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ABSTRACT: Two species resulting from the reaction of the SHV-1 class Aâ-lactamase with the sulfone
inhibitor tazobactam have been trapped at 100 K and mapped by X-ray crystallography at 2.0 Å resolution.
An acyclic form of tazobactam is covalently bonded to the catalytic Ser70 side chain, and a second species,
a five-atom vinyl carboxylic acid fragment of tazobactam, is bonded to Ser130. It is proposed that the
electron density map of the crystal is acompositepicture of two complexes, each with only a single
bound species. It is estimated that the two complexes exist in the crystal in approximately equal populations.
Results are discussed in relation to the mechanism-based inhibition of class Aâ-lactamases by the similar
inhibitors sulbactam and clavulanic acid.

Bacterial â-lactamases provide resistance toâ-lactams
(penicillins, cephalosporins, monobactams, carbapenems) by
hydrolyzing theâ-lactam bond (1-4). Two major groups
of â-lactamases have been identified and are catalytically
distinguished by the employment of either a reactive serine
residue (in classes A, C, and D) or a zinc center (in class B)
(5). The clinically important SHV-1 and TEM-1â-lactamases
are serine enzymes of class A, and they are the prototypes
from which numerous spontaneous mutants have arisen in
response to the use of modernâ-lactams (6, 7). Beginning
in the late 1980s, threeâ-lactamase inhibitors, tazobactam
(1), sulbactam, and clavulanic acid, have been used against
the serine enzymes, usually in combination with penicillins
more susceptible toâ-lactamase hydrolysis (8-10). This
therapeutic strategy has been effective for a decade, but SHV
and TEM mutants recently discovered have significant
resistance to these mechanism-based inhibitors (11-14).

Tazobactam is a triazolyl-substituted penicillanic acid
sulfone which is often used in combination with piperacillin,
a broad spectrum penicillin (15). The inhibitor is effective
against class Aâ-lactamases and some class Câ-lactamases.

In its reactions with these enzymes, it first acylates the
reactive serine and then partitions between a hydrolysis
pathway and an inactivation pathway involving interaction
with other nucleophiles and resulting in irreversible inhibi-
tion. For someâ-lactamases, hundreds or thousands of
hydrolytic turnovers are required until inhibition is achieved
(16).

From early spectroscopic and kinetic studies (16, 17),
modeling and molecular dynamics calculations (18, 19),
crystallography (20), and mass spectroscopy (15, 21), as
many as 8-10 intermediates have been proposed to exist
along the hydrolysis and inactivation pathways of these
inhibitors with the class A enzymes. We report here
cryocrystallographic experiments to isolate tazobactam reac-
tion intermediates with the SHV-1â-lactamase at pH 7. By
establishing how tazobactam makes use of the stereochem-
istry of the class A binding site, modifications of the inhibitor
might become apparent in order to optimize its partitioning
in favor of inactivation.

MATERIALS AND METHODS

Enzyme Preparation. The enzyme was expressed and
purified as previously described (22). The SHV-1â-lacta-
mase gene (blaSHV-1, GenBank accession no. AF124984) had
been directionally subcloned into the phagemid vector
pBCSK (Stratagene, La Jolla, CA) from a clinical strain of
Klebsiella pneumoniae15571. Escherichia coli DH10B
[F-mcrA ∆(mrr-hsdRMS-mcrBC) φ80dlacZDM15 ∆lacX74
deoR recA1 endA1 araD139 ∆(ara, leu)7697galU galK
λ-rpsL nupG] was the host strain used to harvest the SHV-1
enzyme (Gibco BRL, Grand Island, NY).

Crystallization. Native crystals measuring up to 0.25 mm
in all dimensions were grown at room temperature by the
vapor diffusion method. The protein drop [2 mg/mL, 0.56
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mM Cymal-61 detergent (Anatrace, Maume, OH), 15% PEG
(Mr ) 6000, Hampton Research, Lagnua Niguel, CA), 50
mM HEPES buffer, pH 7.0] was placed over a reservoir
solution containing 30% PEG and 100 mM HEPES buffer.
The enzyme crystallizes in space groupP212121 with a )
49.6 Å, b ) 55.6 Å, andc ) 87.0 Å (293 K) and one
molecule in the asymmetric unit (22).

Preparation of Tazobactam Complexes. Tazobactam (99.5%
pure) was a gift of Wyeth-Ayerst Research (Pearl River, NY).
Pregrown native crystals of SHV-1 were soaked at room
temperature in the 30% PEG holding solution (pH 7)
containing Cymal-6 and tazobactam, the concentration of
which was incrementally increased over several hours to
minimize cracking. Four experiments to optimize complex-
ation were made using crystal soaking times ranging up to
96 h and tazobactam concentrations up to the solubility limit
(Table 1). In each experiment the tazobactam solution was
refreshed 30 min before crystal freezing and X-ray data
collection.

X-ray Data Collection. Crystals were loop-mounted and
dipped for 1-2 min in the cryoprotected PEG holding
solution containing tazobactam and 25% MPD before flash
freezing in a gaseous nitrogen stream (Oxford Cryosystems).
Data were collected at 100 K on a Bruker HISTAR multiwire
area detector on a Rigaku RU-200 rotating anode generator
operating at 40 kV and 60 mA with a 3 mmfilament (Cu
KR radiation) and double-mirror Franks focusing. At a
detector distance of 10 cm, 1024× 1024 pixel frames were
counted for 180 s through an omega step of 0.25°. Intensities
were indexed and scaled with XGEN (Molecular Simulations,
Inc.).

RESULTS

Optimization of Reaction Conditions.In searching for
conditions producing maximum difference electron density
in the catalytic site, it was necessary to calculate maps from
four data sets from crystals soaked in a range of concentra-
tions of tazobactam for time periods of 3-96 h (Table 1).
Soaking for 6 h in 42 mMtazobactam (data set 2) produced
a promising map; for these dataRsym ) 0.077 for 14 910
unique reflections from 69 096 observations for an overall
completeness of 95% (Table 2). Cell dimensions for the
complex are 49.2 Å× 56.1 Å × 82.5 Å (100 K), thec
dimension being shorter by 5% than the native cell dimension
at 293 K. The large change in the cell dimension is probably
due to the temperature difference rather than tazobactam
binding, because two other soaked crystals (data sets 1 and

3), not showing tazobactam binding, also had a shortenedc
cell dimension at 100 K.

Structure Determination.The four crystal structures were
solved by molecular replacement with the program AMoRe
(23) using the structure of the native SHV-1â-lactamase
[1SHV, Protein Data Bank (22)]. Because of significant
differences in cell constants between complex and native
crystals, it was necessary to use rigid body refinement in
X-PLOR (24). Data set 2 provided the most readily interpret-
able map, and this was the only structure subjected to full
refinement.

Electron Density in the Catalytic Site.In the map from
data set 2, tazobactam moieties were seen covalently bound
to the Oγ atom of two serine residues in the catalytic site
(Figure 1a). First, a linear form of tazobactam, in which both
the â-lactam and sulfone rings are open, binds to Ser70.
Dihedral angles rather than bond distances were used to help
to distinguish between the imine and enamine forms of the
linear species (3, 4, and 5, Figure 2). The unrestrained
refinement (see below) produced dihedral angles about the
N4-C5 and C5-C6 bonds equal to 144° and 113°, respec-
tively, and the imine structure3 was assigned to the Ser70
intermediate. There is no indication of the coexistence of
multiple conformers of3, as seen in the map of a clavulanate
intermediate bound to the PC1â-lactamase (20). A peak at
the 3σ level in the difference map near C6 indicates the
possible existence of a shorter aldehyde species10 or 11
overlaying the primary species3. Due to uncertainty, species
10 and11 were not included in the model, however. Quite
clear is a five-atom vinyl carboxylic acid fragment9 bound
to Ser130. The conformation about the vinyl C-C bond is
trans (dihedral angle) 177°). This Ser130 moiety is better
fit to the map than the Ser70 moiety, which displays some
disorder beyond the C3 atom. A qualitative description of
the electron density under other reaction conditions is given
in Table 1.

Intermolecular Electron Density. A region of connected
electron density above the 3σ level was observed between
neighboring molecules, and it persisted to the final stages
of refinement of data set 2. The size of the density was
incompatible with solvent, cryoprotectant, buffer, or Cymal-6
detergent (which had been found to bind elsewhere). All of
the density could be fit with the structure of unreacted
tazobactam (Figure 1b). Given the high initial concentration
of tazobactam (42 mM), it is perhaps not unusual that we
observe the immobilization of the inhibitor near the edge of
the catalytic site (Figure 3).

Structure Refinement. Mild simulated annealing refinement
was done at 500 and 300 K with X-PLOR (24), followed by
side-chain torsion angle refinement andB-factor refinements.

1 Abbreviations: Cymal-6, cyclohexyl-(n-hexyl)â-D-maltoside; MPD,
2-methyl-2,4-pentanediol; PEG, poly(ethylene glycol); rmsd, root of
the mean squared deviations.

Table 1: Tazobactam Reaction Conditions

data set
final concn

(mM)
crystal soak time

(h at 20°C)
appearance of electron

density map

1 42 3 no excess density in
catalytic site

2 42 6 density extending from
Ser70 and Ser130

3 1 28 similar to data set 1
4 42 96 density extending from

Ser130 only

Table 2: X-ray Data Collection for Data Set 2a

temp (K) 100
dmin (Å) 2.02 (2.14-2.02)
observations 69096 (4543)
unique reflections 14910 (1843)
completeness 0.95 (0.72)
av I/σ(I) 12.1 (2.5)
Rsym(I)b 0.077 (0.26)

a Data for highest resolution shell are in parentheses.b Rsym ) ∑|Iav

- I i|/∑ I i, whereIav is the average of all individual observations,I i.
The space group isP212121.
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A bulk solvent correction was included. Maps using all data
from 20 to 2 Å were calculated, and rounds of manual fitting
using the programs CHAIN (25) and FRODO (26) were done
to optimize backbone and side-chain conformations. Sig-
nificant difference density in the catalytic site was left
unmodeled until theR-factor approached 0.25. A final
refinement using anisotropic scaling and the maximum-
likelihood method in REFMAC (27) included tazobactam
moieties bound to Ser70 and Ser130 (each assigned 0.5
occupancy, but see Disscussion), a noncovalently bound
molecule of tazobactam (occupancy 1.0), all 265 amino acid
residues, one Cymal-6 detergent molecule (occupancy 0.25),
the cyclohexyl ring of a disordered Cymal-6 molecule, and
175 water molecules (withB-factors< 60 Å2). Initial bond
and angle parameters for the tazobactam moieties were
obtained from the crystal structure of tazobactam (28).
Torsion angles for the tazobactam moieties were unrestrained
during refinement. The resulting crystallographicR-factor
is 0.177 for data withF > 0σ(F) in the range 50-2 Å (Table
3). TheRfree value is 0.257 (29). In the Ramachandran plot

92.2% of the residues are in favored regions and none are
in disallowed regions. Atomic coordinates from data set 2
have been deposited in the Protein Data Bank (Entry 1G56)
at Rutgers University.

DISCUSSION

The Ser70-bound moiety (2) is thought to be the initial
intermediate of the multistep inhibitory process employed
by mechanism-based inhibitors such as sulfones and clavu-
lanate (Figure 2) (15, 17-21). Ring opening after departure
of the sulfinate from C5 produces a reactive imine (3) and
the more inert tautomeric enamine forms (4, 5). Intermediate
3 can undergo hydrolysis, either directly or via species10
and 11, to regenerate the active enzyme. Less frequent
reaction of3 with an active site nucleophile, either a lysyl
amine (17) or a serine hydroxyl group (18, 19), had been
proposed to lead to irreversible inhibition. The nature of the
species in the reaction pathway was not clear. To identify
the nucleophile and reaction intermediates and/or products,
mass spectroscopy studies under nonphysiological conditions,

FIGURE 1: Stereoviews ofFo - Fc electron densities as plotted by CHAIN (25) with all tazobactam species omitted from theFc calculation.
(a, top) The acyclic intermediate bound to Ser70 (species3) and the vinyl carboxylic acid fragment bound to Ser130 (9). The contour level
is 2.4σ. (b, bottom) The surface-bound unreacted molecule of tazobactam with a contour level of 2σ.
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first for the reaction of clavulanate with the TEMâ-lactamase
(21) and lately for tazobactam with the PC1 enzyme (15),
have now been joined by our cryocrystallography on a
catalytically activeâ-lactamase crystal at pH 7. Taken
together, these experiments confirm the reaction of a
nucleophilic Ser130 with imine3. Following the displace-
ment of the sulfinic acid fragment (7), the bridging species

8 is expected to form (17). Subsequent hydrolysis at the
Ser70 end of the bridge produces a Ser130-bound carboxylic
acid moiety9, the second of two intermediates observed in
this study, and the probable terminal species from the
tazobactam reaction.

The Ser70 Intermediate.Given the observed dihedral
angles about N4-C5 and C5-C6, we have assigned structure
3 to the moiety on Ser70 (Figure 4). The carbonyl group of
the openedâ-lactam ring is hydrogen bonded between NH69
and NH237 in an oxyanion hole. The sulfinic acid group of
3 hydrogen bonds to the side-chain amide of Asn132, but
the carboxylic acid group has no hydrogen bonds to the
enzyme. The triazolyl ring contacts Thr167 and Asn170 on
the omega loop at the bottom of the catalytic site. The
probable hydrolytic water molecule (W636) is seen below
the acyl ester bond, hydrogen bonded between Glu166 and
Asn170, as in the native structure (22). Given the composite
nature of the electron density map (see below), we cannot
say whether this water molecule is associated with the Ser70
intermediate or the Ser130 species or both.

The Ser130 Species. Following the early hypotheses of
Knowles (17), simulations for clavulanate and sulbactam
inhibition (18, 19) confirmed that moderate dynamics would
allow the reactive intermediate3 to come near hydroxyl and
amine nucleophiles in the binding site of the class A
â-lactamase. Our results with tazobactam identify this
enzymic agent as Ser130, the hydroxyl group of which

FIGURE 2: Proposed reaction mechanism of tazobactam with the SHV-1â-lactamase. Circled species are assigned to electron densities
observed in this study. The scheme is adapted from refs15, 17, 19, and21.

FIGURE 3: Stereoview of the SHV-1â-lactamase with the tazobactam reaction species bound to Ser70 and Ser130. The unreacted surface-
bound tazobactam is shown near residues 104-106. A molecule of the detergent Cymal-6 is bound near the C-terminal helix. The figure
is drawn by MOLSCRIPT (34).

Table 3: Crystallographic Refinement

resolution range (Å) 50-2.0
no. of reflections used [F > 0σ(F)] 13813
R-factor 0.177
Rfree-factor 0.257
Ramachandran zones (%)

favored 92.2
allowed 7.8
disallowed 0.0

rms deviations from ideality
bond lengths (Å) 0.016
bond angles (deg) 2.3
planarity (Å)

peptide groups 0.025
aromatic groups 0.015

meanB-factors (Å2)
protein 13.8
Ser70 intermediate 28.9
Ser130 intermediate 29.0
surface-bound tazobactam 21.2
water molecules 26.2
all atoms 15.2
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attacks the C5 atom of intermediate3. Reaction of3 with
Ser130 directs partitioning in favor of irreversible inactiva-
tion. Here we note that the inhibitory superiority of tazo-
bactam over sulbactam (8, 16, 30), which lacks the triazolyl
ring, may be due in part to the fact that steric contact of the
triazolyl ring with Thr167 and Asn170 at the bottom of the
binding site restricts the motion of3 to the upper part of the
binding site, where it is more likely to encounter the hydroxyl
group of Ser130.

Attack by Ser130 produces the leaving fragment7 and
forms a bridging species8. Hydrolysis at the Ser70 end of
8 results in the five-atom vinyl carboxylic acid species9
(Figure 4). Species9 is well ordered in the catalytic site,
hydrogen bonding with the hydroxyl group of Thr235 (3.0
Å) and with the guanidinium group of Arg244 (3.1 Å).
Crystallographic experiments under four reaction conditions
(Table 1) did not detect bridging intermediate8, demonstrat-
ing its instability at pH 7. Two pathways for the breakdown
of an equivalent bridging species in clavulanate inhibition
have been discussed (21). One path results in the Ser130
moiety we find with tazobactam, while another path proceeds
via Ser70-bound aldehyde/hydrate intermediates (10, 11) to
regenerate the active enzyme. Conceivably, low populations
of smaller intermediates10 or 11 could be present in the
space of the larger3 but would be unresolved from3 in our
mapping at this resolution.

For several reasons we believe that the Ser130 moiety9
is the terminal species in the inhibition reaction with
tazobactam. First, data from a crystal soaked in the inhibitor

for a longer time and with the highest concentration (data
set 4, Table 1) resulted in a map having no excess density
on Ser70, only on Ser130. Second, from a steric standpoint,
the moiety on Ser130 would prevent entry and alignment of
another molecule of tazobactam. Third, from a chemical
standpoint, this modification of Ser130 by tazobactam would
obviously prevent participation of the hydroxyl group of
Ser130 in subsequentâ-lactam binding (31) or catalytic
turnover (2, 32, 33). Therefore, we think that only a single
tazobactam species,either 3 or 9, is covalently bound to a
given molecule of the enzyme. From our electron density
map we estimate that approximately half the molecules in
the crystal are fully labeled with3 and the other half with9.
In this case, the map of the crystal (Figure 1a) is acomposite
picture of two complexes, falsely indicating that the two
reaction species occur together in the catalytic site. Fortu-
nately, it permits us to observe two intermediates of the
reaction. Allowing the reaction to go for a longer time labels
all molecules in the lattice at Ser130 only (Table 1, data set
4).

A combination of X-ray crystallography and mass spec-
troscopy has firmly established a central role for Ser130 in
the inhibition of class Aâ-lactamases by tazobactam and
clavulanic acid. It can now be appreciated why inhibitor-
resistant mutants of the SHV and TEM enzymes have been
found with glycine replacing serine at position 130 (11, 13).
These natural mutants will not form the terminal tazobactam
species9, and they maintain the more important ability to
hydrolyzeâ-lactam antibiotics via Ser70, whose interaction
with tazobactam is only transient. Catalytically, the Ser130Gly
mutant is a poorerâ-lactamase, but it successfully avoids
inactivation by multisite inhibitors such as tazobactam.
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