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ABSTRACT. Many pathogenic bacteria develop antibiotic resistance by utiliZzit@ctamases to degrade
penicillin-like antibiotics. A commonly prescribed mechanism-based inhibit@attamases is tazobactam,
which can function either irreversibly or in a transient manner. We have demonstrated previously that the
reaction between tazobactam and a deacylation deficient variant of SHMctamase, E166A, could be
followed in single crystals using Raman microscopy [Helfand, Me&al. (2003)Biochemistry 4213386~

13392]. The Raman data show that maximal populations of an enamine-like intermediate oe80r 20

min after “soaking in” has commenced. By flash-freezing crystals in this time frame, we were able to trap
the enamine species. The resulting 1.63 A resolution crystal structure revealed tazobactam covalently
bound in theransenamine intermediate state with close to 100% occupancy in the active site. The Raman
data also indicated that tazobactam forms a larger population of enamine than sulbactam or clavulanic
acid does and that tazobactam’s intermediate is also the most long-lived. The crystal structure provides
a rationale for this finding since only tazobactam is able to form favorable intra- and intermolecular
interactions in the active site that stabilize thians-enamine intermediate. These interactions involve
both the sulfone and triazolyl groups that distinguish tazobactam from clavulanic acid and sulbactam,
respectively. The observed stabilization of the transient intermediate of tazobactam is thought to contribute
to tazobactam'’s superidn zitro andin zivo clinical efficacy. Understanding the structural details of
differing inhibitor effectiveness can aid the design of improved mechanism-lpalsetamase inhibitors.

p-Lactamases (EC 3.5.2.6) are in part responsible for the and tazobactan8f. These inhibitors form a covalent acyclic
recent surge in antibiotic resistanck ). These enzymes linear molecule during its reaction wifftlactamase and can
are responsible for degrading and thus eliciting bacterial inhibit both in a transient and irreversible mannd. (
resistance to thg-lactam antibiotics penicillins and cepha-  Unfortunately, by undergoing single amino acid substitutions.
losporins S-Lactam antibiotics, if left intact, inhibit the final ~ -lactamases often themselves become resistant to inhibition.
stages of peptidoglycan synthesis, thus killing pathogenic B-Lactamases have been classified into four groups (A

ba}cteria. To counteract the bacteria’s ability ';0 de_grﬁl_de D). Members of the clinically prevalent class A are SHV-1,
p- actahm Iantlblc_)tlcs,' a clombmatlon_trﬁ?;ment_ of peniciiin gyv/.2 and TEM-1, of which numerous variants with altered
or cephalosporin witfp-lactamase inhibitors is given 10 v have been isolatedl), To aid in the further

pa_1t_ients to combat irjfe(_:ti_ons. Currently, the Only commonly development of potent-lactamase inhibitors, the catalytic
utilized 5-lactamase inhibitors are clavulanic acid, sulbactam, 1o e of class Aj-lactamases has been studied
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Ficure 1: Proposed reaction scheme for tazobactam Withctamases. The transient inactivation of SHV-1 involvesttars-enamine
intermediate which is more energetically favorable thandiseenamine intermediate.

prOte.in CrySt.als has r_ecently eme.rged. asan ?legant tool fofrapie 1: Data Collection and Refinement Statistics
tracking the intermediates of reactions in protein crystis (

22). datsa gggecrtéon P212:2
The-lactamase E166A variant is particularly useful since uﬁit ceﬁjdilrjnpensions A) a= i91.8,b =55.2,c=83.9

deacylation is no longer catalyzed and the acyl enzyme is  wavelength (A) 1.54

hydrolyzed very slowly. This allows us to focus on the {ggﬁ%‘;’;‘c@) 3&31 63 (1.69-1.63)

acylation part of the reaction and, in particular, on the no. of uniqze reflections 28328

covalently bound intermediate. Monitoring the reaction of ()0 40.49 (12.6)

tazobactam within a E1664-lactamase crystal with Raman Rimerge(%0) 3.2(8.0)

spectroscopy revealed the formation of an enamine inter- __Completeness (%) 95.6 (87.7)

mediate peaking around 2@0 min after the start of the ref:ggg}ﬁggn range (A) 301.63

soaking experiment. More of this intermediate appeared to R-factor (%) 14.7

form with tazobactam than with sulbactam or clavulanic acid Riee (%) o 17.2

(22). We thus targeted the tazobactam-based intermediate rm; (?r?c;nlztr:%?f?sfr(%? ideality 0.0088

for crystallographic study. This novel combined spectro- bond angles (deg) 158

scopic and cryocrystallographic approach enables us to
provide the first high-resolution structure of a labildac- min, determined previously by Raman spectroscopy to be
tamase tazobactam intermediate where virtually all moleculesthe optimal concentration and time point for observing the
have been trapped as a single uniform species on the reactiomtermediate 22). Immediately after this soak, the crystals

pathway. were cryoprotected in mother liquor containing 25% 2-meth-
yl-2,4-pentanediol (MPD) for 2 min and flash-cooled via
MATERIALS AND METHODS immersion in liquid nitrogen using a cryoloop. Data were

collected with the crystal cooled in a gaseous nitrogen stream

The E166A variant of SHV-B-lactamase was expressed at —170 °C, using an in-house Rigaku rotating-anode
and purified as described previousB2j. generator (Molecular Structure Corp.) equipped with Yale

Crystallization and Soakingrystals were prepared using mirrors, and an R-AXIS IV image plate detector. Data
the sitting drop method as described previously for the wild- processing was carried out with SCALEPACK and DENZO
type protein 19). Drops with a volume of 1QuL were (23) (Table 1).
prepared using 4L of protein solution, 1uL of 5.6 mM Crystallographic Refinemertructure determination was
Cymal-6 (Hampton Research), angI5 of 30% (w/v) PEG- carried out using the crystal structure of wild-type SHV-1
6000 in 0.1 M HEPES (pH 7.0). The reservoir solution S-lactamase with bound tazobactam (PDB entry 1G%6) (
consisted of 30% (w/v) PEG-6000 in 0.1 M HEPES (pH since its crystal is isomorphous with that of the E166A
7.0). Wells were sealed and stored at room temperature, andnutant. The program CN24) was used for crystallographic
crystals grew to full size in 23 days. For the soaking refinement. The wild-type protein coordinates with the E166
experiments, the E166A crystals were transferred twll0  side chain truncated to alanine and all inhibitor, solvent, and
drops containing 30% PEG-6000 in 0.1 M HEPES (pH 7.0) other ligand atoms removed provided the starting model. An
with 0.56 mM Cymal-6 and 5 mM tazobactam for-285 initial rigid body refinement was followed by model mini-
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Ficure 2: Electron density of tazobactam bound to the E166A mutant of SHMectamase. The omit electron density (green) for the
tazobactam ligand is contoured at@.&nd the anomalous difference Fourier electron density map (purple) is contouredTéiedrans
enamine bond involves the C5 and C6 atoms of the tazobactam intermediate.

mization, temperature factor refinement, and simulated E166A structure is a species quite different from the imine
annealing. After several rounds of refinement, the tazobactamstructure observed in the wild-type structut€)( the details
and Cymal-6 molecules were placed into difference density of which are discussed below. To confirm the correct
and included in additional rounds of refinement. Throughout positioning of the sulfone group, an anomalous difference
the calculations, an overall anisotrofdefactor was applied Fourier electron density map was calculated. At the 1.542
in CNS. Refinement topology and parameter files for A wavelength used for data collection, sulfur atoms exhibit
tazobactam were generated using the PRODRG2 se#Sgr ( significant anomalous scattering. The sulfur of the tazobac-
and interactive graphical model rebuilding with 26 was tam sulfone moiety corresponds to a &.peak in the
carried out between refinement cycles. The progress of anomalous difference map, confirming that the inhibitor has
crystallographic refinement was monitored using the pro- been modeled correctly (Figure 2). For comparison, the
grams DDQ 27) and PROCHECK28). sulfurs of the deeply buried Met and Cys residues in the
protein structure yielded anomalous difference peaks oef 9.9
RESULTS 17.20. In contrast to the wild-type tazobactam findings, no
The final refined model of the E166A variant of SHV-1 nhoncovalently bound tazobactam was observed in our E166A
B-lactamase bound to tazobactam contains residue825, structure. This is likely due to the much lower soaking
a covalently boundrans-enamine tazobactam, a Cymal-6 concentrations used here (5 mM) compared to that used in
molecule, and 300 water molecules. Refinement againstthe experiments for the wild-type structure (tazobactam
diffraction data to 36-1.63 A resolution yielded aR-factor concentration of 42 mM). To estimate the occupancy of the
of 14.7% and arRyee Of 17.1%. The DDQ program is able tazobactam after the 20 min soak, we carried out refinements
to rank the quality of a crystal structure with respect to other with the tazobactam at occupancies of 0.8, 0.9, and 1.0, and
structures in the Protein Data Bank determined at a similar compared the resulting temperature factors of the bonded
resolution. The El66Atazobactam structure received a S70 O/ atom and the O7 atom of tazobactam (note that at
DDQ-R ranking of “Top 25%"” for its score of 82.87) this resolution, one cannot refine occupancy and temperature
(Table 1). Nearly all (92.6%) of the residues fall within the factors since these two parameters are highly correlated). The
most favored core of the Ramachandran plot, and none aretemperature factors of the bonded atoms refined to within a
within the disallowed region. Nine residues were modeled few square angstroms of each other for both the occupancies
with alternative conformations. of 0.9 and 1.0, so we estimate the tazobactam occupancy at
The crystal structure of the deacylation deficient E166A >90% and kept the occupancy at 1.0 during the refinement.
variant of SHV-1-lactamase is very similar overall to that  The occupancy of the tazobactam bound to S70 in the wild-
of the wild-type except for flexible C-terminal residues 291 type structure was 0.5.9).
and 292. The root-mean-square deviation for tlheafoms
of residues 26290 is 0.47 A between the E166A and wild- DISCUSSION
type SHV-14-lactamase. The most important differences are
in the active site, in particular in th@ loop containing the Overall, the protein structure of the SHVAtlactamase
site of the mutation; these differences will be discussed later. E166A variant with tazobactam bound is similar to that of
Tazobactam Conformatiofhe electron density for the the corresponding complex with the wild-type protein.
covalently bound tazobactam is well-defined for the car- However, a closer comparison of the structures reveals two
boxylate moiety, the sulfone group, the methyl group, and highly significant differences, in the nature of the species
the triazolyl ring (Figure 2). formed from tazobactam and at the site of the E166A
The tazobactam in the E166A structure is cleartyaas mutation. These will be discussed in detail below, whereas
enamine intermediate since the torsion angles about the C5 differences such as the E166A structure’s lack of the S130
C6 bond refined to 168(the torsion angle about the N4 modification and the absence of noncovalently bound tazo-
C5 bond is 8). The covalently bound tazobactam in our bactam will be discussed only briefly .
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sphere), superimposed on the E166A structure (colored ball-and-stick diagram) and its correspéipindr2| density contoured atdl

Two new waters are observed in the E166A structure (waters 27 and 233). A166 has undergone a peptide flip, with a solvent molecule
(water 243) occupying the position of the E166 carbonyl in the wild-type structure forming a 2.5 A hydrogen bond with the backbone
nitrogen of T167.

Ficure 4: Tazobactam bound to the E166A structure of SH8Hactamase. Tazobactam (thick bonds and green carbon atoms) is covalently
bound to S70 and forms both intramolecular and intermolecular hydrogen bond interactions (dashed lines).

One significant difference in the protein structure is found In the other two enzymes, the E166A mutation also causes
in the Q loop which harbors the mutation site at position little change in protein conformation except for the loss of
166. A peptide flip has occurred at residue E166A (Figure the catalytic base. The peptide flip observed in our SHV-1
3); the backbone carbonyl oxygen is replaced with a water structure is not possible in the lat{gdactamases since they
molecule that forms a 2.5 A hydrogen bond with the both have a proline at residue 167 which limits the flexibility
backbone nitrogen of T167. In addition to the E166A peptide of the peptide bond between residues 166 and 167.
flip, the neighboring T167 has shifted1.5 A and makes a Tazobactam Interaction$he covalently bound compound
2.7 A hydrogen bond with the new water. In the wild-type formed from tazobactam participates in a number of interac-
enzyme, the E166 side chain has recently been identified agtions with the protein in addition to forming an intramolecular
the base that may activate the water molecule which is interaction (Figures 4 and 5).
involved in both the acylation and deacylation reactions of  The O8 atom of tazobactam is located in an oxyanion hole
the S70 residue2, 30). This water is normally held in place  and is stabilized by hydrogen bonds with the backbone NH
by the E166 and N170 side chairz9( 30). atoms of residues 70 and 237. The inhibitor's carboxylate

In our E166A SHV crystal structure, the smaller EL66A moiety forms a 2.7 A hydrogen bond with theyRlatom of
side chain creates space for the normally catalytic water to N132. The tazobactam triazolyl moiety’s N17 nitrogen atom
move 1.2 A, making room for a second wate2.8 A away =~ makes a 2.7 A hydrogen bond with water 49 which is deeply
(Figure 3). N170 has swung out from its normal position in buried within the active site, and which is involved in
which it hydrogen bonds with the wild-type catalytic water, additional interactions with K234 and S130. In addition to
also to make room for the second active site water. Although this hydrogen bond, the triazolyl moiety is also involved in
these local changes in ti§e loop are intriguing, the likely ~ hydrophobic interactions with Y105. Finally, the methyl
reason for the inactivity of the E166A enzyme is still the group of tazobactam is making hydrophobic interactions with
loss of the critical base E166. Crystal structures of Toho-1 Y105. In addition to these intermolecular interactions,
andBacillus licheniformis3-lactamases with the E166A and tazobactam also contains an intramolecular interaction; the
their wild-type counterpart have been publish&d-33). oxygen of the sulfone group forms a 2.8 A hydrogen bond
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S130 when the crystals were soaked with high millimolar tazo-
bactam concentrations and appeared only &fteof soaking
QH . (19). The bulky S130 modification, which occurred with an
P ~NH, occupancy of 100%, narrows the active site and therefore
N=N"T Warrad* sterically hinders the tazobactam residue attached to S70,
| disfavoring it from adopting thg'ans-enamine conformation
Q%S// N/ K234 (Figure 6). When the entire wild-type and E166A structures
: are superimposed, the carboxyl atom of the vinyl carboxylic
is within 3.10 A of the C5 atom of the putati&ns-enamine
A237| "/ /A0 conformation (2.9 A if only the residues around positions
~NH . 70 and 130 are used for the superpositioning). This short
'...0=< Hzf\I /O distance is sterically unfavorable, and the C5 atom of
— O tazobactam in the wild-type structure must shift to accom-
N/psm Ni32 modate the modified S130 by increasing the distance to 4.0
6] A. The steric restrictions on the C5 atom appear to result in
FIGURE 5: Schematic diagram of tazobactam bound to the E166A the inability of the inhibitor to adopt thérans-enamine
mutant of SHV-15-lactamase. Hydrogen bonds are highlighted as intermediate in the presence of a covalently modified S130.
dotted lines, and the hydrophobic van der Waals interactions Furthermore, thérans-enamine intermediate was also ob-

between Y105 and the triazolyl ring and methyl moieties of di ds similar to tazobact b d tath
tazobactam are depicted by a curved line with perpendicular stripes.s’erve In compounds similar 1o tazobactam boun e

The carboxyl moiety interactions with two weakly bound water freundiiclass CB-lactamase34), and a mixture otis- and
molecules at the perimeter of the active site as shown in Figure 4 transenamine was observed for clavulanic acid bound to

are omitted for clarity. Streptomyces aureudass Ap-lactamase 20).

with the N4 atom. Because of theans-enamine configu- Correlation with Raman Spectroscofijne E166A mutant
ration, this nitrogen contains a hydrogen and is thus capable®f SHV-1/-lactamase is an ideal candidate for studying the
of making the interaction. This intramolecular hydrogen bond "éaction intermediates using spectroscopy or crystallography,
thus provides further evidence that the bound tazobactam is2s the deacylation deficient enzyme favors the accumulation
not the imine intermediate since the necessary hydrogen atonPf acyl enzymes. The Raman data for the three inhibitors
is absent in the imine intermediate. reacting withg-lactamase reveal the presence of tiens
Tazobactam Species Formed in Wild-Type and Mutant €namine intermediate, albeit at different population levels
Complexes.The tazobactantransenamine intermediate ~and with different half-lives. Tazobactam forms approxi-
found bound to the deacylation deficient SHV-1 E166A mately 50% more of this intermediate than sulbactam does,
mutant is of interest since it is quite different from the imine and clavulanic acid forms slightly lessans-enamine inter-
intermediate previously observed in the wild-type structure mediate that sulbactan?). The half-life for thetrans
(19 (Figure 6). enamine intermediate is also the longest for tazobactam. The
Superposition and comparison of the two structures revealrelative ability of tazobactam, sulbactam, and clavulanic acid
a possible explanation for the difference in inhibitor con- (from best to worst) in forming theans-enamine intermedi-
formation. The wild-type enzyme is not deacylation deficient, ate is intriguing and can be explained by the E166A complex
and during the soaking time of 6 h, it undergoes many structure. The tazobactam sulfone group forms an intramo-
reaction cycles and accumulates an additional reactionlecular 2.8 A hydrogen bond with its N4 atom (Figure 4)
intermediate in which S130 is covalently modified with which is only possible in the enamine intermediate where
vinylcarboxylic acid, one of the possible end products of this nitrogen is protonated, and not in the imine intermediate
the reaction. This S130 modification could only be observed where it is deprotonated (see Figure 1). The observation of

HN Uy OH

FiGure 6: Tazobactam bound to wild-type and E166A SH¥-lactamase. Shown are tazobactam in its conformation when bound to the
E166A protein (green carbon atoms) and when bound to the wild-type enzyme (blue carbon atoms), with the E166A protein structure (thin
bonds). In the wild-type structure, Ser130 is modified with an acrylic acid group (AKR, thick bonds), which sterically interferes (red
dashed line) with the C5 atom of th&ns-enamine tazobactam conformation observed in the E1I66A complex. Instead, the bulkier modified
S130 pushes the tazobactam C5 atom back, thus favoring the imine ouvearte@namine intermediate.



848 Biochemistry, Vol. 43, No. 4, 2004

this trans-enamine-stabilizing hydrogen bond is consistent
with tazobactam and sulbactam forming much more of the
trans-enamine intermediate than clavulanic acid, since the
sulfone moiety is present only in the first two compounds.
The most significant difference between tazobactam and
sulbactam lies in the presence of a triazolyl moiety in the
former, whereas the latter has a methyl group attached to
the C2 atom. In the E166A structure, the triazolyl N17 atom
makes a 2.7 A hydrogen bond with a buried water molecule
(water 49), which in turn forms additional hydrogen bonds
with S130 @, K234 NZ, and another water (water 213). In
addition, the triazolyl moiety forms a favorable van der
Waals interaction with Y105. These interactions appear to 10.
stabilize thetrans-enamine tazobactam intermediate but are 1
not possible in the triazolyl deficient sulbactam.

Our structural explanation for the relatitans-enamine
forming tendency of tazobactam, sulbactam, and clavulanic
acid (from strongest to weakest) is especially interesting in
light of the fact that the clinical efficacy of these inhibitors
is in the same order, with tazobactam being the most potent 14-
(35). Successful inhibition ofp-lactamases may be a ;5
combination of both transient and irreversible inhibitidi (

It is tempting to speculate that the intra- and intermolecular 16.
interactions discussed above may play a role in tazobactam’s
superiofin zitro inhibitory activities 86) and clinical efficacy
(35). Despite this attractive explanation, we do keep in mind
that other mechanisms might occur such as loss of the sulfone 18.
group with a concomitant molecular rearrangemé&d).(

The interplay of Raman crystallography and protein
crystallography is emerging as a powerful combination for
probing molecular structure and function relationships.
Because of the relatively slow time scale of the reaction,
the Raman technique identified the tazobactam-based-
enamine intermediate and provided a means of tracking the 23.
progress of the reaction inside a crystal. This allowed us to
chose the optimal time at which to stop the reaction by
cryocooling the tazobactam-soaked crystal. To our knowl-
edge, this is the first example of such a Raman-assisted
controlled soaking experiment for trapping a reaction inter-
mediate inside a crystal. We anticipate that other protein
enzyme crystal systems could be amenable to this combined 26.
approach. Reactions that proceed on the order of minutes
are desired since currently Raman measurements can be takeri "
only every 90 s. 28.

Our structure of the tazobactam bound to the E166A
variant of SHV-15-lactamase may be of considerable interest
in designing improved clinical inhibitors by further stabilizing
the trans-enamine intermediate. These studies reveal intra-
and intermolecular interactions involving the sulfone and
triazolyl moieties of tazobactam that may be important factors
contributing to its behavior as a betjgtactamase inhibitor
than sulbactam and clavulanic acid.
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