating the serine to be a leaving group for
deacylation.

Following deacylation, in the final, postcovalent prod-
uct-enzyme complex (Figure 3C), the C4’' carboxylate
has moved still further, to 7.3 A from its original position
in the precovalent substrate-enzyme complex (Figures
4A and 4B). Indeed, in the product complex with S64G,
the entire dihydrothiazine ring has rotated by 109°
around the C6-C7 bond so that it is almost “upside
down” compared to the fused ring position in the preco-
valent complex (Figure 4A). This rotation probably re-
flects electrostatic repulsion between the C4' carboxyl-
ate and the newly formed carboxylate at C8. If the
dihydrothiazine ring did not rotate, this newly formed

Ser/Glyb4

Figure 4. Stereoviews of the Superimposed
¥ryr1s0 Complexes of Cephalothin with AmpC Show-
ing the Progression of the Reaction

The protein residues displayed are those of
monomer 2 of the S64G/cephalothin com-
plexed structure, which are almost identical
with those of the other complexed structures.
In (A), the complexes of S64G with the sub-

] strate (carbon atoms, green) and product

(carbon atoms, magenta) are superimposed,
showing the full extent of the rotation of the
six-membered ring. In (B), the substrate (car-
bon atoms, green), acyl-intermediate (carbon
atoms, orange), and product (carbon atoms,
magenta) are overlaid, showing the progres-
sion of the reaction.

f Tyr150

carboxylate would be within 3.3 AoftheC4’ carboxylate.
In its final position, the C4' carboxylate forces a rotation
of the thiophene ring of the R1 side chain, disrupting
the m-stacking interaction between it and Tyr221. The
altered conformation of the product and the resultant
loss of interactions of both the C4’ carboxylate and the
thiophene ring may account for the low binding affinity
of product to AmpC. Product inhibition, which can be
significant in many enzymes, has not been reported for
serine B-lactamases. This appears to owe to inherent
strain in the product itself; the two carboxylates require a
significant conformational change, which then disrupts
binding of other regions of the ligand to the active site.

The Role of the R2 Leaving Group

Within the substrate-enzyme complex, the placement
of the R2 side chain (Figure 1B) is interesting because
it seems so little involved in the complex. This side chain
is displaced through an electronic rearrangement after
the B-lactam ring has been opened in the acyl-adduct,
leaving a single exocyclic methylene group at C3'. It is
this form of cephalothin, where the R2 side chain has
been displaced, that is captured in the acyl-enzyme
and product complexes (Figures 3B and 3C; Table 2)
described here and that has been seen in all previous
cephalosporin complexes with B-lactamases [12, 13, 38]
and penicillin binding proteins [39, 40]. Because the
B-lactam ring has not opened in the encounter complex
(Figure 3A), this R2 side chain is still present. Investiga-
tors have made many substitutions at this site and have
found that both bulky groups, such as the 2,4-dinitrosty-
ryl side chain in nitrocefin, and small groups, such as
the chlorine in cefaclor, are tolerated. Medicinal chem-
ists have used this tolerance to place very large group
groups at this position as a tool for drug delivery [41,
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In (A), the apo enzyme is shown with Wat402 and Wat403 bound. In (B), the substrate is shown bound in the active site. Wat402, the putative
deacylating water, is displaced by the C4' carboxylate, which activates Tyr150, which may in turn activate Ser64 to attack the C8 carbonyl
carbon of the B-lactam ring. In (C), the acyl-adduct is shown. Wat402 resumes its position, and it is activated for attack at the C8 carbonyl
carbon. Finally, in (D), the product is shown bound to the active site; Wat402 and Wat403 are present. Protein atoms, green; ligand atoms,
black; waters, blue; dotted lines indicate selected hydrogen bonds, and red arrows indicate the direction of attack.

42] and as immunomodaulators [43]. As far as the class
C B-lactamases are concerned, the structure of the pre-
covalent substrate-enzyme complex explains this toler-
ance—the R2 side chain makes few interactions with
the enzyme, instead pointing out toward solvent. No
obvious restrictions on the size of this side chain appear
from the substrate-enzyme complex.

Realistic Views of the Intermediates?

It is appropriate to consider certain caveats when inter-
preting these structures. First, how much does the resi-
due substitution at Ser64 affect the binding of the li-
gand? The truncation of this side chain clearly allows
both the substrate and product to come closer to the
enzyme in the region of residue 64 than would be possi-
ble in the WT form. Overlaying the substrate/S64G struc-
ture with the WT apo structure, the catalytic Ser640vy
would be 1.9 A from the C8 carbonyl carbon of the
lactam ring, which is closer to a covalent distance than a
van der Waals distance. Nevertheless, even the proximal
portions of both the substrate (O9 lactam oxygen) and

the product (O9A and O9B oxygens of the carboxylate)
would be able to make similar contacts in the WT en-
zyme. The more distal portions of the molecule, for in-
stance, the amide of the R1 side chain, overlay almost
exactly with those of the acyl complexes previously de-
termined [12], suggesting a realistic placement of both
substrate and product.

Second, why have we been able to capture the sub-
strate in one monomer and the product of the reaction
in the other monomer of the S64G crystal? Class C
B-lactamases are active as monomers; however, AmpC
crystallizes with two monomers in each asymmetric unit,
and each monomer adopts a slightly different conforma-
tion. In monomer 1, the region of residues 280-295 usu-
ally is relatively disordered; residues 289-295 adopt a
loop conformation, making the active site more open
in the region around the substrate’s R2 side chain. In
monomer 2, these residues (289-295) fold into two turns
of a helix, causing Leu293 to move 4 A (Ca to Ca) to
7 A (Cy to Cv) into the active site, closing off the region
that was occupied by the distal portion of the R2 leaving
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group. Substrate binds to the more open conformation
of monomer 1, and product binds to the more closed
conformation of monomer 2. We note that when transi-
tion-state analogs are cocrystallized with AmpC, both
monomers adopt closed conformations [16, 17]. Simi-
larly, in soaking experiments with B-lactams, the acyl-
enzyme complex is usually more ordered in monomer
2, which adopts the more closed conformation [12, 13].
There may be two functionally important conformations
of this region in class C B-lactamases: a more open
conformation that binds to substrate and a more closed
conformation that occurs as the reaction proceeds. Ex-
cept for this one region, we note that AmpC itself under-
goes little overall conformational change as the reaction
proceeds from the apo enzyme to substrate, acyl, deac-
ylation transition-state analog, and product complexes.

Finally, how have we been able to capture the WT
enzyme with an excellent substrate, like cephalothin, in
an acyl-adduct? We believe that the alteration in the
position of the O9 oxygen, which is no longer in the
electrophilic or oxyanion hole and hence is not compe-
tent for deacylation, was crucial to the capture of this
complex. The idea that the ester of the acyl-adduct in
B-lactamases may adopt alternate conformations has
been previously suggested based on FTIR evidence [44,
45]. Indeed, these authors have suggested that the lack
of evidence for such alternate conformations in X-ray
crystal structures points out the inability of crystallogra-
phy to reliably capture higher-energy states. This struc-
ture confirms the possibility of this rotational movement
within the acyl-adduct crystallographically. As far as
the interpretation of the acyl-adduct is concerned, the
movement of the O9 oxygen does not appear to alter
the rest of the structure significantly; the entire molecule,
save the 09, overlays well with the structure of loracar-
bef determined in complex with a deacylation-deficient
mutant enzyme [12]. This leads us to believe that the
interactions observed outside the region around the 09
oxygen may be used to understand the mechanism of
AmpC.

Conclusions

A proficient enzyme must recognize its substrate, acti-
vating it for catalysis, and must selectively bind the sub-
strate over the product to avoid product inhibition. Ex-
actly how this is done remains an area of active inquiry
for many hydrolases. For the class C B-lactamases, the
following model may now be proposed (Figure 5). First,
AmpC binds its substrate; there is no discernible confor-
mational change on complex formation. Once bound,
the substrate is oriented using a network of hydrogen
bonds and nonpolar interactions that stretch across the
entire molecule, stopping only at the displaceable R2
side chain (Figure 3A). A hydrogen bond between the
C4' carboxylate of the substrate itself and Tyr150 may
activate the latter, the presumed catalytic base [6, 8], to
transiently accept a proton from the nucleophilic Ser64,
priming it for attack on the substrate. An intermediary
role for Lys67 in this transfer cannot be ruled out at this
time. After the attack of Ser64 and the formation of the
acyl-adduct, this C4’' carboxylate swings into a new
position, 5.5 A away from where it was in the encounter

complex. This displacement allows the deacylating wa-
ter to bind to its staging site, where it is activated by
Thr316 and possibly Tyr150 (see also [12-14, 16]). As
previously described [12, 13], attack by this water leads
to a tetrahedral adduct, where Tyr150 may participate
with the dihydrothiazine nitrogen of the substrate itself
[46] to stabilize this high-energy intermediate. Collapse
of this intermediate leads to formation of product, and
the C4' carboxylate rotates even further away from its
original position in the precovalent substrate-enzyme
complex. The driving force for this rotation may be the
internal electrostatic strain between the C4’ carboxylate
and the newly formed carboxylate at C8. Its conse-
quence is that key favorable hydrogen bonds are bro-
ken. This, combined with the difficulty in desolvating a
dianionic species, results in the low affinity of product
for AmpC relative to substrate. B-lactams are highly
functionalized molecules, and AmpC appears to take
advantage of that functionality not only as handles for
recognition, as in classic enzyme-ligand recognition, but
also to actually activate the enzyme at several stages
in the mechanism.

Biological Implications

Serine hydrolases, which include proteases and
B-lactamases, are a widely studied class of enzymes
involved in many diseases. 3-lactamases are the leading
cause of bacterial resistance to B-lactam antibiotics,
like penicillins and cephalosporins. Despite the impact
of these enzymes on public health, little is known about
the structural basis of substrate recognition and selec-
tive binding of substrate over the hydrolyzed product of
the reaction. Understanding each step of the hydrolysis
would help to explain the observed differences in activity
between different enzymes and the importance of specific
moieties of their substrates. To better understand these
features, the crystal structures of AmpC B-lactamase in
complex with the substrate, acyl, and product forms of
a good substrate have been determined. We observe
that the ligand itself undergoes a significant conforma-
tional change as the reaction progresses. These struc-
tures suggest that conserved portions of the ligand are
crucial for activating the enzyme at each stage of the
reaction. This observation may provide a way to design
new hydrolase inhibitors; if the enzymes depend on the
ligand for activation, alterations in the ligand that elimi-
nate these interactions may act as inhibitors. These
snapshots along the reaction pathway of p-lactam hy-
drolysis thus not only provide insight into the mechanism
of serine hydrolases but may also help to design new
B-lactam antibiotics that can resist hydrolysis by
B-lactamases.

Experimental Procedures

Enzyme Preparation

The mutant AmpC S64G was made using the overlap extension
polymerase chain reaction (PCR) [47]. The mutagenesis of the ampC
gene was performed in the pOG0O295 plasmid [11]. Following PCR
mutagenesis, the mutant gene was cut using Xbal and BamHI (New
England Biolabs, Beverly, MA) to create sticky ends and ligated
back into the plasmid, which had been similarly cut. The mutant
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plasmid was then transformed into Escherichia coli JM109 using
electroporation.

Both AmpC S64G and WT were expressed as previously de-
scribed [11, 48]. The WT enzyme was purified from an m-aminophe-
nylboronic acid affinity column [11], and the S64G enzyme was
purified from an S-Sepharose ion exchange column [12].

Crystal Growth

Crystals of AmpC WT and S64G were grown by vapor diffusion in
6 pl hanging drops over a solution of 1.7 M potassium phosphate
(pH 8.7) after microseeding with wild-type enzyme [11]. Crystals
were grown at 23°C and appeared within 5-7 days. Crystals of apo
S64G and of WT AmpC were harvested using nylon loops and each
placed in an individual 6 .l drop of saturated cephalothin and 1.7
M potassium phosphate (pH 8.7), and then more cephalothin powder
was sprinkled on the drop. Both crystals were soaked in cephalothin
drops suspended over a 1 ml well of crystallizing buffer; the S64G
crystal was soaked for 3 hr, and the WT crystal was soaked for 15 min
and then transferred to a fresh drop for another 15 min. Following the
cephalothin soaks, both the S64G and WT crystals were immersed
in a cryoprotectant solution of saturated cephalothin, 25% sucrose,
and 1.7 M potassium phosphate (pH 8.7) for approximately 20 s and
then flash cooled in liquid nitrogen.

Data Collection, Processing, and Refinement

X-ray diffraction data were measured at the DND-CAT beamline
5IDB at the Advanced Photon Source at Argonne National Labora-
tory at 100K using a 162 mm Mar CCD detector. The reflections
were indexed, integrated, and scaled using the HKL package [49]
(Table 1). AmpC crystallizes in the C2 space group, with two AmpC
molecules per asymmetric unit.

For S64G/cephalothin, an initial model, an AmpC/boronic acid
complexed structure (Protein Data Bank entry 1C3B) [16], with inhib-
itor and solvent atoms removed and glycine substituted for Ser64,
was positioned by rigid body refinement. For WT/cephalothin, an
initial model, a different AmpC/boronic acid complexed structure
(Protein Data Bank entry 1FSY) [17], with inhibitor and solvent atoms
removed, was also positioned by rigid body refinement. The models
were then refined using simulated annealing, positional minimiza-
tion, and individual B factor refinement with the maximum likelihood
target, a bulk solvent correction, and a 2 ¢ cutoff with CNS [50]. o -
weighted electron density maps were also calculated with CNS [50].
The cephalothin molecules were built into the observed difference
density in each active site. Manual rebuilding of the model and
placement of water molecules using the program O [51] were then
alternated with rounds of positional and B factor refinement with
CNS using all data from 20 to 1.53 A.

For S64G/cephalothin, occupancies of the ligands were deter-
mined based on optimization of difference density and by compari-
son of the refined thermal factors. Cephalothin in monomer 1 was
modeled as the substrate closed ring form and refined with an
occupancy of 0.65; the average thermal factor for the substrate was
49.3 A?, ranging from 34.5 A? to 64.8 A2. Cephalothin in monomer 2
was modeled as the product hydrolyzed form and refined with an
occupancy of 0.9; the average thermal factor for the product was
42.5 A?, ranging from 30.0 A? to 50.8 A In addition to these two
active site ligands, two phosphate ions were modeled in the S64G/
cephalothin structure; one phosphate overlaps the substrate in the
active site of monomer 1, representing a portion of unit cells that
lacked the ligand, and was modeled with an occupancy of 0.35. A
second phosphate is found at a crystal contact. In addition, Lys164
of monomer 1 was observed to have a covalently bound cephalothin
molecule in two conformations; each was modeled at half occu-
pancy. We do not believe that this is a relevant binding site because
it occurs at a crystal contact and is not seen in monomer 2, where
there is no similar interaction with a symmetry mate. For the S64G/
cephalothin complex, each monomer contains 358 residues. Due
to poor electron density in the region 280-295 of monomer 1, some
residues were modeled as alanine.

For WT/cephalothin, occupancy of the ligand was based on a
comparison of refined thermal factors of the ligand with those of
the covalently bound Ser64. Cephalothin in monomer 2 was modeled
as the covalent adduct with an occupancy of 0.8; the average ther-

mal factor was 50.5 A? ranging from 43.6 A? to 57.6 A2 No ligand
was modeled in monomer 1. For the WT/cephalothin complex,
monomer 2 contains 358 residues; monomer 1 contains only 354
residues due to poor electron density in the region 280-295; residues
287 and 290-292 were excluded from the model. Other residues in
this region were modeled as alanine due to poor side chain density.

The coordinates for the AmpC S64G and WT structures in complex
with cephalothin have been deposited in the Protein Data Bank with
accession codes 1KVL and 1KVM, respectively.
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