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ABSTRACT: A new â-lactamase inhibitor, a methylidene penem having a 5,6-dihydro-8H-imidazo[2,1-c]-
[1,4]oxazine heterocyclic substituent at the C6 position with aZ configuration, irreversibly inhibits both
class A and class C serineâ-lactamases with IC50 values of 0.4 and 9.0 nM for TEM-1 and SHV-1 (class
A), respectively, and 4.8 nM in AmpC (class C)â-lactamases. The compound also inhibits irreversibly
the class C extended-spectrum GC1â-lactamase (IC50 ) 6.2 nM). High-resolution crystallographic structures
of a reaction intermediate of (5R)-(6Z)-6-(5,6-dihydro-8H-imidazo[2,1-c][1,4]oxazin-2-ylmethylene)-7-
oxo-4-thia-1-azabicyclo[3.2.0]hept-2-ene-3-carboxylic acid1 with the SHV-1â-lactamase and with the
GC1â-lactamase have been determined by X-ray diffraction to resolutions of 1.10 and 1.38 Å, respectively.
The two complexes were refined to crystallographicR-factors (Rfree) of 0.141 (0.186) and 0.138 (0.202),
respectively. Cryoquenching of the reaction of1 with eachâ-lactamase crystal produced a common,
covalently bound intermediate. After acylation of the serine, a nucleophilic attack by the departing thiolate
on the C6′ atom yielded a novel seven-membered 1,4-thiazepine ring havingR stereochemistry at the
new C7 moiety. The orientation of this ring in each complex differs by a 180° rotation about the bond to
the acylated serine. The acyl ester bond is stabilized to hydrolysis through resonance stabilization with
the dihydrothiazepine ring and by low occupancy or disorder of hydrolytic water molecules. In the class
A complex, the buried water molecule on theR-face of the ester bond appears to be loosely bound or
absent. In the class C complex, a water molecule on theâ-face is disordered and poorly activated for
hydrolysis. Here, the acyl intermediate is unable to assist its own hydrolysis, as is thought to occur with
many class C substrates.

The bacterialâ-lactamase enzymes provide resistance to
antibiotics of theâ-lactam family (penicillins, cephalosporins,
carbapenems, and monobactams) by hydrolyzing theâ-lac-
tam bond. The most studied of these enzymes, clinically,
biochemically, and structurally, are the serine-reactiveâ-lac-
tamases in classes A and C (for reviews, see refs1-4). An
approach to combat resistance is to co-administer the
enzyme-susceptibleâ-lactam with aâ-lactamase inhibitor.
A small number of inhibitors, such as clavulanic acid2,
sulbactam3, and tazobactam4, have been heavily employed
in the clinic since the mid-1980s (5-7). However, these
compounds display poor inhibition of the class Câ-lacta-
mases, and their effectiveness against the class A enzymes
has steadily diminished as inhibitor-resistantâ-lactamases

arise after high inhibitor usage (8, 9).
It is desirable to have a single compound able to inhibit

all classes of the serine-reactiveâ-lactamases. (Inhibition of
the zinc-dependent class B enzymes must use a different
chemistry.) The development of new serine-directed inhibi-
tors is being advanced by the examination of crystallographic
complexes with established or promising inhibitors for
â-lactamases of class A (10-14), class C (15-18), and,
lately, class D (19, 20). Because of their toxicity, instability,
or poor transport, however, few of these inhibitors have been
introduced into clinical use.

Here, we describe the properties and reaction mechanism
of a novel methylidene penem1 which was found to exhibit
significant inhibitory activity against both class A and C
serineâ-lactamases. To understand the mode of action of
this compound and to facilitate refinement of compounds of
this type, we have established the high-resolution crystal
structures of its reaction intermediate with the SHV-1 and
GC1 â-lactamases, which are well-characterized members
of the class A and class C families.

MATERIALS AND METHODS

Subcloning and Protein Purification.The SHV-1â-lac-
tamase gene (blaSHV-1, GenBank entry AF124984) was
directionally subcloned into the phagemid vector pBCSK
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from a clinical strain ofKlebsiella pneumoniae15571.
Escherichia coliDH10B was the host strain used to harvest
the SHV-1 enzyme (21). The Enterobacter cloacaeGC1
enzyme was obtained from the GC1â-lactamase gene on
the pCS101 plasmid inE. coli AS226-51, as previously
described (22, 23).

Synthesis and Characterization of (5R)-(6Z)-6-(5,6-Dihy-
dro-8H-imidazo[2,1-c][1,4]oxazin-2-ylmethylene)-7-oxo-4-
thia-1-azabicyclo[3.2.0]hept-2-ene-2-carboxylic Acid Sodium
Salt 1. Compound1 can be synthesized by reacting 5,6-
dihydro-8H-imidazo[2,1-c][1,4]oxazine-2-carboxyaldehyde5
with 4-nitrobenzyl-(5R,6S)-6-bromopenem-3-carboxylate6
under Lewis acid-catalyzed aldol condensation conditions.
The methylidene linkage with theZ configuration was
introduced between the heterocyclic and the penem portions
of the molecule by a reductive elimination procedure of aldol
intermediate7, as shown in Scheme 1 (24). Compound1
was characterized by1H NMR and mass spectroscopic
analysis:1H NMR (MHz, DMSO-d6) δ 3.95-4.05 (m, 4H),
4.68-4.78 (q, 2H), 6.32 (s, 1H), 6.50 (s, 1H), 6.95 (s, 1H),
7.54 (s, 1H); M+ Na m/z 328; mp 130°C.

Crystallization of the Apoenzymes.Ligand-free SHV-1
crystals measuring up to 0.25 mm in all dimensions were
grown by the vapor diffusion method. The protein drop [1.5
mg/mL, 0.6 mM Cymal-61 detergent (Anatrace, Maume,
OH), 15% PEG (Mr ) 6000), and 50 mM HEPES buffer

(pH 7.0)] was placed over a reservoir solution containing
30% PEG and 100 mM HEPES buffer. The 28.9 kDa SHV-1
enzyme crystallizes in space groupP212121 with one
molecule in the asymmetric unit (21) and the following cell
dimensions:a ) 49.6 Å,b ) 55.6 Å, andc ) 87.0 Å (100
K).

The â-lactamase fromE. cloacaeGC1 was crystallized
using the sitting drop vapor diffusion method from a drop
(10 mg/mL) containing 10% PEG (Mr ) 8000) and 50 mM
HEPES (pH 7.0) over a reservoir of 20% PEG in 100 mM
HEPES. Streak seeding in a 6 mg/mL protein drop was
necessary to produce large crystals. The platelike GC1
crystals are in space groupP21212 with one molecule of 39.4
kDa in the asymmetric unit (23) and the following unit cell
parameters:a ) 78.0 Å,b ) 69.5 Å, andc ) 63.1 Å (100
K).

Reaction with Inhibitor.For the SHV-1 enzyme, a pre-
grown crystal was soaked at room temperature for 3 h in
the 30% PEG holding solution (pH 7) containing Cymal-6
and 10 mM1, the concentration of which was incrementally
increased to minimize cracking. The inhibitor solution was
refreshed 15 min before crystal cooling and X-ray data
collection. A crystal of the GC1 enzyme was similarly soaked
with 2 mM 1 for 70 min.

X-ray Data Collection and Processing.The inhibitor-
soaked SHV-1 and GC1 crystals were cryoprotected by the
addition of 25% MPD and 25% glycerol, respectively, to
each PEG holding solution. Loop-mounted crystals were
flash-cooled and kept at 100 K with a nitrogen gas stream
(Oxford Cryosystems). One-degree oscillation images were
collected on a Q210 CCD detector (Area Detector Systems
Corp.) at station A1 of the Cornell High Energy Synchrotron
Source (MacCHESS). Only one crystal of each enzyme was
used. The high-resolution SHV-1 data were collected before
the low-resolution data. The HKL programs (25) were used
to reduce and scale X-ray intensities (Table 1).

RESULTS

Properties and ActiVity of 1. The purified compound1,
when incubated with TEM-1 and SHV-1 (class A) or AmpC
and GC1 (class C)â-lactamases, effectively inhibited these
enzymes with IC50 values of 0.4, 9.0, 4.8, and 6.2 nM,
respectively.â-Lactamase inhibitory activities (IC50 values)
were determined spectrophotometrically as described by
Bush et al. using nitrocefin (Becton Dickinson, Cockeyville,
MD) as the indicator substrate (26). Homogeneously purified
â-lactamases were prepared fromE. coli (TEM-1, SHV-1)

1 Abbreviations: Cymal-6, cyclohexyl (n-hexyl)-â-D-maltoside;
HEPES,N-(2-hydroxyethyl)piperazine-N′-(2-ethanesulfonic acid); IC50,
concentration of the drug that will result in 50% inhibition of the target
enzyme; MIC, concentration of the lowest dilution of the drug in which
bacterial growth is absent; MPD, 2-methyl-2,4-pentanediol; PEG,
polyethylene glycol; rmsd, root-mean-square deviation.

Scheme 1: Synthetic Route to1
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or E. cloacae(AmpC, GC1) and incubated for 5 min with
1. Enzyme concentrations were as follows: 4.4 nM TEM-1,
26 nM SHV-1, 2.1 nM AmpC, and 5.7 nM GC1. The
maximal residual velocity was measured. Compound1 in
combination with piperacillin produced a significant syner-
gistic effect against Gram-positive and Gram-negative iso-
lates, including extended-spectrumâ-lactamases and class
C-expressing organisms, based on the reduction in MIC
values.

Structure Determination and Refinement of the Enzyme
Complexes.Initial rigid-body refinement was accomplished
with CNS (27) beginning with the unliganded SHV-1 (PDB
entry 1SHV) and GC1 (PDB entry 1GCE) molecules. A
simulated annealing protocol with 2 Å data and cross
validation usingRfree (28) were then used in the refinements.
XtalView (29) was employed for structure and map displays
and for manual manipulation of the structures. At this stage,
R-factors were ca. 35% for the unhydrated SHV-1 and GC1
apoprotein models.

As the protein model was being optimized and hydrated,
a large serine-bound ring structure became clear in the
difference density of both complexes. Early chemical work
with related penems (30, 31) suggested that a seven-member
ring compound13 can be formed by nucleophilic attack of

a thiolate leaving group on C6′ (Scheme 2). Intermediate
13 was therefore added to the model of each complex.
Because the ring has three tautomeric forms, only weak
refinement restraints were applied to the geometry of the
ring.

The final stages of the refinement (Tables 2 and 3) were
performed with SHELX (32) using allF > 0σ(F) data and
in steps to the highest resolution. Near 1.4 Å resolution, the
introduction of anisotropicB-factors in both models produced
a 1-3% drop in theRfree values. Riding hydrogen atoms were
later added in calculated positions. In the higher-resolution
SHV-1 complex, it was possible to model minor chemical
changes resulting from radiation damage (33-35), viz.,
partial rupture of the Cys77-Cys123 disulfide bond (ca.
30%), and 20-40% decarboxylation of eight acidic side
chains. Similar changes were observed in the extended-
spectrum SHV-2 enzyme at ultrahigh (0.9 Å) resolution (36).

Ramachandran analysis of the SHV-1 and GC1 protein
models showed 92.2 and 92.1% of the residues, respectively,
fall in the most favored regions, with none in disallowed
regions. For the GC1 enzyme, two main chain pathways were
modeled for part of theΩ loop from Leu219 to Gly225.
Each path was refined with an occupancy of 0.5. Residues
Gly217 and Met218 in the apo-like path were not clear in
the map and were omitted. The mixedR,â tertiary structure
of eachâ-lactamase molecule is pictured in Figure 1. The
electron density of reaction intermediate13 in each enzyme
is shown in Figure 2. Of the three possible tautomeric forms
of the thiazepine ring,13c is estimated to be a minor form
because very little nonplanarity is seen at C6. The absolute
configuration at C7 (initially C6′) is R.

Comparison with Apoenzyme Structures.An overlay of
the SHV-1 complex with the crystal structure of the
unliganded enzyme (1SHV) shows that the side chain of
Tyr105 now exhibits two conformations, one apo-like and
the other rotated 20° about the CR-Câ axis to bring its ring
over the C7 heterocyclic ring of the inhibitor. Glu166 and

Table 1: X-ray Data Collection

SHV-1 GC1

space group P212121 P21212
cell dimensions (Å) 49.6, 55.2, 85.3 76.3, 68.9, 62.0
temp (K),λ (Å) 100, 0.9349 100, 0.9474
dmin (highest-resolution shell) (Å) 1.10 (1.14-1.10) 1.38 (1.43-1.38)
no. of observations 1019910 (30641) 377696 (12765)
no. of unique reflections 87983 (6959) 65047 (5075)
completeness (%) 92.6 (74.2) 97.2 (77.0)
avgI/σ(I) 14.5 (3.3) 10.5 (2.0)
Rsym(I)a 0.109 (0.374) 0.103 (0.514)

a Rsym ) ∑|Iav - Ii|/∑Ii, whereIav is the average of all individual
observations,Ii.

Scheme 2: Proposed Reaction of Penem1 with the Catalytic Serine of Class A and Class Câ-Lactamasesa

a Only one of several thiolate conformations is drawn for intermediate11. Species13 is observed in crystal structures of both enzymes.
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its hydrogen-bonded water molecule W501 are closer (2.3-
2.4 Å) than in the apoenzyme, with the water density
unresolved from the carboxylate density. This important
hydrolytic water molecule is likely to be disordered in the
complex, and it refined to an occupancy of only 0.5.

The overlay of the GC1 complex with the apo structure
(1GCE) shows that one of the two pathways of theΩ loop
follows the apo path, while the second pathway has
somewhat better density and follows the path seen in another
GC1 complex with a cephem inhibitor (18). The Tyr224 in
this loop is the side chain most likely to contact the inhibitor
during the acylation reaction (Scheme 2), and it is found to
be displaced∼6 Å relative to its apo position. Presumably,
a composite of inhibited and uninhibited enzyme molecules
exists in the crystal lattice. Accordingly, the occupancy of
the inhibitor intermediate13 is less than full (0.77).

DISCUSSION

Design Rationale for the Penem Inhibitor. Previous studies
involving a series of 6-heterocyclylmethylenepenems identi-

Table 2: Structure Solution and Refinement Process for the SHV-1 and GC1 Complexes

refinement step d range (Å) R/Rfree (%)
no. of data/

no. of parameters
no. residues with

two conformations
no. of
waters

SHV-1 Complex
rigid body refinement with apo structure 50-2.0 36/37 0 0
begin simulated annealing 50-1.9 23.2/27.2 0 0
increase resolution; add inhibitor and water 50-1.2 20.7/23.1 1 159
finish CNS refinement
begin SHELX CGLS refinement 30-1.2 21.1/24.2 69105/8852 1 159
finish isotropic refinement 20-1.07 20.3/23.6 87728/9132 4 210
add anisotropicB-factors 20-1.07 16.2/20.1 87728/20522 4 210
add hydrogen atoms and more waters 20-1.10 14.2/18.6 84882/22564 26 296
add waters and conformers 20-1.10 14.1/18.6 84882/22746 29 310
finish SHELX usingRfree

add data excluded forRfree calculation 20-1.10 14.1 88320/22711 29 301

GC1 Complex
rigid body refinement with apo structure 50-2.0 34.5/33.8 0 0
begin simulated annealing 50-1.9 25.8/28.4 0 0
increase resolution; add inhibitor and water 50-1.35 19.9/22.3 10+ Ω loop (7) 327
finish CNS refinement
begin SHELX CGLS refinement 20-1.38 19.5/23.2 63533/13011 16+ Ω loop (7) 327
finish isotropic refinement 18.9/22.8 63533/13239 381
add anisotropicB-factors 20-1.38 15.4/21.7 63533/29762 16+ Ω loop (7) 381
add hydrogen atoms and more waters 20-1.38 13.9/20.4 63533/30190 19+ Ω loop (7) 424
additional waters and conformers 20-1.38 13.5/20.2 63533/30529 21+ Ω loop (7) 443
finish SHELX usingRfree

add data excluded forRfree calculation 20-1.38 13.8 65596/30398 21+ Ω loop (7) 428

Table 3: Results from SHELX Refinements

SHV-1 GC1

resolution range (Å) 20-1.10 20-1.38
no. of reflections

used [F > 0σ(F)]
88320 65596

R-factor (%)a 14.1 13.8
Rfree 18.6 20.2
residues in

Ramachandran zones (%)
favored 92.2 92.1
allowed 7.8 7.9
disallowed 0 0

rms deviations from ideality
bond lengths (Å) 0.014 0.010
bond angles (Å) 0.032 0.028
planarity (Å3) 0.081 0.060

meanB-factors (Å2)
protein 15.3 16.5
intermediate13 (occupancy) 36.1 (0.63) 17.8 (0.77)
water molecules (no.) 32.6 (301) 35.7 (428)
all atoms (no.) 17.5 (2518) 18.6 (3375)

a All data were used to calculate finalR, including theRfree set.

FIGURE 1: Tertiary structure of the complexes with (a) the class A
SHV-1 â-lactamase and (b) the class C GC1â-lactamase. Part of
a second pathway is shown for theΩ loop in the GC1 enzyme. In
each complex, intermediate13 is covalently bound in the active
site to the reactive serine. Drawn with MOLSCRIPT (52).
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fied (5R)-(2)-6-(1-methyl-1,2,3-triazol-4-ylmethylene)penem-
3-carboxylic acid (8, BRL-42715) as a potent broad-spectrum
â-lactamase inhibitor with a good synergistic effect against
a broad range ofâ-lactamase-producing bacteria (37).
Extensive structure-activity relationships of the five-
membered heterocycles revealed that a high level ofâ-lac-
tamase inhibitory activity was obtained with several hetero-
cycles (38, 39). We reasoned that bicyclic heterocycles
containing a saturated terminal ring in the 6-methylidene
substituent and having theZ configuration can further
enhance binding with TEM-1 (class A) and AmpC (class
C) enzymes at the Glu104 and Tyr105 or Gln120 and Tyr221
residues, respectively, assuming acylation at the catalytic
serine of each enzyme. SYN-1012 (9), a potent broad-
spectrumâ-lactamase inhibitor which has the same penem
and methyl triazolyl substitution at the C6 position as8 but
differs with the latter by having an extended two-carbon
linker, demonstrates broad spectrum activity and good
synergy with many antibiotics (40).

Inhibition Pathway. A mechanism for the conversion of
penem1 to the enzyme-bound form observed here is given
in Scheme 2. Initial acylation of the reactive serine (Ser70
or Ser64) of the class A or class Câ-lactamase produces
species10, which is thought to hydrolyze rapidly and is
therefore short-lived (31, 41). Following the acylation event,

rotation about the C5-C6 bond must occur to orient the
incipient thiolate for the proper attack at the C6-C6′ double
bond (31). Ring opening of10 produces a reactive thiolate
species11 (30). Of the several conformations possible in
the thiolate, a conformer withEZZ double bond configura-
tions is more likely to undergo a 7-endo-trig cyclization,

FIGURE 2: Stereoview of theFo - Fc electron density of intermediate13covalently bonded to the reactive serine in (a) the SHV-1â-lactamase
at a contour level of 2.5σ and (b) the GC1â-lactamase at a contour level of 5.0σ. Two positions of Tyr224 result from two pathways of
the Ω loop. The position of Tyr224b is near its position in the apoenzyme. This view angle is similar to that in Figure 1. The figure was
made with XtalView (29) and Raster3D (53).
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instead of a 6-exo-trig process, to produce thiazepine ring
12. Attack at the C6-C6′ double bond from either side to
produce a dihydrothiazepine is influenced by constraints
within the enzyme binding site which affect the chirality
outcome at C7 (initially C6′). Dihydrothiazepine12 has its
negative charge stabilized by the acylated carboxylate and
the azaallylic moiety. This intermediate is the ion pair of
tautomeric 2,7-dihydro-, 4,7-dihydro-, and 6,7-dihydro-1,4-
thiazepines13a-13c, respectively. Because there is little
nonplanarity in the electron density map at C6, we estimate
the contribution of tautomer13c is minor.

Chemical Structure of the Bound Intermediate.Dihy-
drothiazepine species13 has been trapped by cryocrystal-
lography in bothâ-lactamases, and there is no evidence of
linear species11. It is conceivable that11 could be present
as a minor component in our crystallographic complex, but
prior modeling and thiol titration in the solution reaction of
the related penem8 indicated that the linear species is not
stabilized in class A and class C binding sites (31). The C3
and C6 atoms have sp2 planarity, and the stereogenic C7
atom has theR configuration. There is no evidence in the
electron density maps that more than 10-15% of the S
stereoisomer of13 was formed by the attack of the thiolate
on the opposite face of the double bond in species11. This
indicates that early steps of the inhibition reaction follow
the same conformational pathway in each type ofâ-lactamase
and utilize similar transition states.

Orientation of the Intermediate in the Binding Site.The
â-lactam binding sites in the class A and class Câ-lactamases
have many structural features and conserved residues in
common (42, 43), as seen in Figure 2. Here, as in other, but
not all (13), serine-bound complexes, theâ-lactamyl carbonyl
group is bound in the oxyanion hole formed by amide groups
of the reactive serine andâ-strand B3. The dihydrothiazepine
rings in the two complexes are generally in the same position,
but they differ by a 180° rotation about the connecting bond
to the serine ester. In the class A enzyme, the ring lies above
the polar side chain of Asn170, and the heterocyclic
substituent at C7 lies near the aromatic ring of Tyr105. In
the class C binding site, the thiazepine ring is near hydro-
pbobic side chains (Leu119 and Leu296), but the heterocyclic
group is directed down along the B3â-strand. This rotameric
preference may be driven by the relative openness of the
class C binding site at the bottom ofâ-strand B3. Rotation
of the heterocyclic substituent about the C7-C6 bond differs

somewhat from one enzyme to the other. The N atom of the
imidazole ring hydrogen bonds to a water molecule in the
class C binding site, but in the class A site, the N atom is
positioned over the carbon atom of the ester carbonyl group.

In both complexes, we find that the C3 carboxylic acid
group of the ring is generally directed outward and has few
interactions with the enzyme, especially in the class A struc-
ture where the carboxylate group is somewhat disordered
and probably solvated. In the class C complex, however, the
carboxylate group is well-ordered with a hydrogen bond to
the side chain of Gln120 and to a water molecule. In the
class Aâ-lactamase, the N4 atom in the thiazepine ring has
very weak interactions (3.3-3.5 Å) with a water molecule and
with the main chain carbonyl oxygen atom of residue 237 on
â-strand B3. The N4 atom of the class C intermediate points
instead to the amine of the Asn152 side chain (3.5 Å).

Our crystallographic results with1 can be compared with
the results of earlier chemical and modeling studies of the
reaction of the related penem inhibitor8 with both class A
and class Câ-lactamases (30, 31, 41). The studies correctly
predicted the ring expansion rearrangement resulting in the
formation of the 1,4-thiazepine ring observed here in both
crystal complexes. One study (31) went further to use energy
minimization to dock a model of11 and13 in the binding
sites of the class A TEM-1 and class C P99â-lactamases,
both enzymes essentially equivalent to theâ-lactamases used
here. The docking indicated that only theSstereochemistry
could be accommodated at C7 in13, and it predicted
interactions between the ring’s C3 carboxylic acid group and
the guanidinium group of Arg244 and the hydroxyl group
of Ser235 (in class A) or with Asn349 and Thr319 in the
class C enzyme. None of the predicted interactions (31) is
seen in our crystal structures because of theR configuration
at C7, and because the actual orientation of the thiazepine
ring causes the C3 carboxylic acid to be more exposed to
solvent.

Stability of the Intermediate.Each class ofâ-lactamase is
generally believed to use a different mechanism for the
hydrolysis of the acyl-serine bond (2). In class A enzymes,
a buried crystallographic water molecule is activated by
Glu166 for attack on theR-face of the acyl intermediate. In
class C enzymes, the water attacks from the more external
â-face and is activated either by the phenoxide of Tyr150
(15, 44) or by substrate assistance via the C3 carboxylic acid
group, and with N4 acting as the general base (45-47). It is

FIGURE 3: Stereoview of theFo - Fc electron density above the acyl-serine bond of the class C GC1 complex. The contour level is 5σ.
Modeled water molecules W501 and W502, each at half-occupancy, are shown.
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notable that in both complexes described here the inhibitor
does not provide steric hindrance to its own hydrolysis, as
seen in some other stable acyl complexes. For example, in
a class A complex with cefoxitin, the buried hydrolytic water
molecule is displaced by the 7â-carbonyl group of the acyl
intermediate (48), and in a complex with a 6R-substituted
penicillanate, the water molecule, though present, is blocked
by the 6R substituent of the intermediate (49). In some class
C complexes, the inhibiting intermediate is found to block
the approach of a water molecule to theâ-face of the ester
bond (16, 18).

We find that in the class A SHV-1 complex no part of
intermediate13 lies near the water position on theR-face of
the ester bond, so the disordered, or low-occupancy, hydro-
lytic water molecule might somehow have been disrupted
during the acylation or rearrangement steps of the inhibition
reaction (Scheme 2). In the class C complex, the hydrolysis
geometry is also defective. The intermediate itself does not
obstruct the approach of water to theâ-face of the bond,
but a single, well-defined water is not seen. Bimodal electron
density 3.2 Å from the ester bond was modeled as two half-
occupancy water molecules (W501 and W502) only 2 Å
apart (Figure 3). W501 forms a bridge to the hydroxyl group
of Tyr150 at 3 Å, but at a 90° angle, and is poorly positioned
for activation by Tyr150.

Another stabilizing mechanism is observed in some acyl
complexes of both classes, whereby the carbonyl oxygen
atom of the ester is unable to bind in the oxyanion hole (13,
50, 51), as required for the tetrahedral transition state in
deacylation. This is not the situation here, for we find
oxyanion hole binding in both complexes.

For each thiazepine complex, therefore, we conclude that
the stability of the serine ester bond to hydrolysis is due to
the low occupancy or disorder of the hydrolytic water
molecule and, in part, to the conjugation of the ester with
the dihydrothiazepine ring system. Further, for the class C
complex, the orientation of the dihydrothiazepine ring does
not permit its C3 carboxylic acid group and N4 atom to aid
the enzyme’s Tyr150 in activating the hydrolytic water
molecule, providing support for the hypothesis of substrate-
assisted deacylation in the class Câ-lactamases (45-47).
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