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ABSTRACT: The objective of this study was to determine the molecular factors that lead toâ-lactamase
inhibitor resistance for the M69V variant in SHV-1â-lactamase. With mechanism-based inhibitors, the
â-lactamase forms an acyl-enzyme intermediate that consists of atrans-enamine derivative in the active
site. This study focuses on these intermediates by introducing the E166A mutation that greatly retards
deacylation. Thus, by comparing the properties of the E166A and M69V/E166A forms, we can explore
the consequences of the resistance mutation at the level of the enamine acyl-enzyme forms. The reactions
between theâ-lactamase and the inhibitors tazobactam, sulbactam, and clavulanic acid are followed in
single crystals of the enzymes by using a Raman microscope. The resulting Raman difference spectroscopic
data provide detailed information about conformational events involving the enamine species as well as
an estimate of their populations. The Raman difference spectra for each of the inhibitors in the E166A
and M69V/E166A variants are very similar. In particular, detailed analysis of the main enamine Raman
vibration near 1595 cm-1 reveals that the structure and flexibility of the enamine fragments are essentially
identical for each of the three inhibitors in E166A and in the M69V/E166A double mutant. This finding
is in accord with the X-ray-derived structures, presented herein at 1.6-1.75 Å resolution, of thetrans-
enamine intermediates formed by the three inhibitors in M69V/E166A. However, a comparison of Raman
results for M69V/E166A and E166A shows that the M69V mutation results in a 40%, 25%, and negligible
reductions in the enamine population when theâ-lactamase crystals are soaked in 5 mM tazobactam,
clavulanic acid, and sulbactam solutions, respectively. The levels of enamine from tazobactam and
clavulanic acid can be increased by increasing the concentrations of inhibitor in the mother liquor. Thus,
the sensitivity of population levels to the inhibitor concentration in the mother liquor focuses attention on
the properties of the encounter complex preceding acylation. It is proposed that for small ligands, such as
tazobactam, sulbactam, and clavulanic acid, the positioning of the lactam ring in the active site in the
correct orientation for acylation is only one of a number of poorly defined conformations. For tazobactam
and clavulanic acid, the correctly oriented encounter complex is even less likely in the M69V variant,
leading to a reduction in the level of inhibition of the enzyme via formation of the acyl-enzyme intermediate
and the onset of resistance. Analysis of the X-ray structures of the three intermediates in M69V/E166A
demonstrates that, compared to the structures for the E166A form, the oxyanion hole becomes smaller,
providing one explanation for why acylation may be less efficient following the M69V substitution.

â-Lactamases (EC 3.5.2.6) are a major mechanism of
defense used by bacteria to protect themselves against the
lethal action ofâ-lactam antibiotics (1). â-Lactamase en-
zymes are classified into four major classes, Ambler classes
A-D, on the basis of their amino acid sequence similarity

(2). Class Aâ-lactamases are serine hydrolases produced
by both Gram-positive and Gram-negative bacteria (3). These
serine hydrolases are able to inactivate a wide range of
substrates (penicillins, cephalosporins, extended-spectrum
cephalosporins, and carbapenems), making their presence in
enteric bacteria (e.g.,Escherichia coliandKlebsiella pneu-
moniae) extremely problematic (4). Threeâ-lactamase inhib-
itors (clavulanate, sulbactam, and tazobactam) (Figure 1) are
currently available (5, 6). These inhibitors are paired with
â-lactam antibiotics to prevent their degradation by bacteria
possessing class Aâ-lactamases. Theâ-lactamase inhibitors
undergo complex reactions with the enzyme that are outlined
in Scheme 1. Despite extensive study of the mechanism of
inhibition by these compounds, questions about the nature
and importance of the various intermediates remain (7-19).

SHV-1, a class Aâ-lactamase, is found primarily inK.
pneumoniaeand is of significant clinical importance since
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extended-spectrum and inhibitor-resistant variants have been
described in this family (20). Moreover, structural and
analytical studies have established that SHV is an excellent
model for mechanistic studies of class Aâ-lactamase inhibi-
tion. Recently, we have shown that the tracking and trapping
of intermediates in SHVâ-lactamase crystals can be accom-
plished using an interplay of two techniques, X-ray and Raman
crystallography (21-23). These efforts were aided by using
a deacylation deficient variant of the SHV-1 enzyme, E166A.

We have shown that in three inhibitor-bound crystal struc-
tures, atrans-enamine intermediate is formed, an indication
that all these inhibitors could follow a common pathway to
inhibition (22, 23). From both Raman and X-ray crystal-
lographic data, it was evident that tazobactam forms the most
conformationally stabletrans-enamine while sulbactam and
clavulanate form less stabletrans-enamine intermediates.
These observations could, in part, explain their clinical
efficacy. The crystallographic observations of these inhibitor
reaction intermediates set the stage to further our understand-
ing of how resistance toâ-lactamase inhibitors can occur.

Alterations at M69 have been described in many TEM-
type inhibitor-resistant variants, and recently, an M69I variant
in SHV (SHV-49) was observed clinically (24). This SHV
variant had previously been shown to increase resistance to
clavulanic acid and to a lesser degree resistance to sulbactam
and tazobactam in laboratory constructs of SHV and the 94%
sequence identical OHIO-1 (25-27). Helfand et al. (25) have
also studied the role of substitution at M69 by site-saturation
mutagenesis. The findings indicated that substitution of Ile,
Leu, or Val significantly increased the MICs and IC50s for
all three inhibitors, while Lys, Tyr, and Phe substitution leads
to cephalosporinase activity. These results indicate that the
size and nature of the residue at the M69 position impact
the substrate specificity. An overall trend for OHIO-1 M69I
was an apparent slower turnover rate and a significant

FIGURE 1: Class Aâ-lactamase inhibitors.

Scheme 1: Proposed Reaction Mechanism for Class Aâ-Lactamase with a Generalized Inhibitor
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reduction in the affinity for inhibitors. Although theKi and
kinact of the inhibitors are affected by the M69 mutation,
â-lactam substrates are still remarkably well hydrolyzed since
there is no clear overall trend in eitherkcat or Km in SHV
and TEMâ-lactamases (26-28).

Crystallographic analyses of such mutations have been
carried out previously in relatedâ-lactamases, TEM-32
(M69I/M182T) and TEM-34 (M69V) (29), and shown the
mutations introduce subtle active site changes that result in
an effect on enzyme catalysis and inhibitor recognition. This
study pointed to a possible role for the local environment of
S130 for the inhibitor resistance trait of M69 variants. This
effect was also postulated to be mediated via S70 changes
that were observed in the uncomplexed TEM variant
structures (29). In the wt SHV and TEMâ-lactamases, S130
is shown to act as a second nucleophile for irreversible
inhibition by â-lactamase inhibitors (30), so the changes
observed in the orientation of the S130 side chain in the
M69V and M69I TEM structures could negatively affect
irreversible inhibition (29). In a different crystallographic
study involving TEM-33 (M69L) (28), structural changes
were not observed, yet molecular dynamics simulations
hinted at subtle changes in enzyme dynamics. In this case,
it was concluded that the mechanism of inhibitor resistance
for the M69L mutation in TEM is the reduced affinity for
the inhibitors, which likely affects the rate of formation of
the initial acyl-inhibitor complex.

In this study, we report the Raman and X-ray crystal-
lographic analyses of the SHV-1 variant M69V/E166A
complexed with all three inhibitors. Both methods demon-
strate that few or no differences between the conformations
of the intermediate bound to E166A and M69V/E166A exist.
However, the Raman data show that differences in the active
site populations make two of the compounds less effective
inactivators of the M69V variant, and the X-ray data provide
a rationale for this in terms of subtle changes in active site
residues.

MATERIALS AND METHODS

Inhibitors. Sodium clavulanate (Glaxo-Smith-Kline), sul-
bactam (Pfizer), and tazobactam (Wyeth Pharmaceuticals)
were gifts of the respective companies. Stock solutions of
these inhibitors at 20 mM in 2 mM HEPES buffer (pH 7.0)
were prepared for “soak in” experiments with the protein
crystals.

Protein Isolation and Purification.The E166A SHV and
M69V/E166A â-lactamase were generated by site specific
mutagenesis (21, 31). The E166A and M69V/E166A variants
of SHV â-lactamase protein were isolated and purified as
previously described (31). An additional gel filtration HPLC
purification step was performed using a Sephadex Hi Load
26/60 column (Pharmacia, Uppsala, Sweden) and elution
with phosphate-buffered saline (pH 7.4).

Crystallization and Structure Determination.E166A SHV
and M69V/E166A were concentrated to 5 mg/mL in 2 mM
HEPES buffer (pH 7.0) for crystallization per the protocol
of Kuzin et al. (30). Crystals were prepared using the sitting
drop method. Drops (10µL volume) were prepared by

mixing 4 parts of protein solution with 1 part of 5.6 mM
CYMAL-6 (Hampton Research, Laguna Niguel, CA) and 5
parts 20-30% (w/v) PEG-6000 (Hampton Research) in 0.1
M HEPES (pH 7.0). The reservoir solution consisted of 20-
30% (w/v) PEG-6000 in 0.1 M HEPES (pH 7.0). The wells
were sealed with packing tape and stored at room temper-
ature. Crystals, typically 300µm × 300 µm × 300 µm in
size, were transferred from the mother liquor solution into a
0.1 M HEPES solution (pH 7.0) and washed four times to
remove excess PEG-6000 prior to use with the Raman
microscope. Then they were transferred on a siliconized glass
cover slip into 3µL of 0.1 M HEPES (pH 7.0) and brought
into a hanging drop setup. Crystal protein concentrations
were estimated to be 28 mM (J. Knox, personal communica-
tion) on the basis of an occupancy of four molecules per
unit cell the following unit cell dimensions:a ) 49.6 Å,b
) 55.6 Å, andc ) 87.0 Å. These crystals were used for
soaking experiments to track inhibitor intermediates. The
Raman studies carried out at 5 mM indicated that all three
inhibitors inhibited the enzyme in thetrans-enamine inter-
mediate form, as observed for the E166A mutant. Maximal
trans-enamine formation was achieved in roughly 10-20
min, yet unlike that for sulbactam, the amount of this
intermediate for tazobactam and clavulanic acid was sub-
stantially reduced in the double mutant compared to that in
the single E166A mutant. On the basis of the Raman results,
we adjusted the soaking procedure by increasing the soaking
concentration from 5 to 50 mM for each of the three
inhibitors to increase the amount oftrans-enamine intermedi-
ate. The compounds were soaked using the procedure as
reported previously (21, 23). The best data set collected is
from a single crystal cut into three pieces and each soaked
with one of the three inhibitors for 10 min. Diffraction data
were collected at the ALS Berkley 4.2.2 synchrotron facility
for the three inhibitor-soaked crystals of M69V/E166A. The
data processing was conducted with d*TREK (32), and the
reflection files were further processed with CCP4 (33).
Crystallographic refinement was carried out in CNS (34)
using parameter and topology files for thetrans-enamine
reaction intermediate generated in PRODRG (35). The
E166A mutant structures complexed to either tazobactam
(PDB entry 1RCJ), sulbactam (PDB entry 2A3U), or
clavulanic acid (PDB entry 2A49) were used as the starting
model for refinement of their respective inhibitor complexes
with the E166A/M69V double mutant. For crystallographic
refinement cross validation, 10% of the reflections were used
for the Rfree calculations. DifferentRfree sets were used to
refine each structure, and bias was removed by carrying out
a simulated annealing step to 3000 K in CNS. The temper-
ature factors were restrained during refinement, and the rmsd
values are listed in Table 1. The occupancy of the ligand
was refined as 1.0, although refinement with ligand occupan-
cies of 0.8 and 0.9 also yielded comparable results. Iterative
model building was performed in O (36). Waters were
selected with|Fo| - |Fc| density above 3σ and in good
hydrogen bonding geometry with nearby protein atoms and/
or water molecules. The crystallographic structures of M69V/
E166A bound to tazobactam, sulbactam, and clavulanic acid
were refined to 1.75, 1.70, and 1.6 Å resolution, respectively.
The final refinedR-factors andRfree values are listed in Table
1. Each model contained a covalently bound inhibitor, a fully
ordered CYMAL-6 molecule, and one partial CYMAL-6

1 Abbreviations: rmsd, root-mean-square deviation; wt, wild-type;
TEM, Temoneira; SHV, sulfhydryl reagent variable; MIC, minimal
inhibitory concentration.
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molecule. Two of the structures contained a partially ordered
HEPES molecule (clavulanic acid and sulbactam-bound
structures).

Raman Crystallography.The Raman microscope system
has been described previously (37, 38). A 647 nm Kr+ laser
beam with a 120 mW laser power (Innova 70 C, Coherent,
Palo Alto, CA) was focused onto the protein crystals,
suspended on the underside of a siliconized quartz cover slip
in a 3µL drop. A 20× objective gave an approximately 20
µm spot size on the crystal. The crystals and the laser spot
were visualized with real time color video display to ensure
proper alignment and that no light-induced damage was
occurring in the crystal. During data collection, spectra were
acquired over 10 s intervals and 10 spectra were averaged
for each acquisition time point. Spectra of the apo-â-
lactamase protein crystals were obtained, and subsequently,
we infused the inhibitor into the protein crystal by adding 1
µL of the inhibitor solution to the drop to achieve a final
drop volume of 4µL and a final inhibitor concentration of
5 mM. Spectra of theâ-lactamase-inhibitor complex were
then acquired serially every 2-3 min following addition of
the inhibitor. An apo-â-lactamase spectrum was subtracted
from the inhibited protein spectra at varying time intervals
following addition of inhibitor, according to eq 1.

where f is a subtraction scale factor selected to minimize
the protein amide I band from the apoprotein in the difference
spectra. Typically,f has a value of 0.95-1.0. Data collection
and subtractions were performed using HoloGRAMS and
GRAMS/AI 7 (ThermoGalactic, Inc., Salem, NH). Raman
spectra of the inhibitors in solution were obtained using the

Raman microscope. Spectra were obtained of 4µL drops of
inhibitor solutions prepared at varying inhibitor concentra-
tions in HEPES (pH 7.0). The peak heights of various Raman
bands in the inhibitor spectra were examined as a function
of concentration to prepare concentration calibration curves.

The kinetic plots (Figures 5-7) were obtained by measur-
ing the integrated intensity of the enamine feature in the
difference spectrum near 1595 cm-1 and dividing this value
by the integrated amide I band at 1655 cm-1 in the parent
spectrum. The initial data points in Figures 5-7 are above
zero since these data are collected in the time interval from
60 to 160 s after the inhibitor is introduced into the hanging
drop.

Calculations.Ab initio quantum mechanical calculations
were performed to predict the Raman spectra of model
intermediate compounds using Gaussian 03 (39). Calculations
were performed at the Hartree-Fock level using the 6-31+G
(d) basis set.

RESULTS AND DISCUSSION

Inhibitors Form Very Similar trans-Enamine
Conformations in E166A and E166A/M69V Variants

Raman Spectroscopic EVidence. Figure 2 compares the
Raman difference spectra of the enamine species in single
crystals of E166A and M69V/E166A for tazobactam. The
two spectra are remarkably similar throughout, suggesting
that thetrans-enamine assumes a very similar conformation
in M69V/E166A and E166A SHV-1â-lactamase. In par-
ticular, the positions and band profiles of the OdC-CdC-
NH stretching frequency near 1595 cm-1 are identical, within
an experimental error of(2 cm-1 (Table 2). In the same
way, the Raman difference spectra for the intermediate

Table 1: Data Collection and Refinement Statistics for the M69V/E166A Mutant

clavulanic acid sulbactam tazobactam

data collection
space group P212121 P212121 P212121

unit cell dimensions (Å) a ) 49.68,
b ) 55.20,
c ) 83.49

a ) 49.59,
b ) 55.31,
c ) 83.63

a ) 49.67,
b ) 55.18,
c ) 83.53

wavelength (Å) 1.46 1.46 1.46
resolution (Å) 19.91-1.60 9.99-1.70 19.91-1.75
redundancy 4.83 1.91 3.00
total no. of reflections 142212 86698 134196
no. of unique reflections 29464 (26486)a 25354 (25308)a 23825 (23773)a

〈I〉/〈σI〉 9.8 (2.6) 9.9 (2.2) 11.2 (3.0)
Rmerge(%) 9.4 (50.6) 5.4 (32.7) 5.9 (29.9)
completeness (%) 95.1 (90.9) 93.4 (92.2) 99.9 (99.7)

refinement
R-factor (%) 16.00 17.51 15.92
Rfree (%) 19.96 21.09 19.05
rmsd from ideality

bond lengths (Å) 0.009 0.008 0.009
bond angles (deg) 1.59 1.49 1.58

rmsdB-factor (Å2)
bonded main chain atoms 2.1 2.1 2.2
bonded side chain atoms 2.8 3.6 3.8
angle main chain atoms 4.5 2.7 2.8
angle side chain atoms 5.6 4.9 5.1

averageB-factor
protein (Å2) 12.47 17.55 14.95
inhibitor (Å2) 34.30 23.13 20.93
water (Å2) 29.00 32.51 31.99

a Data sets were processed with the Friedel mates kept separate. The numbers in parentheses are the numbers of unique reflections used for
refinement.

difference spectrum)
[protein+ inhibitor] - f[protein] (1)
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formed by sulbactam and clavulanic acid are essentially
identical in the E166A and M69V/E166A variants (Figures
1S and 2S of the Supporting Information). The exact position
of the intense enamine mode near 1595 cm-1 is a function
of the geometry of thetrans-enamine skeleton. Thus, the
most planartrans-enamine formed by clavulanic acid has
νOdC-CdC-NH at 1612 cm-1, whereas the intermediate from
tazobactam has a C-CdC-N dihedral angle of 168°; this
distortion can account, in part, for the symmetric stretch
occurring at the lower frequency of 1593 cm-1 (22). Taken
together, these findings suggest that the conformations of
the trans-enamine heavy atom skeleton are essentially
identical for each inhibitor in E166A and M69V/E166A
SHV-1 â-lactamase. Moreover, as discussed in Padayatti et
al. (22), the shape of the band profile near 1595 cm-1 reflects

the degree of static and/or dynamic disorder in the “tails” of
the enamine extending beyond the N4 atom. Thus, the identity
in band profiles for each of the E166A and M69V/E166A
pairs means that the degree of conformational flexibility in
each tail must be very similar, too.

The one reproducible difference in all three data sets (e.g.,
Figure 2) concerns the broad feature near 1520 cm-1 in the
E166A case. For M69V/E166A SHV-1â-lactamase, the
broad band moves to near 1495 cm-1.

Using the simplesttrans-enamine, formed by clavulanic
acid, we undertook ab initio quantum mechanical calculations
with Gaussian 03 (39). These are detailed in the Supporting
Information and confirm the identity of the relatively intense
mode in the 1600 cm-1 region, as a OdC-CdC-NH
symmetric stretch. Further progress in the use of calculations

FIGURE 2: Raman difference spectra of the E166A and M69V/E166Aâ-lactamase crystal with 5 mM tazobactam in the mother liquor [0.1
M HEPES (pH 7)]. The vertical bar represents the intensity of a 20000-photon event.

Table 2: Characteristics of the Main Enamine Feature Given by the Three Clinical Inhibitors Used with Two Variants (E166A and M69V/
E166A) of SHV-1â-Lactamase

tazobactam-derived
enamine( 2 cm-1

sulbactam-derived
enamine( 2 cm-1

clavulanic acid-derived
enamine( 2 cm-1

enamine peak Raman shift for various inhibitors
with E166A or M69V/E166Aâ-lactamase

1593/1593 cm-1 1599/1601 cm-1 1612/1610 cm-1

enamine peak width of various inhibitors
with E166A SHV-1â-lactamase

18 cm-1 25 cm-1 32 cm-1

enamine peak width of various inhibitors
with M69V/E166A SHV-1â-lactamase

18 cm-1 28 cm-1 34 cm-1

FIGURE 3: Electron density of the inhibitors in the active site of M69V/E166A SHV-1â-lactamase. The omitFobs - Fcalc difference
electron density of the active site of the double mutant protein shows the density of covalently boundtrans-enamine intermediate for
tazobactam (A), sulbactam (B), and clavulanic acid (C). The omit density is contoured at 3.0σ (red), 2.0σ (blue), and 1.5σ (green) and is
calculated at the end of the refinement after the ligands had been omitted from the map calculation. The omit map suggested clavulanic acid
is in a decarboxylated state similar to that observed when complexed in the E166A single mutant structure.
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requires the use of isotopically labeled inhibitors (see the
Supporting Information).

X-ray Crystallographic EVidence. All three inhibitors are
observed astrans-enamine intermediates with tazobactam

FIGURE 4: Stereodiagrams depicting the active sites of the inhibitor-bound structures of the E166A and inhibitor-resistant M69V/E166A
variants. For each of the inhibitors, the M69V/E166A double mutant (gray with colored N, O, and S atoms) and the single E166A mutant
(black lines) are superimposed. Tazobactam (Tazo, A), sulbactam (Sulb, B), and clavulanic acid (Clav, C) are shown covalently attached
to S70. The E166A SHV-1â-lactamase structures used for the super positions are PDB entries 1RCJ (complexed with tazobactam), 2A49
(complexed with sulbactam), and 2A3U (complexed with clavulanic acid) and are used for comparison of the respective inhibitor-bound
double mutant structures. Water molecules present near the inhibitor are shown as small spheres. The catalytic water involved in deacylation
(W1) is highlighted. For tazobactam in the single mutant structure, a ligand-induced shift causes N170 to reorient, thereby shifting the
position of the catalytic water to a new position (W2). Two additional waters are depicted in the tazobactam-bound structures (W3 and W4)
which are key for interaction with tazobactam and K234 and/or R244.
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being well-ordered compared to the more flexible sulbactam
and clavulanic acid tails (Figure 3). This is reminiscent of
our previous analysis of each inhibitor in the E166A structure
(22). The clavulanic acid intermediate is refined as a
decarboxylatedtrans-enamine intermediate due to the ab-
sence of electron density for this moiety, as in the single
mutant E166A structure. This is confirmed by the absence
of a COO- symmetric stretch near 1400 cm-1 in the Raman
spectrum seen in Figure 2S of the Supporting Information
(22). B-Factor refinement and occupancy refinement for each
of the three inhibitors indicated that the occupancies are
g80%. The validity of the models was evaluated using
PROCHECK (40). In all three structures, more than 90% of
the φ andψ angles are in the most favored region.

The M69V/E166A structures of the bound inhibitors are
quite similar to that of the single E166A mutant structures
yielding rmsds for CR atoms of 0.129 Å for the tazobactam-
bound structures, 0.140 Å for the sulbactam-bound structures,
and 0.149 Å for the clavulanic acid-bound structures. Despite
the overall similarity, the M69V mutation has resulted in
noteworthy conformational shifts in flankingâ-strands, in
active site residues, and in the bound inhibitors (Figure 4).
Albeit slightly shifted in concert with active site shifts, the
serine 70-O-C(d)-CdC-NH fragment is in a similar
conformation for the single and double mutant variants. This
is in complete agreement with the Raman data that indicate
essential identity in thetrans-enamine fragments. These
structural similarities and differences will be discussed below.
The ability to compare not one but three V69 mutant
structures with three M69 structures enhances the significance
of subtle conformational differences if the changes are
consistent between both sets of three structures.

Differences in trans-Enamine Populations in E166A and
M69V/E166A Variants

Figures 5-7 compare the intensity of the maintrans-
enamine mode, and hence the enamine population, for E166A
and M69V/E166A reacting with tazobactam, clavulanic acid,
and sulbactam, respectively. In each experiment, the crystal
was soaked in mother liquor containing 5 mM inhibitor. For
tazobactam, the enamine population in the double variant
reaches only 60% of the one found for E166A, where in the
latter, we know that the active sites are fully occupied (23).
The intermediate formed from clavulanic acid in M69V/
E166A has∼75% of the population found for E166A,
whereas the populations formed in both mutant enzymes by
sulbactam are very similar.

Thus, while the X-ray data and the Raman data in Figure
2 (and Figures 1S and 2S of the Supporting Information)
demonstrate that at the structural level the enamines in
E166A and M69V/E166A are very similar or identical, for
two of the three inhibitors, we have evidence for lower
intermediate populations in the M69V/E166A mutant that
carries the resistance-conferring alteration. This shows that
in the crystal complexes, tazobactam and clavulanic acid are
less effective at blocking the active site in M69V/E166A at
the trans-enamine level. Since we cannot detect structural
differences in the enamine populations in E166A and M69V/
E166A, it is apparent that differences involving other steps
in the enzyme reaction must account for the change in the
acyl-enzyme population by modifying the balance between
acylation and deacylation kinetics.

There are several lines of evidence suggesting that changes
in the acylation step, including the orientation of theâ-lactam
ring in the active site, are an important factor in causing
low populations of acyl-enzyme intermediates. Meroueh et
al. (28) determined the structures of WT TEM-1â-lactamase
and the M69L mutant and undertook molecular dynamics
calculations on these protein forms. Their conclusion was
that “the inhibitor-resistant trait is a relatively modest
elevation of the dissociation constant for the formation of
the pre-acylation complex”. The lack of favorable active site
inhibitor contacts is likely to render the smallâ-lactams
sensitive to retarded acylation when the M69L mutation
occurs near the active site. Part of this retarded acylation
may be due to M69V perturbing the stereochemistry associ-
ated with the oxyanion hole as found in the X-ray structures
of inhibitors bound to M69V/E166A. This is discussed in

FIGURE 5: Time dependence of the enamine peak area near 1593
cm-1 (normalized to the amide I band) for the E166A (top trace)
and M69V/E166A (bottom trace) SHVâ-lactamase variant crystals
and 5 mM tazobactam in the mother liquor.

FIGURE 6: Time dependence of the enamine peak area near 1610
cm-1 (normalized to the amide I band) for the E166A (top trace)
and M69V/E166A (bottom trace) SHVâ-lactamase variant crystals
and 5 mM clavulanic acid in the mother liquor.

FIGURE 7: Time dependence of the enamine peak area near 1599
cm-1 (normalized to the amide I band) for the E166A (magenta
squares) and M69V/E166A (blue diamonds) SHVâ-lactamase
variant crystals and 5 mM sulbactam in the mother liquor.
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the following section, along with changes in other key active
site residues caused by the M69V substitution.

In our experiments with SHV crystals, acylation by the
inhibitors is slow and a lag phase of 10-30 min is seen
before the maximum enamine population is observed (21).
Acylation is undoubtedly retarded by the presence of the
E166A mutation, since the E166A mutation plays a role in
the acylation step, probably acting as a general base. Of
course, this factor is the same for both the E166A and M69V/
E166A species. These observations pertain to the crystal
phase, and given the subtlety of the interactions in the active
site, direct comparison to the solution state cannot be made.
Considerable insight comes from observing the equilibrium
enamine population set up in the crystals. For E166A SHV,
soaking with 5 mM tazobactam in the mother liquor leads
to full active site occupancy by thetrans-enamine intermedi-
ate, whereas sulbactam and clavulanic acid reach only 45
and 70% occupancy, respectively. However, by increasing
the concentration of sulbactam and clavulanic acid to more
than 10 mM, Padayatti et al. (22) achievedg80% active
site occupancy of the respective enamine. This indicates
immediately that this is an equilibrium involving productive
(for acylation) complexes in the active sites and that
increasing the concentration of ligand increases the rate of
formation of the imine tocis enamine totrans enamine
populations.

Disappearance of thetrans-enamine likely occurs via
equilibriation with the imine complex and which subse-
quently hydrolyzes or undergoes irreversible inactivation
(Scheme 1). However, the X-ray structures for E166A (22,
23) show the presence of onlytrans-enamine for all three
inhibitors. Moreover, hydrolysis is likely to be slow since
the key base for deacylation, E166, has been removed. Thus,
we posit that the greater part of the differences we see for
the steady state enamine population levels in E166A SHV
crystals is caused by differential acylation with tazobactam
being the most efficient acylating substrate and sulbactam
the least.

These arguments can be extended to the double mutant
M69V/E166A. The M69V replacement has its greatest effect
on the enamine population from tazobactam in the M69V/
E166A crystal. Under 5 mM soaking conditions, the steady
state population is∼60% of that seen for E166A alone.
Increasing the tazobactam concentration to 10 mM in the
mother liquor does not increase the level (unpublished
results), but we were able to reachg80% occupancy with
the 50 mM soaks utilized for the X-ray analysis. This
indicates a higher threshold of tazobactam is needed to
increase the level of productive encounter complexes.
Assuming that deacylation rates are approximately constant
for all three compounds, the active site differences between
E166A and M69V/E166Aâ-lactamase that reduce the level
of enamine from tazobactam (Figure 5) have a weaker effect
on clavulanic acid (Figure 6) and no detectable effects on
the enamine population from sulbactam (Figure 7).

The idea that tazobactam, sulbactam, and clavulanic acid
are poor acylating agents due to the lack of suitable
interactions and steric complementarity with the active site
also provides a rationale for why the inhibitor-resistant
â-lactamase is still able to hydrolyze penicillin-based sub-
strates. For the inhibitors, acylation is a critical event and
mutations in the enzyme bring the rate of acylation below

the level to achieve complete inhibition. However, penicillin-
like substrates are larger molecules that have more op-
portunities for hydrophobic or specific interactions with
active site groups. Thus, penicillins likely reside in the active
site longer than the inhibitors, and this increases the chances
of a successful acylation event. The more efficient acylating
properties of the penicillins make them less vulnerable to
critical reductions in enzyme efficiency when point mutations
occur in or near the active site.

We now analyze the structural differences in the single
and double mutation enamine complexes to look for clues
for why the M69V substitution leads to a reduction in
acylation efficiency.

Changes in the Oxyanion Hole May Compromise
Acylation in the M69V/E166A Variant

Insight into the acylation step would be facilitated by X-ray
crystallographic analysis of Michaelis-type complexes. How-
ever, for tazobactam, sulbactam, and clavulanic acid with
Ser70 mutated to glycine or alanine, these complexes have
eluded characterization by X-ray or Raman crystallography.
One likely reason for this has been discussed; the lack of
sufficient ligand-active site contacts may prevent formation
of “tight” Michaelis complexes with the ligand firmly bound
in a unique orientation and productive in the active site.
Given this situation, we will discuss structural comparisons
for thetrans-enamine complexes between E166A and M69V/
E166A variants. The findings are that there are small, but
reproducible, differences involving key residues, most no-
tably in the oxyanion hole, that can affect the initial acylation
step.

When the three M69V/E166A inhibitor-bound protein
structures are superimposed on the respective E166A struc-
tures, a consistent shift is observed in two adjacentâ-strands
that flank one side of the active site (Figure 4) and the largest
shift is in â-strand residues 243-246 with a maximal shift
of ∼0.6-0.7 Å. The second largestâ-strand shift is observed
for residues 235-240 with the largest shift around 0.3 Å
with respect to the single mutant structures as observed for
each of the three complexes (Figures 4 and 8). The region
of residues 235-240 of the b3â-strand forms part of the
oxyanion hole of the active site. Herein, the transition state
interactions with the backbone nitrogen of A237 (together
with the backbone nitrogen of S70) are stabilized.

The V69 substitution has resulted in small but significant
shifts in the neighboring residues, N170 and A237, thus
widening the space for the valine side chain (Figure 3S of
the Supporting Information). The V69 main chain displace-
ment has an effect in the same direction on the position of
the main chain of S70 since it is the next residue in the
peptide chain. Due to the shift in the main chain of residues
69 and 70, the side chain of F72 moves also in the same
general direction to keep the van der Waals interactions intact
(Figure 3S of the Supporting Information).

These shifts described herein are all slight (in the 0.2-
0.4 Å range) yet are consistent within the two sets of three
structures and are significantly higher than the rmsd values
of 0.13-0.15 Å for all CR atoms between each single and
double mutant set. In addition, these shifts are readily
detected in an unbiasedFo - Fo map (Figure 8). An
interesting and likely important net effect of these changes
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is that the oxyanion hole is 0.20 Å shorter in all three double
mutant structures than in their single mutant counterparts:
the backbone nitrogens of S70 and A237 forming the
oxyanion hole move toward each other in the three double
mutant structures. This shortening of the oxyanion hole
results in a small but detectable shift in theFo - Fo map of
the O8 atom, which occupies the oxyanion hole, for all three
inhibitors. This is illustrated in Figure 8 for the tazobactam
complex and is virtually identical for the other two com-
plexes.

Although the positions of the active site residue side chains
in the M69V/E166A structures are identical to that observed
in the respective E166A complex and wt structures, notable
differences are observed for conserved residues K73, K234,
and S130. Interestingly, these three residues adopt alternate
conformations in the M69V/E166A and E166A mutant
structures. In the clavulanic acid-bound M69V/E166A struc-
ture, all three side chains move, whereas in the sulbactam-
bound structure, only residues K73 and S130 adopt alternate
conformations (Figure 4 and Figure 4S of the Supporting
Information). In contrast, only residue S130 assumes an
alternate conformation in the tazobactam-bound double
mutant structure. These three conserved residues are impor-
tant for structural integrity and catalysis, although in contrast
to the changes in the oxyanion hole discussed above it is
difficult to immediately relate the appearance of alternate
conformers to changes in acylation.

CONCLUSION

Using Raman spectroscopy and X-ray crystallography, we
have compared thetrans-enamine intermediates formed by
tazobactam, sulbactam, and clavulanic acid in the deacylation
deficient SHV-1 â-lactamase E166A with those in the
enzyme that carries the M69V mutation (M69V/E166A)
conferring inhibitor resistance. Both the Raman and crystal-
lographic data show that the conformations of thetrans-
enamines are very similar for the E166A and M69V/E1666A

enzymes. However, a population analysis based on the
Raman data shows that at least two of the inhibitors,
tazobactam and clavulanic acid, acylate the M69V/E166A
variant less efficiently. The X-ray results show that this may,
in part, be due to a subtle change in the oxyanion hole
geometry that effects stabilization of the transition state en
route to the acyl-enzyme intermediate.

SUPPORTING INFORMATION AVAILABLE

Experimental procedures and data. This material is avail-
able free of charge via the Internet at http://pubs.acs.org.
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