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Background: OXA-58 is a carbapenem-hydrolyzing class D B-lactamase (CHDL) found in Acinetobacter baumannii.
Results: OXA-58 exploits a carbamylated lysine in its catalysis. The deacylating water molecule comes from the a-face.
Conclusion: CHDLs employ the same hydrolytic machinery as oxacillinases. Structural changes in the active site may lead to

imipenem hydrolysis.

Significance: This study provides insights for the design of CHDL inactivators.

Carbapenem-hydrolyzing class D 3-lactamases (CHDLS) rep-
resent an emerging antibiotic resistance mechanism encoun-
tered among the most opportunistic Gram-negative bacterial
pathogens. We report here the substrate kinetics and mechanis-
tic characterization of a prominent CHDL, the OXA-58 enzyme,
from Acinetobacter baumannii. OXA-58 uses a carbamylated
lysine to activate the nucleophilic serine used for B-lactam
hydrolysis. The deacylating water molecule approaches the acyl-
enzyme species, anchored at this serine (Ser-83), from the
a-face. Our data show that OXA-58 retains the catalytic
machinery found in class D B-lactamases, of which OXA-10 is
representative. Comparison of the homology model of OXA-58
and the recently solved crystal structures of OXA-24 and
OXA-48 with the OXA-10 crystal structure suggests that these
CHDLs have evolved the ability to hydrolyze imipenem, an
important carbapenem in clinical use, by subtle structural
changes in the active site. These changes may contribute to
tighter binding of imipenem to the active site and removal of
steric hindrances from the path of the deacylating water
molecule.

Carbapenems such as imipenem and meropenem are 3-lac-
tam antibiotics with a wide spectrum of activity, initially
designed to overcome f3-lactam resistance because of their sta-
bility toward most 3-lactamases (1, 2). However, as a result of
selective pressure, these carbapenems have succumbed to the
hydrolytic power of B-lactamases. 3-Lactamases are grouped
into four classes. Classes A, C, and D are serine-active site
B-lactamases. Class B B-lactamases are metalloenzymes (3, 4).

Following the clinical introduction of the carbapenems ~30
years ago, the progressively increasing ability of all four classes
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of B-lactamases to hydrolyze carbapenems has been docu-
mented (5-7). New carbapenem-hydrolyzing class D S-lacta-
mases (CHDLs)? are directly associated with outbreaks of car-
bapenem-resistant Acinetobacter baumannii around the world
(8—11). Carbapenems have been the drug of choice in treat-
ment of multidrug-resistant A. baumannii. Almost 45 variants
of class D B-lactamases are reported to possess carbapenemase
activity (12).

Class D B-lactamases are also known as oxacillinases (OXA
B-lactamases) due to their ability to hydrolyze oxacillin, a pen-
icillin B-lactam. The OXA B-lactamases were first observed in
the late 1980s as a resistance mechanism against imipenem, the
first clinically used carbapenem (13). Sequence alignments
indicate that CHDLs share 18% sequence identity with oxacil-
linases, and 40 —-90% sequence identity with each other (7, 12).

CHDLs are divided into nine distinct subgroups (7, 12). The
main acquired and most widely spread carbapenemases in A.
baumannii are OXA-23, OXA-24, and OXA-58, which repre-
sent three different CHDL groups and are encoded as either
chromosomal or plasmid-borne genes (8, 14). Of these three
group representatives, only the structure of OXA-24 has been
elucidated (15-17). Structural analysis and mutagenesis studies
of OXA-24 suggest that a hydrophobic cleft over the active site
could be responsible for the widened substrate specificity of
these enzymes; imipenem is hydrolyzed about 10-fold more
efficiently than oxacillin (15).

Recently, the crystal structure of OXA-48, a CHDL prevalent
in Klebsiella pneumoniae, was solved (18). The structure
reveals that OXA-48 lacks the hydrophobic cleft over the active
site that is seen in OXA-24 and also that it has a differently
shaped active site (18). It was reported that OXA-48 might
employ a different catalytic mechanism (18). These structural
studies suggest that each of these CHDL subgroups have arisen

2The abbreviations used are: CHDL, carbapenem-hydrolyzing class D 8-
lactamase; ESI-MS, electrospray ionization mass spectrometry; ITC, isother-
mal titration calorimetry; MALDI-TOF, matrix assisted laser desorption/ion-
ization time-of-flight; PDB, Protein Data Bank.
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via different evolutionary pathways. Given the ever-increasing
diversity of CHDLs, and the direct relevance of this diversity to
bacterial carbapenem resistance, there is an urgent need to
investigate the mechanism of carbapenem hydrolysis employed
by CHDLs and to translate this knowledge into the design of
novel B-lactamase-resistant B-lactam antibiotics.

In this study, we evaluated the catalytic mechanism of OXA-
58. This B-lactamase is the only member of a subgroup of
CHDLs (7, 12) and shares less than 50% sequence identity with
other CHDL subgroups (7, 12). OXA-58 was first identified in
2003 in France (19), and since then it has been isolated in dif-
ferent parts of the world (7, 8). Our study addresses the car-
bamylation state of its conserved lysine residue, and the role of
the lysine-carbamate functional group in OXA-58 catalysis. In
addition, we have probed the catalytic mechanism of OXA-58
with a series of 6a- and 63-hydroxyalkyl penicillin derivatives
(20, 21). Our study provides insights into the mechanism of
inhibition of these enzymes by 6a-hydroxyalkyl penicillanate,
and the mechanism of carbapenem hydrolysis by CHDLs.

EXPERIMENTAL PROCEDURES

All chemicals and antibiotics were purchased from Sigma or
Fisher unless otherwise stated. Growth media were purchased
from EMD Biosciences (Mississauga, Ontario, Canada). Chro-
matography media and columns were purchased from GE
Healthcare. Escherichia coli Nova Blue and BL21(DE3) strains
and cloning and expression plasmids were purchased from
Novagen (Mississauga, Ontario, Canada). Restriction enzymes
were purchased from New England Biolabs (Pickering, Ontario,
Canada) or Agilent Technologies (Wilmington, DE). D,O (D,
99.9%) and sodium 2,2-dimethyl-2-silapentane-5-sulfonate
(DSS) were manufactured by Cambridge Isotope Laboratories
Inc. (Andover, MA) and purchased from Sigma.

Cloning of the bla . ,_<s™" Gene—The OXA-58 amino acid
sequence was analyzed using the on-line software SignalP 3.0
offered via the ExXPASy Proteomics Server of the Swiss Institute
of Bioinformatics. The software predicted a 0.997 probability of
a signal peptide in the first 24 amino acids at the N-terminal
region. The DNA sequence of the gene (843 bp) that encodes
for OXA-58 without the signal peptide (blay, 5°") was
amplified from the A. baumannii genome using Pfu Turbo™
DNA polymerase and the following primers: Oxa58F,
5'-ACGCCATGGCTAGTCGAGCAAAAACAAGTACAA-3’
and Oxa58R, 5'-ACGGAATTCTTATTATAAATAATGAAA-
AACACCCAAC-3" (the restriction sites for Ncol and
EcoRIare initalics and underlined). This cloning scheme intro-
duced an extra amino acid, an alanine, at the N terminus of the
protein. The digested PCR amplicon was ligated using T4 DNA
ligase to the pET24d(+) vector. Cloning was confirmed by
sequencing of the cloned DNA using the T7 universal primer.
The pET24d(+)::blag x4 o5™" plasmid DNA, ~6.1 kb, was then
used to transform E. coli BL21(DE3) cells.

Site-directed Mutagenesis of Lys-86 to Ala in OXA-58*"—
The Lys-86 residue (numbering as in full-length OXA-58) of
the SXXK motif was replaced by alanine using the
QuikChange™ site-directed mutagenesis protocol (Strat-
agene, La Jolla, CA). The recombinant DNA construct contain-
ing the mutation was generated using pET24d(+):
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blagy, 5™ as the template, Pfu Turbo™ DNA polymerase;
and two corresponding mutagenic primers (the mutation site is
underlined): MutOxa58F, 5'-CCTGCATCTACATTTGCAA-
TTGCCAATGCAC-3" and MutOxa58R, 5'-GTGCATTGGC-
AATTGCAAATGTAGATGCAGG-3'. The PCR product was
treated with the restriction endonuclease Dpnl, and the result-
ing mixture was used to transform E. coli DH5a cells. The pres-
ence of the desired mutation was verified by DNA sequencing,
and the mutant DNA construct was used to transform E. coli
BL21(DE3) cells.

Purification of OXA-58"%" and K86A Mutant—A seed cul-
ture of E. coli BL21(DE3) containing the appropriate expression
vector was grown overnight at 37 °C in Luria Bertani medium
containing 50 ug/ml kanamycin. A 2.5-ml aliquot of the seed
culture was used to inoculate 800 ml of Terrific Broth medium
containing 50 pug/ml kanamycin. The cell culture was grown at
37 °C until an absorbance at 600 nm (A4y,m) Of 0.6 was
reached, at which point overexpression was induced by the
addition of isopropyl B-p-thiogalactopyranoside to a final con-
centration of 0.1 mm. The cells were allowed to overexpress the
requisite protein for 16 h at 25 °C with shaking. The cells were
then harvested by centrifugation at 7,000 X g for 10 min at 4 °C.
The cell pellet (3 g) was resuspended in 90 ml of 10 mm sodium
phosphate buffer, pH 6.4. The cytoplasmic contents were liber-
ated by sonication, and the resulting cell extract was spun down
at 18,000 X g to remove insoluble cell debris. The supernatant
was then loaded onto an SP-Sepharose cation exchange column
equilibrated with 10 mm sodium phosphate buffer, pH 6.4. The
protein was eluted with a linear gradient of 10 -200 mMm sodium
phosphate buffer, pH 6.4. Fractions containing the protein were
concentrated and loaded onto a desalting column to exchange
the buffer to 50 mM sodium phosphate buffer, pH 7.0. All puri-
fication steps were carried out at 4 °C.

To confirm the identity of the isolated protein, the suspected
band in the SDS-PAGE was excised and subjected to trypsin
digestion using the in-gel digestion kit (Sigma). The trypsin
digestion mixture was sent for peptide mass fingerprinting
analysis at the Advanced Protein Technology Centre, The Hos-
pital for Sick Children (Toronto, Ontario, Canada).

Determination of the Kinetic Parameters by Isothermal Titra-
tion Calorimetry—Isothermal titration calorimetry (ITC)
experiments were conducted on a MicroCal VP-ITC instru-
ment (GE Healthcare) using the protocol developed by Kotra
and co-workers (22). The kinetic measurements were per-
formed at 25 °C. Antibiotic stocks were prepared in 100 mm
sodium phosphate buffer, pH 7.0. The working concentration
of the enzyme in the micro-syringe was also prepared in 100 mm
sodium phosphate buffer, pH 7.0. The reference cell contained
100 mm sodium phosphate buffer, pH 7.0. We used a single
injection method for all enzyme kinetic experiments, in which
the sample cell contained the antibiotic solution (substrate),
and the injection syringe loaded the enzyme into the sample
cell. The final concentration of OXA-58" in the sample cell
was maintained at 20 or 200 nMm following injection of a 5- or
50-ul aliquot. In all cases, the injection flow rate was 1 ul/s. The
chloride anion inhibition experiments used NaCl at a final con-
centration of 25-200 mm.
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Following initiation of the reaction by the single injection of
the enzyme solution, the change in heat was measured until a
stable base line was achieved, indicating the end of the enzy-
matic reaction. The reaction mixtures were stirred continu-
ously. Data points were collected every 2 s. Progress curves,
referred to as thermograms, were recorded in terms of micro-
calories versus time (thermal power). All reactions were carried
out in triplicate. The effect of CO, on the reaction kinetics was
investigated by adding NaHCO, to the sample cell at a final
concentration of 50 mm.

Analysis of raw data were done using Origin version 7.0 soft-
ware and as described previously (22). The data points were
corrected for the heat of dilution of the enzyme and mixing.
The data were then analyzed in the enzyme assay mode in Ori-
gin software, which fitted them using the Michaelis-Menten
equation. To determine the kinetic parameters k_,, and K,
from the thermograms, we considered the most linear portion
of the curves that best represents steady state conditions. When
biphasic kinetics was observed, the data points of the second
phase were used to determine steady state kinetics.

Determination of the Catalytic Parameters by UV-Visible
Spectrophotometry—The catalytic parameters (K, and k_,,) of
OXA-58*5P with nitrocefin, and those of TEM-1 with penicillin
G, were determined under steady state conditions at room tem-
perature using a Cary 100 Bio UV-visible spectrophotometer
(Varian Inc., Palo Alto, CA). Briefly, each B-lactam (20-100
uM) was mixed with enzyme (5 nm in the case of nitrocefin,
€456 = 20,500 M~ ' cm ™% 120 nMm in the case of penicillin G,
€40 = 570 M~ ' cm™'). The initial rates were measured at 5%
substrate turnover. All the kinetic reactions were carried out at
room temperature in 50 mm sodium phosphate buffer, pH 7.0.

13C NMR Experiments—The water used to prepare the buf-
fers described below was boiled, degassed, cooled, and purged
with argon. Buffer components were added under argon atmo-
sphere, except in the case of the NaH"?>CO,-supplemented buf-
fers. The two enzymes, OXA-58*5F and K86A mutant (10-mg
portions), were each decarbamylated by treatment with 25 mm
sodium acetate buffer, pH 4.5, using an ultracentrifugation
membrane (Ultracel 3K, Millipore-Amicon, Bedford, MA).
Next, the protein solutions were diluted in 10 mm sodium phos-
phate buffer, pH 7.5. Finally, the proteins were exchanged into
10 mm sodium phosphate containing 20 mm NaH'*CO,. The
protein solutions were concentrated to a final concentration of
1 mMm. D, O was added into 500 ul of the final sample, at up to
10% of the sample volume. The ">C (proton-decoupled) NMR
spectra at 150.886 MHz were acquired at 25 °C on a Bruker
DRX 600 NMR spectrometer with a 34,700 Hz spectral width,
64,000 data points, 30° pulse angle, and 1-s relaxation delay.
Chemical shifts were referenced to an external sample of DSS in
D,O. The data were processed with 2 Hz line broadening.

Inactivation Kinetics—A Cary 100 Bio UV-visible spectro-
photometer was used to perform kinetic measurements. Inac-
tivation experiments were carried out with compounds 1-4
(Scheme 1). In a typical inactivation experiment, the 3-lactam
compound at different concentrations (100, 200, 300, 500, or
700 uM) was incubated on ice with the enzyme (1.25 um) in 50
mM sodium phosphate buffer, pH 7.0. At different time inter-
vals, a 20-ul aliquot of the incubation mixture was diluted 12.5-
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fold (to a final assay volume of 250 ul), and the remaining
enzyme activity was monitored immediately at 240 nm using
penicillin G (1 mm) as the reporter substrate (€,,, = 570 M~ '
cm ™). Data were analyzed using the Kitz-Wilson method (23).
The rate of recovery of enzyme activity was determined by
monitoring the enzyme activity of the above mixtures over 24 h
at4°C.

The B-lactam compounds 1-4 were also assessed as compet-
itive inhibitors using nitrocefin as a reporter substrate. The
steady state parameters for nitrocefin are k_,, = 99 = 8 s~ ' and
K, =21 = 2 pM. In a typical competitive inhibition experi-
ment, the enzyme was added to the reaction mixture containing
nitrocefin and inhibitor. The final concentration of the enzyme
was maintained at 5 nM. Two concentrations of nitrocefin, 30
and 100 uMm, were used. Enzyme activity was monitored at 486
nm (e = 20,500 M~ ' cm ™). The concentrations of the inhibi-
tors in these assays were selected such that they would flank
50% inhibition of enzyme activity. The experiments were
repeated at least three times. The dissociation constants (K)
were determined by the Dixon plot.

Circular Dichroism Spectroscopy—The far-UV CD spectra of
OXA-58%5P(10 uMm) in the absence and presence of a B-lactam
(100 um) were recorded using a Jasco J-810 instrument. In
experiments with the B-lactam substrates, CD spectra were
recorded immediately after substrate and enzyme were mixed
together. All measurements were carried in 50 mm sodium
phosphate buffer, pH 7.0, in a rectangular cuvette with a path
length of 0.1 cm. Spectra were recorded from 260 to 200 nm at
a scan rate of 10 nm/min and a 1.0-nm bandwidth, at 20 °C. All
spectra were corrected for buffer and inhibitor as appropriate.
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Electrospray Ionization Mass Spectrometry—QOXA-585" at a

concentration of 110 uM in 50 mm sodium phosphate, pH 7.0,
was incubated individually with 5 mm of each of the compounds
1-4 for 1 h at room temperature. The mixture was then
desalted using Zeba mini centrifugal columns (Pierce) equili-
brated with water, concentrated using a SpeedVac, and frozen
at —20 °C. Mass spectra were acquired on an Applied Biosys-
tems/MDS Sciex API QSTAR XL Pulsar mass spectrometer in
the Advanced Protein Technology Centre, The Hospital for
Sick Children (Toronto, Ontario, Canada).

Homology Modeling of the OXA-58 Alone and in Complex
with a 6a-(Hydroxyoctyl)penicillanate Derivative—The ho-
mology model of OXA-58 was built using the Swiss-Model pro-
gram (24). The crystal structure of OXA-10 (PDB code 1K54)
was used as the template in building the homology model.

Compound 3 was sketched in SYBYL. The acyl-enzyme spe-
cies was geometry-optimized using a Gaussian (B3LYP/6-—
31+G(d)) basis function, and RESP charges on the inhibitor
were generated using the antechamber module in the AMBER
molecular modeling package. Compound 3 was manually
docked into the OXA-58 active site, guided by the crystal struc-
ture of the 6a-(hydroxyisopropyl)penicillanate:OXA-10 com-
plex (PDB code 1K54) and the crystal structure of OXA-24
(PDB code 2JC7). The resulting OXA-58:compound 3 complex
was energy-minimized using the SANDER module in the
AMBER package. Using the xLEaP module of AMBER, the
complex structure was solvated in a TIP3P waterbox provided
in xLEaP, such that any point on the protein was within 9 A
from the edges of the box. Within SANDER, the steepest
descent method was used for the first 200 steps of the minimi-
zation to initially relax the structure, followed by 19,800 itera-
tions using the conjugate gradient method for a total of 2 X 10*
iterations. Further analysis of the acyl-enzyme complex and
comparisons with other enzymes were conducted using various
tools available in the SYBYL suite.

Determination of the OXA-58" Oligomerization State—A
20-ul aliquot of OXA-58*5F at a concentration of 110 um was
loaded onto a 7.8 X 300-mm TKSgel G2000 SW XI size exclu-
sion column (TOSOH Bioscience Inc., San Francisco) equili-
brated with 50 mm Tris, pH 7.4, buffer supplemented with 50
mMm KCI and 5 mm MgCl, at a flow rate of 0.5 ml/min. The
column was connected to a ProStar HPLC instrument (Varian).

RESULTS

Cloning and Analysis of bla,,y , 5" —The DNA sequence of
the full-length OXA-58 protein consists of an 843-bp open
reading frame, referred to as blagy s_sg Which encodes a 280-
amino acid protein. The OXA-58 amino acid sequence was
analyzed using the on-line software SignalP 3.0 program
(ExPASy Proteomics Server of the Swiss Institute of Bioinfor-
matics). The software predicted a 0.997 probability of a signal
peptide (SP) at the N-terminal region of the OXA-58 amino
acid sequence, involving the first 24 residues. Accordingly, we
deleted the first 72 nucleotides of the bla,y, s gene. The
~0.8-kb fragment corresponding to the mature OXA-58,
referred to as OXA-5825", was cloned into the overexpression
vector pET24d. As aresult of this cloning strategy, the sequence

OCTOBER 28,2011 +VOLUME 286+-NUMBER 43

Hydrolytic Mechanism of OXA-58 from A. baumanni

1 2 3 4 5 6

FIGURE 1. Isolation and purification of OXA-58*" to homogeneity. 15%
SDS-polyacrylamide gel stained with Coomassie Blue. Lane 1, cell extract after
sonication. Lane 2, pellet collected after centrifugation. Lane 3, supernatant
collected after centrifugation. Lanes 4-6, fractions containing OXA-5825"
after purification via a SP-Sepharose cation exchange column.

of OXA-58%" carried one extra amino acid, an N-terminal ala-
nine, and no fusion tags.

Purification of OXA-58*%" and K86A Mutant—The cloning
strategy enabled high level expression of the protein in the cyto-
plasm (20 mg/liter), which in turn enabled isolation of >95%
homogeneous protein (Fig. 1). A prior strategy involving the
cloning of the full-length OXA-58 (including the signal pep-
tide) had resulted in low protein expression levels. In addition,
the isolated enzyme exhibited lower enzymatic activity, which
might be due to a nonhomogeneous mixture of enzyme mole-
cules with processed and nonprocessed signal peptide, and/or
the improper protein folding in the periplasm.

The identity of the OXA-58*5" protein was confirmed by
peptide mass fingerprinting after in-gel trypsin digestion.
The molecular mass determined by ESI-MS (28,948.1 Da)
agreed with the expected mass (28,949.8 Da). OXA-5845F is
monomeric in solution as determined by size exclusion
chromatography.

The K86A mutant was purified using the same protocol.
Expression levels and purity were the same as for the wild-type
protein.

Adaptation of ITC for Measurement of Enzyme Kinetics—
The adaptation of the ITC protocol developed by Kotra and
co-workers (22) was an important choice that allowed accurate
determination of steady state kinetics parameters of OXA-
5845P against imipenem and other B-lactams with low extinc-
tion coefficients. The advantages of this method are high sen-
sitivity, direct rate measurement, and easy data analysis. We
determined experimentally that it was best to inject the
enzyme, rather than substrate (as has been done in many
reports), into the assay buffer, a strategy that mimics classical
enzymatic assays performed using UV spectrophotometry.
This method overcame the issue of high dilution heats that are
observed upon injection of the B-lactam into buffer. We used
the single injection method to determine the k_,, and K, kinetic
parameters of OXA-58*5" for several B-lactam antibiotics. To
ensure that the heat released during the assays was due to the
enzymatic reaction, we performed control experiments involv-
ing the injection of buffer into antibiotic solution in the sample
cell, buffer into buffer, or OXA-58*5F into buffer. Typically, the
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FIGURE 2. A typical ITC thermogram and analysis of the data. A, ITC thermogram of benzylpenicillin hydrolysis; OXA-5825" at 5 nmand benzylpenicillin at 100
M. P, thermal power. B, nonlinear least squares fit (solid line) of the generated data (dotted line) to the Michaelis-Menten equation to determine the kinetic

parameters of benzylpenicillin hydrolysis.

heat released under these control conditions was no greater
than 0.4 pcal/s. The heat released during enzymatic assays at
25 °C averaged 37 ucal/s. The performance of the method was
verified by the agreement of the steady state kinetics of TEM-1
with benzylpenicillin obtained calorimetrically, with those
obtained spectrophotometrically (supplemental Fig. S1).

ITC progress curves are reported in terms of microcalories per
unit time, referred to as thermal power (Fig. 2A4). The thermal
power is proportional with the rate of substrate breakdown. As the
substrate is depleted by the enzyme, the thermal power decreases
until it reaches the base line. Equations 1-2 were used to convert
thermal power into reaction rates (Fig. 2B), which were then plot-
ted against substrate concentration (Equation 3) (22).

dQ dP,
power(P) = a EVOAHapp (Eq. 1)
R dpP, 1 dQ
r—a—mxa (Eq.2)
t
j pat
0
Si=5S,— (Eq.3)

VoAH,pp

In the above equations, Pis thermal power (ucal/s); R, is the rate of
the reaction at time t; S, is the substrate concentration at time £; Q
is the heat released during the enzymatic reaction; Vj is the volume
of the ITC cell; AH,,, is the molar enthalpy (calculated by dividing
the net heat by the number of moles of substrate in the assay).
Kinetics of OXA-58*"—ITC experiments indicated that
OXA-58%%" readily hydrolyzed ampicillin, oxacillin, ben-
zylpenicillin, amoxicillin, and cephalothin but not carbenicillin
and cephalosporin C (Table 1). OXA-58*5" exhibited visible
biphasic kinetics with ampicillin, amoxicillin, and cephalothin
in the absence of carbon dioxide. For these substrates, a fast
kinetic phase was followed by a slower phase before the com-
pletion of hydrolysis (Fig. 2). Changes in substrate concentra-
tion did not alter the biphasic character of the kinetics, indicat-
ing that substrate inhibition is not the source of the biphasicity.
The reported kinetics parameters are derived from the second
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TABLE 1
Steady state kinetic parameters of OXA-5825F for different antibiotics
Antibiotic Kot K, k. J/K,, X 10°
5! M mtsT!
Oxacillin 838 52 x5 1596 * 217
(NaHCO,)* (122 + 10) (41=7) (2976 + 499)
Ampicillin 88 * 14 77+ 8 1143 = 216
(NaHCO,) (556 = 90) (80 = 19) (6950 = 1997)
Amoxicillin 86 £ 15 46 * 8 1869 * 461
(NaHCO,) (132 + 12) (13 = 2) (10153 + 1927)
Benzyl 59+8 11*2 5363 = 1216
penicillin
(NaHCO,) (103 + 13) 8=2) (12875 + 3180)
Carbenicillin NH* NH NH
Imipenem 0.22 = 0.05 1.3*+04 169 * 64
(NaHCO,) (26 = 0.2) (2.8 * 0.4) (928 * 150)
Cephalothin 193 190 £ 30 100 = 22
(NaHCO,) (37 +2) (52 = 13) (712 + 182)
Cephalosporin C NH NH NH

“ In parenthesis are provided the kinetic parameters measured in the presence of
50 mM sodium bicarbonate.
“ NH means not hydrolyzed; no turnover was detected with enzyme concentration

up to 400 nm. The turnover rate constant could be smaller than 1 X 10 3s™ %
phase (Table 1). The first phase was too rapid to be determined
accurately under our experimental conditions.

Notably, penicillins are hydrolyzed better than cepha-
losporins. Imipenem has a slow turnover rate, but its low K,
makes imipenem a moderate substrate (k,,/K,, = 169 X 10°
M~ 's™1). Interestingly, carbenicillin is not hydrolyzed by OXA-
58. Previous studies on other CHDLs did not examine carben-
icillin as a substrate. To investigate the interaction mode of
carbenicillin with OXA-585", we carried out competition
assays using nitrocefin as a reporter substrate. Carbenicillin
competitively inhibited OXA-58*5" with a K, = 78 = 2 um.

The kinetic parameters (but not the biphasic character of the
hydrolysis) determined for OXA-58 in this study differ from
those published by Poirel et al. (19), who reported generally
smaller k_,, and higher K, values for similar substrates. The
differences may derive from the differences in experimental
conditions and methods. Poirel et al. (19) cloned a full-length
OXA-58, which included the signal peptide. In our hands,
efforts toward a similar strategy led to the isolation of an
enzyme that displayed poor activity. It is possible that the signal
peptide may have been improperly processed by E. coli signal
peptidases. In turn, this could affect protein translocation to,
and folding in, the periplasm. Furthermore, the determination
of kinetic parameters by Poirel et al. (19) was carried out
spectrophotometrically.
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FIGURE 3. Analysis of the effect of carbon dioxide in the turnover rates of
B-lactams by OXA-58. ITC thermograms obtained for ampicillin and OXA-
5825 in the absence of sodium bicarbonate (4) and in the presence of sodium
bicarbonate (50 mwm) (B). P, thermal power.

Mutation of the Lys-86, which is located in the conserved
motif SXXK, to Ala rendered the enzyme practically inactive.
The activity of the K86A mutant enzyme was assessed by ITC
and UV-visible spectrophotometry using benzylpenicillin. Sim-
ilar observations have been made for OXA-1 and OXA-10 (25,
26). Vercheval et al. (26) reported that a K70A mutation in
OXA-10 reduced its catalytic efficiency by 4,250-fold (k_,./
K,=4X10"3s" ' um™ ).

Effect of CO,, on the Kinetics of OXA-58*%"—Class D oxacil-
linases, such as OXA-10, have been shown to adopt a lysine-
carbamate species in their catalysis (also referred to as carbox-
ylated lysine) (27). Hydrolysis progress curves for several
B-lactams with OXA-10 displayed biphasic kinetics, which
simplified to monophasic when buffers were supplemented
with NaHCO; (the source of CO,). These studies demonstrated
that the biphasicity in kinetics was due to the decarbamylation
of the lysine active site residue during the kinetics (26, 27).

We investigated the source of the biphasicity of the kinetics
exhibited by OXA-58 in the turnover of 3-lactams by supple-
menting the buffers with NaHCO,. The buffers used for puri-
fication of OXA-58 and for the kinetics were not supplemented
with NaHCO;. The content of CO, in these buffers could be
less than 10 uM, because atmospheric CO, content is 10 um.
Because of the low buffer CO, concentration, not all the OXA-58
molecules would be carbamylated at Lys-86. Furthermore, during
the reaction, the lysine might undergo decarbamylation (see “Dis-
cussion”); the low concentration of CO, in the buffer would pre-
vent re-carbamylation of the lysine. As a result, in the course of
catalysis, the enzyme is predicted to lose activity, resulting in a
slower phase following the initial rapid phase in the progress
curves. An excess of CO, in buffer would ensure a fully carbamy-
lated enzyme and enable re-carbamylation of Lys-86, which would
therefore result in a monophasic progress curve.

The addition of bicarbonate to the reaction buffer increased
the rate of hydrolysis of all the B-lactams and simplified the
thermograms for ampicillin, amoxicillin, and cephalothin to
monophasic progress curves (Fig. 3). This indicates that supple-
mentation of the buffers with bicarbonate enables all the
enzyme molecules to have Lys-86 carbamylated even in the
event when this species decomposes during the catalysis.

The largest effect of CO, on the turnover rate constant was
observed for imipenem, for which a 12-fold increase in activity was
observed. The other substrates experienced an increase in the k_,,
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FIGURE 4. '3C NMR spectra of wild-type (A) and K86A OXA-58*5F mutant
(B). The protein concentration in these experiments was 1 mm, prepared in 10
mm sodium phosphate buffer, pH 7.5, supplemented with 20 mm "*C-labeled
sodium bicarbonate.

values by 1.5—6-fold. The effect of CO, on the K, values was
smaller, exhibiting either a slight increase or a decrease depending
on the substrate. The kinetics of nitrocefin hydrolysis was not
affected by bicarbonate concentration, as assessed by using UV-
spectrophotometer. Similar observations were made by Vercheval
et al. (26). Nitrocefin is intrinsically a chemically reactive molecule
and as such partial loss or gaining of carbamylated species may not
have an impact in the turnover rate of nitrocefin.

The **C NMR spectra obtained for wild-type OXA-58S"
in the presence of 20 mmM '*C-labeled sodium bicarbonate
showed the signature peak for the carbamylated lysine at 164
ppm. This peak was absent in the '*C NMR spectrum of the
K86A mutant (Fig. 4). Interestingly, the height of the 124.9 ppm
peak, which corresponds to free CO,, increased upon removal
of the carbamylation site in the K86A mutant. An additional
peak was observed at 164.2 ppm for both wild-type and the
mutant proteins. We believe that this might result from the
binding of CO, to a second site in the protein. The binding
affinity of CO, to the conserved lysine residue was calculated by
measuring enzyme activity at different concentrations of CO,,
as described previously (27). The calculated K, is 16.5 = 0.5 um.

The inhibitory effect of chloride anions was investigated by
injecting enzyme into a solution of NaCl and benzylpenicillin (1
mwm). The end point of the thermogram progressively extended
with increasing NaCl concentrations, and enzyme activity was
completely abolished at 200 mm NaCl.

Mode of Interaction of OXA-58*5 with 6-Hydroxyalkylpeni-
cillanate Derivatives— 6B-Hydroxymethylpenicillanate (com-
pound 2) was found to be a moderate OXA-58 substrate with
keoolK,, =79 X 10* M 's ™ (k=322 * 055 LK, =41 +
1 um). However, the 63-hydroxyoctylpenicillanate derivative
(compound 4) did not undergo hydrolysis as investigated by UV
spectrophotometry, but this compound inhibited OXA-5845"
competitively (Table 2). Among the two 6a-hydroxyalkyl-peni-
cillanate derivatives, 6a-[(2R)-2-hydroxyoctyl]penicillanate
(compound 3) inactivated OXA-58*5" with k,, ., = 0.22 + 0.01

inact
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TABLE 2
Dissociation constants (K;) of the B-lactams used in this study
The K; values were determined using nitrocefin as a reporter substrate.

Inhibitor K;
M
Compound 1 83+ 3
Compound 2 30 + 4
Compound 3 404 + 10
Compound 4 42 £ 1
Carbenicillin 78 +2
Imipenem 32*03
29278.9

28949.8
(3)1hatrt
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28949.8
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FIGURE 5. Examination of OXA-58F inactivation by compounds 3 and 4
with ESI-MS (deconvoluted ESI-MS spectra). In these experiments OXA-
58P at 110 um was incubated with compounds 3 or 4 at 5 mm for 1 h or 20
min, respectively, in 50 mm sodium phosphate, pH 7.0, at room temperature.
The mixtures were desalted and subjected to ESI-MS for analysis.

s~ ! (t, = 3min) at 4 °C (Fig. 5). The inactivation of OXA-58*5"
(10 um) persisted even after 24 h of incubation with this com-
pound at concentrations as low as 100 uM at 4 °C. However, the
6a-(hydroxymethyl) penicillanate derivative (compound 1)
inhibited OXA-585" only competitively.

The interaction modes of compounds 1-4 were also inves-
tigated by ESI-MS. These experiments show that compound 3
resulted in the formation of quantitative and stable acyl-en-
zyme species, whereas compound 4 resulted in the formation of
a smaller amount of acyl-enzyme species (Fig. 5). The lack of
measurable time-dependent inactivation of the enzyme by
compound 4, as investigated by UV-visible spectrophotometry,
suggests that the observed acyl-enzyme species could result
from the formation of a short lived covalent complex. However,
at the level of the detection limit of the UV-visible spectropho-
tometer, we were not able to measure any hydrolysis. It is worth
noting that these B-lactam compounds have a low extinction
coefficient between 235 and 240 nm, which confounds the
detection of low levels of hydrolysis.
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Structural Investigation of the Interactions between [(-Lac-
tams and OXA-58*" B-Lactamase—Far-UV CD spectra of
OXA-58 collected in the presence of different B-lactams show
that benzylpenicillin and oxacillin introduce a conformational
change in OXA-58 at the secondary structural level. By con-
trast, the effect of imipenem is smaller (supplemental Fig. S2).

OXA-58 Homology Model—The structural homology model
of OXA-58 displayed an overall fold that was similar to that of
OXA-24 and OXA-48, both carbapenemases (supplemental
Fig. S3). The three conserved catalytic motifs found in all serine
B-lactamases are also present in OXA-58 (Fig. 6). The Arg res-
idue (Arg-244 in OXA-10) that interacts with the carboxylic
group of B-lactams is conserved in OXA-58 (Arg-263). The side
chains of the residues that form the hydrophobic pocket sur-
rounding the carbamylated lysine, as seen in OXA-10, OXA-24,
and OXA-48, are all conserved in OXA-58 (Phe-85, Val-132,
Phe-135, Trp-169, and Leu-170).

The most distinctive structural differences between the
OXA-58 homology model and the OXA-10 crystal structure
are found in the loop that connects the 84 and 85 strands and in
the overall topology of the active site (supplemental Fig. S3).
The loop that connects the B4 and B5 strands is predicted to be
shorter in OXA-58 than in OXA-10. In addition, the OXA-58
loop adopts a closed conformation (Fig. 7 and supplemental Fig.
S3), which is similar to the loop conformation observed in
OXA-24 and OXA-48 (15, 18). The predicted topology of the
active site in OXA-58 is narrower compared with the active site
of OXA-10 and OXA-24. This results from the extension of
hydrophobic side chains such as Phe-113, Phe-114, Ala-226,
GlIn-167, Met-225, and Ile-250 toward the active site (Fig. 7).
Notably, the side chain of Met-225 of the 34-85 loop (Met-223
in OXA-24 and Ser-244 in OXA-48) and those of Phe-113 (Tyr-
112 in OXA-24 and Ile-104 in OXA-48) and Phe-114 of the
a3-04 loop are predicted to interact in the homology model of
OXA-58 model. As a result, possibly aided by the flexibility of
both loops, the active site in OXA-58 is predicted to have a
more pronounced tunnel-like topology compared with the
active sites of OXA-10 and OXA-24 (Fig. 7).

The OXA-58 homology model also predicts that the side
chains of Leu-170 and Val-132 in OXA-58 interact less with
each other, which may result in a diminished hydrophobic
pocket as seen in oxacillinases such as OXA-10 and OXA-13
(Leu-155 and Val-117) (Fig. 7). The same feature of a dimin-
ished hydrophobic pocket is also visible in the crystal structures
of OXA-24 and OXA-48 (Fig. 7). The crystal structure of the
OXA-13-meropenem acyl-enzyme complex shows that this
hydrophobic pocket interacts with the methyl moiety of the
6a-hydroxyethyl group of meropenem (28).

Computational docking of the 6a-(2-hydroxyoctyl)penicilla-
nate derivative compound 3 into the OXA-58 active site
showed intimate contacts between compound 3 and the active
site residues of OXA-58, resulting in snug binding of com-
pound 3 within the active site (Fig. 8). Furthermore, the 6a-oc-
tyl group of compound 3 extends well into the hydrophobic
tunnel formed by the side chains of Trp-223, Met-225, Ala-226,
Trp-117, Phe-113, Phe-114, Ala-72, Val-132 and Leu-170. The
hydroxyl substituent at C-6 position of compound 3 forms a
hydrogen bond (2.86 A) with the amino group of Lys-86. The
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FIGURE 6. Sequence alignment of OXA-58 with OXA-10, OXA-24, and OXA-48. Highlighted in red are the three conserved motifs in serine -lactamases. The
green dots indicate the residues that form the hydrophobic pocket around the conserved lysine residue. The blue dots indicate the residues that form the
hydrophobic cleft in OXA-24. The secondary structures correspond to those predicted by the OXA-58 homology model.

FIGURE 7. Molecular surfaces of OXA-10, OXA-24, OXA-48, and the
OXA-58 homology model. The surfaces are color-coded with brown indicat-
ing hydrophobicity and blue indicating hydrophilicity. The red star indicates
the position of the hydrophobic pocket formed by the side chains of Leu-155
and Val-117 in OXA-10 (PDB code 1K54), Leu-168 and Val-130 in OXA-24 (PDB
code 2JC7), Leu-158 and Val-120 in OXA-48 (PDB code 3HBR), and Leu-170
and Val-132 residues in the OXA-58 homology model.

2-carboxylate groups of compound 3 interact with the side
chains of Arg-263, Lys-264, and Ser-221. The two C-3 methyl
groups interact with the Phe-114 and Ile-260 side chains
(Fig. 8).

DISCUSSION

Mechanism of B-Lactam Hydrolysis by OXA-58—Serine
B-lactamases hydrolyze B-lactams in two steps as shown in
Equation 4,

E+S=—ES—E-S——E+P (Eq.4)

OCTOBER 28,2011 +VOLUME 286+-NUMBER 43

FIGURE 8. Close-up view of the active site of the OXA-58 structural homology
model in complex with compound 3. A, predicted interactions between com-
pound 3 and the active site residues in OXA-58. B, active site is partially presented in
molecular surface view to highlight the predicted positioning of the alkyl chain of
compound 3 in the active site of OXA-58 (the surface is color-coded as in Fig. 9).

In the first step, the enzyme (E) employs a serine active site
residue to form a transient acyl-enzyme species (E-S) by open-
ing the B-lactam moiety. In the second step, this acyl-enzyme
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FIGURE 9. Mechanism of B-lactam hydrolysis by OXA-58.

species is hydrolyzed by a water molecule. The formation of the
acyl-enzyme species in the first step is made possible by the
action of a general base within hydrogen-bonding proximity to
the serine residue, thus transforming the weakly nucleophilic
alcohol of the serine into a strong nucleophile. In class A -lac-
tamases, Lys-73 and Glu-166 play this role (29-33). In class C,
activation of the serine may occur by either Lys-67 or Tyr-105
as the general base (34-36). In class D B-lactamases, a car-
bamylated lysine serves as the general base in both steps (26, 27,
37).

The steady state kinetic parameters of OXA-585", deter-
mined in the presence or absence of CO,, establishes the role of
CO, in the creation of the catalytic machinery of the active site.
Our ">C NMR and Lys-86 mutagenesis studies unambiguously
correlate the catalytic activity with the carbamylation of this
lysine (Fig. 4).

We measured a 2—7-fold increase in the catalytic efficiency of
OXA-585" in the presence of CO, with different S-lactams.
This increase was mainly due to an increase in k,, (Table 1). In
particular, the effect of bicarbonate on the catalytic efficiency of
OXA-58%5P was dramatic for imipenem (Table 1), for which a
12-fold increase in k_,, was measured. The observed enhance-
ment of the turnover kinetics of imipenem in the presence of
CO, implies that the catalytic machinery of OXA-58, and of
CHDLs in general, has evolved to hydrolyze imipenem as effi-
ciently as do the class A carbapenemases (38). This catalytic
role of a CO, molecule resolves the apparent discrepancy
between the low catalytic efficiency reported for imipenem in
literature and the measured resistance levels (39). Recent struc-
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tural studies on two CHDLs, OXA-24 and OXA-48, show the
conserved lysine residue to be carbamylated (16, 18). It is plau-
sible that the carbamylated lysine residue is mechanistically
conserved among all OXA B-lactamases.

A schematic representation of the role of the carbamylated
lysine in the hydrolysis reaction is presented in Fig. 9. Upon
activation of Ser-83, the proton on the carbamate species might
be abstracted by the N-4 of the penam (16). At the end of
hydrolysis, the carbamylated lysine returns to its basic form,
probably by the abstraction of the proton from the protonated
species of carbamylated lysine by the N-4 amine group of the
penam (16). It is possible that, during the activation of Ser-83 or
the deacylating water molecule, it is the carbamate nitrogen of
the Lys-86 that abstracts the proton. This would result in decar-
bamylation of the lysine (40) and hence inactivation of the
enzyme in mid-catalysis. For the enzyme to become active, the
lysine has to re-carbamylate. This would explain the biphasic
kinetics observed with OXA-58 and oxacillinases (27).

In the second step of the S-lactam hydrolysis mechanism,
B-lactamases strategically position the deacylating water mol-
ecule between the general bases and the acyl-enzyme to
increase the efficiency of hydrolysis. In classes A and C S-lac-
tamases, the catalytic water molecule is anchored through a
hydrogen bond network in an optimum position for nucleo-
philic attack on the carbonyl carbon of the acyl-enzyme species.
The position of this water molecule is crystallographically con-
served (31, 36, 41) unlike in class D enzymes (42—44). Pertur-
bation of the hydrogen bonding network of this water molecule
or the physical displacements of the water molecule by the
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steric bulk of the C-6 side chains of a B-lactam are possible
mechanisms to render the B-lactamase deacylation-deficient
(20, 45—47). This is the goal in designing new generations of
B-lactams that are stable toward B-lactamases (47).

Here, we use a set of 6a- and 63-hydroxyalkylpenicillanate
derivatives (compounds 1-4) to probe the face used in the
approach of the deacylating water molecule to the ester car-
bonyl of the acyl-enzyme species (47, 48). Mobashery and co-
workers (47) showed that compound 1 is an effective inhibitor
of TEM-1 B-lactamase, a class A B-lactamase. Based on their
study, it was proposed that the deacylating water approaches
from the a-face in TEM-1. In the case of OXA-10, it was
reported that 63-hydroxymethylpenicillanate (compound 2) is
a substrate for this class D oxacillinase, and hence it was sug-
gested that the deacylating water molecule approaches from the
a-face (42). The a- and B-face refer to the stereochemistry of
the hydroxyalkyl group at the C-6 position of the 3-lactam.

Our investigation of the interactions of these penicillanate
derivatives with OXA-58 revealed that compound 2 is a sub-
strate for this enzyme, and compound 3 is an inactivator. The
lack of substantial hydrolysis of compound 4 by OXA-58 sug-
gests that the increase in the bulkiness of the R group at the C-6
position could perturb the catalytic machinery of OXA-58, for
example by causing decarbamylation of the enzyme (44). This is
supported well by results from ESI-MS and competitive exper-
iments, which reveal that compound 4 is able to bind to OXA-
58, but only a small percentage of the noncovalent complex
formed between compound 4 and the enzyme undergoes acy-
lation. Time-dependent inactivation experiments show that
compound 4 does not form a covalent species with the enzyme
even after 24 h.

By contrast, the 6a-(hydroxyoctyl)penicillanate derivative
compound 3 rapidly inactivates the enzyme (¢, = 3 min at 4 °C)
forming a very stable acyl-enzyme complex (Fig. 5). This sug-
gests that the water molecule approaches the acyl-enzyme spe-
cies from the a-face (that of the side chain of compound 3).
Indeed, the predicted structure of the OXA-58-3 acyl-enzyme
complex (Fig. 8) shows that the hydroxyl group of compound 3
fits tightly into the active site. The close proximity of the
hydroxyl group of compound 3 with the N of Lys-86 (2.86 A
apart) suggests a direct physical hindrance for the approach of
the water molecule to the acyl-enzyme species. In this model,
we have not considered the Lys-86 as carbamylated. It is clear
from the model that the carbamate species will not accommo-
date the approach of the deacylating water molecule. In addi-
tion, the predicted close proximity between the hydroxyl group
of compound 3 and the N°-amino group of Lys-86 suggests that
the hydroxyl group of compound 3 could destabilize the carba-
mate species of Lys-86 as a result of hydrogen bonding with the
carbamate nitrogen. This has been shown to be the case with
OXA-10 (44).

The predicted binding interaction of compound 3 with
OXA-58 also provides structural insight to guide the design of
potential inhibitors of these class D enzymes. For example, the
use of a bulky side chain at the C-6 position might enhance the
bindingaffinity of B-lactams, and the presence of a 6a-hydroxyl-
alkyl substituent as displayed by compound 3 might provide a
barrier for the approach of the deacylating water molecule.
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Incidentally, a recent study by Bou et al. (16) has shown that the
presence of a bulky and rigid substituent at the C-6 position of
B-lactams causes rapid inactivation of the OXA-24 CHDL.

Insights into the Mechanism of Imipenem Hydrolysis—The
basis for the acquisition of carbapenemase activity by oxacilli-
nases remains largely unknown, despite the recent high resolu-
tion structures obtained for OXA-24 and OXA-48. Structural
studies on OXA-24 revealed a hydrophobic cleft on the active
site that might account for the preference of this enzyme for
imipenem over oxacillin (15). However, this structural feature
is not conserved in OXA-48 (18).

Sequence alignment of OXA-58 with OXA-24 and OXA-48
and comparison with the primary sequence of OXA-10 show
that the residues that are intimately involved with catalysis in
OXA-10 are conserved in these CHDLs (Fig. 6). Our study
strongly suggests that these CHDLs use the same catalytic
mechanism as OXA-10; yet CHDLs are able to hydrolyze imi-
penem, although OXA-10 cannot.

A close comparison of the structures of OXA-24, OXA-48,
and OXA-58 (homology model) to the structure of OXA-10
indicates that the most visible differences are a shorter 4-85
loop in CHDLs, which adopts a closed conformation (in OXA-
48, a salt bridge between Asp-159 and Arg- 214 is behind this
structural difference), and movement of the 86-all loop in
CHDLs toward the active site (supplemental Fig. S3). As a
result, the active sites of OXA-24, OXA-58, and OXA-48
become narrower and more hydrophobic (especially toward the
B-face of the B-lactam ring) compared with that of OXA-10.
These structural features may reposition the carbapenem-de-
rived acyl-enzyme species to enable successful nucleophilic
attack by the deacylating water molecule. Furthermore, the
observed diminishing of the hydrophobic pocket in the active
sites of CHDLs (OXA-24, OXA-48, and predicted for OXA-58),
formed by the interactions between Leu-170 and Val-132
(numbering as per OXA-58), may re-orient the hydroxyethyl
group of imipenem so as to remove the steric hindrance of this
group toward the deacylating water. This mechanism was
shown to be plausible by a simulation study carried out with
OXA-48 (18).

The steady state kinetics of OXA-58*5F shows that this car-
bapenemase retains the ability to hydrolyze oxacillin 9.4-fold
better than imipenem. By contrast, the hydrolytic activity of
OXA-24 against oxacillin is poor but that against imipenem is
moderately high (k_,/K,,"™" /k../K,,°** = 13.8) (15). This has
been attributed to the hydrophobic cleft that the side chains of
Tyr-112 and Met-223 create in the OXA-24 active site (15). In
the case of OXA-58, the structural homology model suggests
that the hydrophobic side chains of Phe-113 and Phe-114 in the
a3-ad loop and Met-225 in the B4-B5 loop form a more exten-
sive hydrophobic structure compared with OXA-24 (Fig. 7),
and yet OXA-58*%" does not show a preference for imipenem
over oxacillin. Hence, the implication of this structural feature
in the activity of OXA-585F is not obvious.

The CD studies showing that the binding of benzylpenicillin,
oxacillin, or imipenem induces a conformational change in the
protein, possibly resulting from the adjustment of the above
loops with respect to the side chain at the C-6 position in the
B-lactam, indicated flexibility in this substructure. This struc-
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tural flexibility may also result in an increase in the binding
affinity of B-lactams to these CHDLs. Indeed, removal of a sim-
ilar hydrophobic cleft in OXA-24 resulted in the decrease of
binding affinity to B-lactams, from 1.6-fold for oxacillin to 5-
and 15-fold for ampicillin and imipenem, respectively (15).
Overall, the structural analysis of these CHDLs suggests that
they have conserved the catalytic machinery of oxacillinases
through their evolution and have acquired structural changes
in their active sites to facilitate efficient hydrolysis of imipenem.

In conclusion, we have used ITC to analyze the catalytic
mechanism of OXA-58. The independence of this technique
from the chromophoric properties of the substrate allows for
direct analysis of a wide range of substrates. Our study shows
that OXA-58 uses a carbamylated lysine in 8-lactam hydrolysis
and that the deacylating water molecule approaches the acyl-
enzyme species, anchored at the Ser-83, from the a-face. Fur-
thermore, our data show that CHDLSs, despite their different
evolutionary pathways, have retained the catalytic machinery of
oxacillinases, represented by OXA-10. A structural analysis of
OXA-24, OXA-48, and the OXA-58 homology model, and their
comparison with the structure of OXA-10, suggests that the
hydrolysis of imipenem by CHDLs could be a result of accumu-
lation of structural changes in the active site of CHDLs that
allow the molecule to bind imipenem tightly and increase the
probability of attack on the acyl-enzyme species by water mol-
ecules. Class D B-lactamases are in a catalytically disadvanta-
geous position when it comes to the second step of catalysis,
because the deacylating water molecule is not present in the
active site as seen in B-lactamases of classes A and C. Thus, the
removal of any steric hindrance in the path of a bulk water
molecule toward the carbonyl carbon of the acyl-enzyme spe-
cies will increase the chances of hydrolysis of this complex,
resulting in a more efficient 8-lactamase.
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