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Abstract

The carbapenem-hydrolyzing class D -lactamases OXA-23 and OXA-24/40 have emerged world-
wide as causative agents for -lactam antibiotic resistance in Acinetobacter species. Many variants
of these enzymes have appeared clinically, including OXA-160 and OXA-225, which both contain
a P—S substitution at homologous positions in the OXA-24/40 and OXA-23 backgrounds
respectively. We purified OXA-160 and OXA-225 and used steady-state kinetic analysis to
compare the substrate profiles of these variants to their parental enzymes, OXA-24/40 and
OXA-23. OXA-160 and OXA-225 possess greatly enhanced hydrolytic activities against
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aztreonam, ceftazidime, cefotaxime and ceftriaxone when compared to OXA-24/40 and OXA-23.
These enhanced activities are the result of much lower K, values, suggesting that the P—S
substitution enhances the binding affinity of these drugs. We have determined the structures of the
acylated forms of OXA-160 (with ceftazidime and aztreonam) and OXA-225 (ceftazidime). These
structures show that the R1 oxyimino side-chain of these drugs occupies a space near the f5-36
loop and the omega loop of the enzymes. The P—S substitution found in OXA-160 and OXA-225
results in a deviation of the 5-p6 loop, relieving the steric clash with the R1 side-chain
carboxypropyl group of aztreonam and ceftazidime. These results reveal worrying trends in the
enhancement of substrate spectrum of class D p-lactamases, but may also provide a map for f-
lactam improvement.

The number of class D p-lactamases has exploded in the last ten years, with over 420 unique
sequences identified.> Most of the growth has occurred amongst the five subfamilies of
carbapenemases categorized by their prototypes OXA-23, OXA-24/40, OXA-48, OXA-51
and OXA-58.2 In many cases, the presence of one of these enzymes (or variants containing a
small number of substitutions) leads to increased levels of carbapenem resistance in their
bacterial hosts, the vast majority of which are members of the clinically challenging Gram-
negative rod genus Acinetobacter.

Our understanding of how these enzymes achieve specificity and catalytic hydrolysis for a
variety of B-lactam substrates has been greatly enhanced by a large number of structural
studies. Early studies of OXA-10 and OXA-1 established that class D B-lactamases have an
unusual carboxylated lysine that acts as a general base in a serine nucleophile-based
covalent catalysis mechanism.3: 4 Later studies on OXA-24/40 and OXA-23 showed that a
hydrophobic bridge across the top of the active site is important for tight carbapenem
binding in those enzymes,®>~" but structural analysis of OXA-48 and OXA-58 demonstrated
that this bridge is not universal among carbapenemases.8: © Two surface loops have emerged
as key determinants of substrate specificity for the class D p-lactamase family. The omega
loop, named after a homologous structure from class A B-lactamases, contains a highly
conserved tryptophan/leucine motif (W167/L168 in OXA-24/40). The tryptophan stabilizes
the carbamate general base (carboxylysine 84), and the leucine has been implicated in
modulating carbapenem hydrolysis.5: 8 The second loop, sometimes referred to as the p5-p6
loop, is positioned very close to the omega loop. This structure contributes one of the
“bridge” residues (M223 in OXA-24/40), and is thought to play a key role in the ability of
these enzymes to deacylate carbapenems.10

Until very recently, it has been noted that these class D carbapenemases contribute little to
resistance against advanced generation cephalosporins such as ceftazidime and cefotaxime,
or to the monobactam aztreonam (Figure 1).11 This view has begun to change with the
discovery of carbapenem-hydrolyzing class D j-lactamase (CHDL) variants that have
mutated to gain activity against cephalosporins (e.g. OXA-163, OXA-146).12: 13 These
examples suggest that class D p-lactamases are evolving to widen their specificity, and may
portend further difficulty in treating A. baumannii infections. As confirmation of this
evolutionary trend, we report here that two clinical variants containing proline—serine
substitutions at sequentially homologous positions in either the OXA-23 or OXA-24/40
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background possess broad spectrum hydrolytic activity against penicillins, carbapenems,
advanced generation cephalosporins and the monobactam aztreonam. These two variants
(OXA-160, genbank accession ADB28891.1 and OXA-225, genbank accession
AEP43731.1) were both isolated from clinical carbapenem-resistant A. baumannii strains.
We have determined the structure of both variants with several ligands bound as acyl-
intermediates, and describe a rationale for how the P—S mutation causes increased activity.

Materials and Methods

Mutagenesis and protein purification

Genes for the mature proteolyzed form of OXA-23 and OXA-24/40 have previously been
cloned into pET24a.” 13 Mutations (P225S or P225S/K82D in OXA-23 and P227S or
P227S/V130D in OXA-24/40) were introduced using the polymerase chain reaction (PCR)
overlap extension method,4 and all substitutions were confirmed by Sanger dideoxy
sequencing. Introduction of the mutated plasmids into BL21(DE3) Escherichia coli cells,
culture growth and protein expression were as previously described.13 Harvested cell pellets
from 1-2 L of growth were frozen overnight at —20°C, and then resuspended on ice in 20 ml
50 mM NaH,PO4, 1 mM EDTA pH 7.0 supplemented with 100 ul Halt Protease Inhibitor
Cocktail (ThermoScientific). The cells were lysed with the addition of 1 mg/ml lysozyme
(Sigma), and chromosomal DNA was eliminated by the addition of 5 pg/ml DNAse |
(Sigma) and 5 mM MgCl,. The lysate was clarified by centrifugation (Sorvall SS34 rotor,
31500 x g, 4°C, 30 minutes), and dialyzed against 4 L 5 mM NaH,POy, pH 5.8 overnight at
4°C. The retentate was applied to a 1.5 x 3.0 cm column of carboxy-methyl cellulose 23
(Whatman, UK) previously equilibrated with dialysis buffer. After washing with dialysis
buffer, the protein was eluted with a 150 ml linear gradient from 5 mM NaH,POy,, pH 5.8 to
50 mM NaH,POy4, pH 7.0. Purified protein samples (> 95% by Coomassie staining) for
kinetics were snap frozen in liquid nitrogen. Protein for crystallization was concentrated to
10-20 mg/ml using a Centricon centrifugal ultrafiltration device (10 kDa molecular weight
cutoff; Amicon), and used fresh. The concentration of all protein samples was determined by
measuring the absorbance at 280 nm, and using an extinction coefficient calculated by the
method of Gill and von Hippel.1®

Steady state kinetic analysis

Kinetic parameters were determined by the addition of aliquots of purified enzyme
preparations to various concentrations of substrate in 50 mM NaH,POy4, 25 mM NaHCOs3,
pH 7.4 at 25°C. Changes in absorbance as a function of time were converted to velocity
(LM/s) using the following Ae values (M~ cm™1): ampicillin, -900 (A=235 nm); doripenem,
-11460 (A=297 nm); imipenem, —9000 (A=300 nm); cefotaxime, —=7500 (A=260 nm);
ceftriaxone, —7800 (A=255 nm); ceftazidime, —6900 (A=260 nm); aztreonam, =700 (A=297
nm). Initial rates from at least three trials were averaged and plotted as a function of
substrate concentration. K, and K¢y values were determined from non-linear regression of
the data to the Michaelis-Menten-Henri equation using the Microsoft Excel SDAS module.
For K, values that were too low to be measured accurately by this method, the substrate was
used as a competitive inhibitor with ampicillin as a reporter substrate. In this case, K values
(instead of kq, values) were calculated from the concentration of substrate that generated
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50% of uninhibited velocity (ICsp) using the Cheng-Prusoff equation.® For K., values that
were very high (> 500 uM), cuvettes with shorter pathlengths were used (0.2 mm or 2 mm).

Crystallization

Crystals of OXA-160 V130D were prepared by hanging drop vapor diffusion using well
buffer composed of 0.1 M HEPES sodium, 2% v/v polyethylene glycol 400, 2.0 M
ammonium sulfate, pH 7.5. Purified protein (3.0 mg/ml) was combined with well buffer in a
ratio of 3:1 (total drop volume 8 pl), and crystals formed within 1-2 days at room
temperature.1’ Crystals of OXA-225 K82D were grown starting with 14.0 mg/ml protein
using a well buffer composed of 100 mM NaH»PO,4, 100 mM citric acid, 200 mM NacCl,
20% PEG 8000, pH 4.2 with a ratio of 1:1 for protein to well buffer (total drop volume 8 pl).
OXA-160 V130D crystals were soaked in either 25 mM ceftazidime (Sigma) or 25 mM
aztreonam (Sigma) in well buffer with 5% sucrose added as a cryoprotectant for ~ 60
minutes and flash-cooled in liquid nitrogen. Crystals of OXA-225 K82D were soaked in 25
mM ceftazidime in well buffer (no additional cryoprotectant) for 40 minutes before flash-
cooling.

Structure determination

Diffraction data for all three crystals was collected at LS-CAT at the Advanced Photon
Source (Argonneg, IL) at 100 K using a MarCCD detector. Reflections were indexed,
integrated and scaled using autoPROC.18 The OXA-160 V130D structures were determined
initially by molecular replacement with Phaser® using the model of OXA-24/40 K84D
(PDB 3PAE with all ligand and water molecules removed) as the initial phasing model.
OXA-225 K82D was determined similarly using the model of OXA-23 (PDB 4K0X) for
molecular replacement. Refinement and electron density map calculations were carried out
with REFMAC520 in the CCP4 program suite.2! Manual rebuilding of the model was
accomplished with Coot.22

Thermal denaturation and stability

For thermal denaturation, protein samples were monitored for helical content by circular
dichroism (CD) in the far-UV region at 210 and 220 nm. CD experiments were done with a
Jasco J-815 spectrometer (Easton, MD) with a Peltier-effect temperature controller. Quartz
cells with a 0.1 cm path-length and 200 pl volume (Hellma) were used for all experiments.
The behavior was identical at the two different wavelengths, suggesting a two-state
thermodynamic event. The enzyme concentrations were 10 pM in 50 mM NaH,PQOy,, 25 mM
NaHCO3 pH 7.4. Thermal melting was performed between 20-70°C with a heating rate of
2°C/min. The thermodynamic stability of OXA enzymes and variants was determined from
equilibrium unfolding curves. Raw equilibrium denaturation data were normalized to the
fraction of denatured protein (fU). With the assumption of a reversible two-state transition
(N <> U), equilibrium constants (Keq) at any given temperature were calculated from
equation 1:

Keq:ﬁ equation 1
U
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Melting temperature (T, and Van’t Hoff enthalpy (AHyy) for the thermal denaturation
were determined from the free energy using equation 2 and equation 3.

AG= — RTaneq:AH —TAS equation 2

InKeq=— = —— eguation 3

1 ( AH> AS
T R
From the Van’t Hoff plot (InKgq vs. 1000/T), AHyy determined as the slope x (-R), and AS
was the intercept x R. With the assumption that the variation in enthalpy and entropy are

temperature independent, we determined the melting temperature (T,y,) at the midpoint of
equilibrium folding.

Molecular Dynamics simulations

OXA-24/40 and its P227S variant (OXA-160) were constructed for two parallel simulations
using the published OXA-24/40 structure (PDB entry 3PAE), MMTSB23 and CHARMM?Z4
script libraries, and VMD package.2® For the mutant protein, P227 was replaced with serine
using an MMTSB mutate script. OXA enzymes possess a characteristic PASTFK family
motif (79-84 in OXA-24/40) that contains both the catalytic serine residue and the lysine
which is modified by carboxylation to form the general base.28 Force-field parameters for
the carboxylated lysine are provided in the Supplementary Material. Both proteins were then
solvated with TIP3P27 water molecules with the box dimensions of 90A x 70A x 65A. The
CHARMM27 protein force field?* and the CHARMM version 35b2 simulation package
were used. Both systems were geometry optimized using the Steepest Descent algorithm for
500 steps, and then using the Adopted Basis Newton-Raphson (ABNR) method until the
gradient threshold of 0.01 kcal/mol/A was achieved. During the minimization and MD
simulations, periodic boundary conditions were applied and electrostatic interactions were
calculated with the Particle Mesh Ewald method.28 A switching function was applied to
calculate the van der Waals interactions with a non-bonded cutoff of 10A. The SHAKE
algorithm?® was used to constrain the bond lengths involving hydrogens. The systems were
heated gradually from 10K to 300K for 30 ps (time-step 1 fs) and then simulated for 40 ps
under NPT (constant number of atoms, constant pressure and temperature) to equilibrate the
water molecules. A harmonic constraint of 5 kcal/mol/A2 for all of the protein’s heavy
atoms was applied throughout these steps. The systems were then further equilibrated for 1
ns in the NVT ensemble (constant number of atoms, constant volume and temperature) with
harmonic constraints removed and a time-step of 2 fs. Each system was simulated for a total
of 39.4 ns. To calculate electrostatic interactions, we used the Particle Mesh Ewald method
and a non-bonded cutoff of 10A with a switching function to calculate van der Waals
interactions. The Ca root mean squared deviation (RMSD) profiles for wild-type and P227S
are shown in Supplemental Figure S1. The conformational clusters were determined based
on the Ca RMSD of the $5-86 loop with respect to the initial frame. VMD was used to
analyze the trajectories and to create images.
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Clinical A. baumannii strains have been the source of many p-lactamase variants that are
members of the OXA-23 and OXA-24/40 subfamilies, including several that represent
single residue substitutions of the parental sequences. Figure 2 shows an alignment of two
such variant enzymes (OXA-160 and OXA-225) with OXA-23 and OXA-24/40. The
alignment stresses that OXA-160 and OXA-225 each arose from an identical P—S
substitution in the OXA-24/40 and OXA-23 backgrounds respectively (P227S in
OXA-24/40 and P225S in OXA-23). A number of lines of evidence suggested to us that
these substitutions could be affecting the activity of these enzymes, perhaps as positive
adaptations in response to antibiotic therapies. Firstly, these two identical mutations arose in
two enzymes that share only 59% identity. This makes it unlikely that the mutation arose in
some common ancestor, and rather suggests a case of convergent evolution as seen many
times in the class A B-lactamases (for example, the G238S substitution that has appeared in
both the TEM-1 and SHV-1 families).3% Secondly, in both OXA-23 and OXA-24/40 the
proline in question is found in a loop that borders the active site and has been implicated in
the modulation of both substrate selectivity and catalytic activity for diverse classes of
antibiotics.10: 12.13.17 De |uca et al noted the presence of this proline in a sequence motif
typically associated with class D carbapenemases.10 Lastly, the study that identified
OXA-160 (i.e. OXA-24/40 P227S) from an A. baumannii strain recovered from a
transplanted lung noted that the strain producing this enzyme had elevated levels of
resistance to aztreonam compared to strains containing OXA-24/40.31

To test this hypothesis, we engineered these clinical variants by introducing P227S into
OXA-24/40 and P225S into OXA-23, purified the proteins to homogeneity and analyzed
their substrate specificity profiles using steady-state kinetic analysis (Table 1). In both the
OXA-24/40 and OXA-23 backgrounds, the P—S substitution resulted in gains of overall
enzyme hydrolysis efficiency against a wide variety of substrates as measured by Keat/Km.
For ampicillin, the gains are modest (~3-fold for OXA-160 and ~2-fold for OXA-225). For
other substrates, the effects are much more dramatic. Of particular note is that while
OXA-24/40 and OXA-23 show no activity against the extended spectrum cephalosporin
ceftazidime, OXA-160 and OXA-225 both register activities against that drug (though with
high K, values). A similar gain of function is observed for OXA-160 and OXA-225 with
regard to the monobactam aztreonam, with the latter registering a > 500-fold increase in
keat/Km for that drug compared to OXA-23. In the case of activity against cefotaxime and
ceftriaxone, the ke.i/Km values increase to levels (ranging from 0.0025 — 0.110 pM~1's71)
that are commensurate with those observed for other class D -lactamases that confer
clinical resistance levels against advanced generation cephalosporins (e.g. OXA-14,
OXA-163).12:32 |n summary, for all non-carbapenem substrates tested with both the parent
enzyme and variant, the P—S substitution led to a reduced K. For carbapenems, the P—S
mutation yields only slightly altered levels of activity. For instance, the conversion of
OXA-24/40 to OXA-160 leads to a 40% increase in keat/Kpy, for doripenem, but a 10%
decrease against imipenem. One possible interpretation of these results is that the mutation
causes a general increase in the affinity for a broad array of non-carbapenem p-lactam
substrates without any major loss of activity toward carbapenems. We should note that the
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use of K, as an indication of binding affinity in this way depends on the assumption that the
acylation rate is much slower than the substrate dissociation rate, which has not yet been
demonstrated for these B-lactamases. Even so, the mutations lead to increased turnover rates
against many substrates, in some cases when the “parental” enzymes yield no detectable
activity at all. Whether through reduced K, values, increased turnover rates, or both effects
together, the P—S mutations have the potential to yield higher rates of antibiotic hydrolysis,
particularly at low drug concentrations where increased affinity will be a major advantage.

Residue P227 (P225 in OXA-23) is located in the B5-$6 loop (residues 220-228 in
OXA-24/40)", which as noted before, borders the active site and has been shown to affect
the binding of all classes of p-lactam drugs.19: 12:13.17 The proline, however, resides near
the point where the loop reenters the enzyme core as strand 36, and is thus unlikely to make
any direct contacts with substrates. This, and the fact that proline’s unique structural
properties would be altered upon conversion to serine, suggested to us that the mutation may
lead to extensive structural rearrangements of the 35-6 loop and thus affect substrate
binding indirectly. To explore this hypothesis, we sought to determine the crystal structures
of OXA-225 and OXA-160 with relevant ligands bound. We were able to crystallize these
variants under the same conditions that had been successful with the parent enzymes
OXA-24/4017 and OXA-23.13 Although these crystals yielded protein structures at high
resolution, all attempts to capture ligands bound as acylintermediates failed. We then
introduced mutations that are known to diminish or eliminate deacylation of substrates,33: 34
and have been used successfully in the past to capture acyl-intermediates in class D
enzymes.” 17 We used site-directed mutagenesis to introduce a V130D substitution into the
blagxa-160 gene and used it to express and purify the variant enzyme. The protein was then
crystallized using hanging drop vapor diffusion, and the crystals that were produced were
identical in size and shape to OXA-24/40 crystals prepared in the same manner.”- 17 After
soaking these crystals with various ligands and collecting X-ray diffraction data, we were
able to determine the structure of OXA-160 V130D with ceftazidime (2.28 A; PDB 4X55)
and aztreonam (2.30 A; PDB 4X53) bound in the active site (Table 2). Similarly, we
introduced a K82D substitution into blagxa-225. After expression and purification, we
crystallized the enzyme and again, the crystals matched those produced previously for
OXA-23.13 Thus neither the P—S mutation or the deacylation-deficiency substitutions
affected our ability to produce diffraction-quality crystals in either protein. For OXA-225
K82D, we soaked ceftazidime into the crystals and produced a structure with that drug
bound in the active site (1.94 A; PDB 4X55). The quality of the final models was analyzed
with MolProbity.3® For OXA-160 V130D bound to aztreonam, 97% of residues were in the
favored region with no Ramachandran outliers, and for OXA-160 V130D with ceftazidime
bound 98% of residues were in the favored region with one outlier (V225). For OXA-225
K82D, 95% of the residues were in the favored region, with three outliers of the
Ramachandran plot (L224, S257, A58).

*For labeling of p strands and loops, we are following the nomenclature used by De Luca et al. for the related class D carbapenemase
OXA-48. [De Luca, F., Benvenuti, M., Carboni, F., Pozzi, C., Rossolini, G. M., Mangani, S., and Docquier, J. D. (2011) Evolution to
carbapenem-hydrolyzing activity in noncarbapenemase class D -lactamase OXA-10 by rational protein design, Proc. Natl. Acad. ci.
U.SA. 108, 18424-18429.]
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Ligand Structures

Figure 3 shows that for both OXA-160 structures, significant F,-F. electron density
(contoured at 3.0 o) is present in the active site (Figure 3a and b). In each case, the density
extends from the y-hydroxyl oxygen atom of S81 to the drug’s B-carbonyl carbon, indicating
that the ligands are bound as acyl-intermediates. \We were able to successfully model in the
full drug structures in each case, with the exception of the R2 leaving group for ceftazidime.
The R2 leaving group is expected to be eliminated as part of the molecular rearrangement
that occurs upon breaking of the $-lactam bond (Supplemental Figure S2). For both
structures, the carbonyl oxygen of the acyl moiety is bound in the oxyanion hole formed by
the main-chain amide nitrogens of S81 (2.8 A in OXA-160/aztreonam) and W221 (2.9 A).
The dihydrothiazine ring of ceftazidime is anchored to the active site by interactions
between the C, carboxylate group and R261, S219, K217 and S128, much as has been
observed for doripenem and oxacillin.” 17 In the case of aztreonam, the sulfate group that
mimics the carboxylate occupies the analogous space, with an additional salt bridge to K218
(3.6 A). An alignment of the aztreonam-acylated structures of OXA-160 (PDB: 4X53, this
study), Toho-1 (PDB: 2ZQC) and the p-lactamase from Citrobacter freundii (PDB: 1FR6)
shows the sulfate group aligns very closely, though the stabilizing interactions differ (data
not shown).36: 37

Initial Fo-F¢ electron density maps (contoured at 3.0 o) of OXA-225 K82D also indicated
that ceftazidime is bound as an acyl intermediate, with continuous electron density from the
side-chain of S79 to the B-carbonyl of the broken lactam ring (Figure 3c). As in OXA-160,
the C, carboxylate of ceftazidime forms interactions with R259 and T217, but the rotation of
the drug prevents an ionic bond to K216. Another major difference between ceftazidime
bound to OXA-160 and OXA-225 involves the R2 side-chain pyridine. In the OXA-160
structure, ceftazidime has undergone the molecular rearrangement that results in the release
of the pyridine, as observed in all other -lactamase/ceftazidime complexes determined to
date (e.g. 1IEL, 2ZQD, 1XKZ).38: 39 |n the OXA-225 structure, the pyridine ring is still
attached to the C3 exocyclic carbon of ceftazidime at 80% occupancy suggesting that the
post-acylation rearrangement has not occurred for all molecules in the crystal lattice. It is
likely that this difference simply reflects a serendipitous ligand soaking time, but we cannot
rule out the possibility that there is some difference in the two active sites that results in a
pause at this step in OXA-225.

Aztreonam/ceftazidime structure in OXA-160

Aztreonam and ceftazidime share an identical bulky Y-shaped R1 side-chain with a thiazole
ring on one branch, and a carboxypropyl-modified oxyimino group on the other (Figure 1).
Not surprisingly, this group adopts a similar conformation for both drugs bound to
OXA-160 V130D, as shown in an alignment of the two structures (Figure 4). Most notably,
the thiazole ring occupies a narrow pocket between the omega loop and the end of p-strand
{35 (in the area of G222/M223). In both cases, there is a loss of electron density for the main-
chain and side-chain of L168, indicating that the thiazole ring can only be accommodated
upon rearrangement of the omega loop in that region. The carboxypropyl group of both
ligands occupies a similar space near the end of strand 5 (also near G222, but on the other
side of the strand compared to the thiazole ring). For both drugs, the space occupied by the
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carboxypropyl group would clash with the position typically occupied by the main-chain
and side-chain of M223, but conformational changes in that area of the protein relieve the
potential clash.

Ceftazidime structure in OXA-225

Because OXA-225 contains the same P—S mutation as OXA-160, our structure of the
deacylation-deficient mutant OXA-225 K82D bound to ceftazidime gave us an opportunity
to look for common elements in the binding mode of that drug to class D carbapenemases.
Additionally, we have previously shown that OXA-23 binds substrates possessing bulky R1
side-chains with modestly higher affinity than OXA-24/40,13 and we note that the same
trend holds for OXA-225 (from the OXA-23 subfamily) compared to OXA-160 (from the
OXA-24/40 subfamily) (Table 1). We therefore sought a molecular explanation for this
difference by comparing the two P—S variants with ceftazidime bound.

An overlay of the structure of OXA-160 V130D and OXA-225 K82D bound to ceftazidime
(Figure 5) shows that while the drug binds in a roughly similar manner, there is one main
difference between the ceftazidime conformation in the two variant enzymes. First, while
the thiazole ring binds in the same orientation projecting toward L168, the entire R1 side-
chain is rotated approximately 15° away from that residue and the rest of the omega loop.
Unlike the structure of OXA-160/ceftazidime, there is significant electron density for both
the main-chain and side-chain of L168 in OXA-225/ceftazidime. This suggests that the
rotation of the R1 side-chain relieves the steric clash that was present in the former, and thus
explains the generally tighter binding of substrates with bulky R1 side-chains for OXA-23
family members. We sought to identify which structural features of OXA-225 are
responsible for the rotation of ceftazidime’s side-chain. For one thing, the main-chain and
side-chain of M221 are moved back nearly 2 A in OXA-225 compared to M223 in
OXA-160. As we proposed in an earlier study, this is likely the result of the presence of two
OXA-160 glycines (G222/G224) occupying positions where residues with bulkier side-
chains are found in OXA-225 (A220/D222).13 The B carbons of the latter push the main-
chain of the 35-36 loop back from the omega loop and create a larger binding pocket.
Indeed, a recent report showed that a G222V substitution in the OXA-24/40 subfamily
member OXA-207 leads to increased activity against oxacillin, a penicillin with a bulky
side-chain.%? The overlay shown in Figure 5 suggests another surprising possibility:
ceftazidime is unable to rotate away from L168 in OXA-24/40 because its carboxypropyl
moiety would approach too closely to the hydroxyl group of Y112, one of the so-called
“bridge” residues that caps the active site. OXA-225 has a phenylalanine at this position,
and thus allows ceftazidime to rotate further away from the omega loop.

B5-p6 loop structure

In order to understand how the P—S mutation affects ligand binding and overall protein
structure, we compared the two OXA-160 structures with the structure of OXA-24/40
K84D/doripenem (PDB 3PAE)’ and OXA-225 with apo OXA-23 WT (PDB 4K0X).13 For
all three structures, the largest difference with the parental enzymes occurs in the loop that
contains the P—S mutation itself (residues G222-G230 in OXA-160; A220-G228 in
OXA-225). In all three P—S variant structures, the loop contains relatively high B-factors,
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and shows evidence of multiple conformations. Still, a predominant main-chain trace is
visible, as observed for the Fy-F. loop omit map of the OXA-160 VV130D/aztreonam
structure (Figure 6a).

In the doripenem-bound structure of OXA-24/40, the B5-p6 loop turns inward toward the
active site starting at residue 222 (yellow structure; Figure 4 and Figure 6b). In the two
OXA-160 structures however, the antiparallel interactions of strand 35 and 6 are extended
further from the core of the protein, and are connected by a Type | -turn at residues 224—
227.41 The difference between OXA-24/40 and OXA-160 is most striking between residues
223-226, with maximal Ca displacement occurring at G224 (6.3 A between Ca carbons).
Notably, this deviation moves the main-chain and side-chain of M223 away from the area
occupied by the carboxypropyl group of both aztreonam and ceftazidime. We observe
essentially the same trajectory difference when comparing the same loop in OXA-225/
ceftazidime and OXA-23 (hot shown), although alternate conformations make it difficult to
assign the turn in OXA-225 as Type |. The deviation of the loop therefore provides a simple
explanation for the tighter affinity of these drugs for OXA-160 (and OXA-225) compared to
OXA-24/40 (and OXA-23). The enlargement of the active site in this area is also consistent
with a similar phenomenon caused by a duplicated alanine (A220/A221) in OXA-146 (PDB
4K0W), a variant that also displays strong gain-of-function binding toward bulky
cephalosporins and aztreonam.13

A detailed comparison of the structure of the mutated residue (proline or serine 227) in
OXA-24/40 and OXA-160 provides a simple explanation for the adaptive alteration of the
[35-6 loop’s trajectory. Figure 6b shows that, if one traces backwards through the loop
(toward M223), it is precisely at the main-chain nitrogen of residue 227 (marked by an *)
that the deviation is first seen. The Ramachandran ¢ angle (describing the torsional rotation
around the bond between this nitrogen and its a carbon) is markedly different between the
two structures. With its fixed ring side-chain, the proline of OXA-24/40 has a ¢ angle of
—72°, a value that lies in the narrow acceptable band for that residue. The serine present in
OXA-160 has a ¢ angle of —141°, a value that lies in the acceptable region for serine, but
not for proline. Additionally, the fixed ¢ angle of proline makes it almost completely
incompatible with the fourth position of a Type | p-turn, while serine is often found at that
position.#! Therefore, the structural change in the area of M223 that is required for the
accommodation of bulky substrates (Figure 6b, blue arrow) likely requires the movement of
residues 225 and 226 (red arrow) in a manner that is simply not compatible with the
torsional restrictions of proline at position 227.

Thermodynamic stability

It has been observed that the advantage conferred by gain-of-function mutations in 8-
lactamases may be accompanied by loss of thermodynamic stability in the overall protein
structure.*2 In order to determine if the P—S substitutions had this effect, we used circular
dichroism to determine the melting temperature of OXA-160 and OXA-225 as well as the
two “parental” enzymes OXA-24/40 and OXA-23. Because the carboxylation of K84 (K82)
is thought to affect protein stability, we carried out these experiments in phosphate buffer
alone, or phosphate with the addition of 25 mM NaHCOs. As Figure 7 and Table 3 show,
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the P—S substitution in OXA-24/40 and OXA-23 did indeed lead to a destabilization of
both as seen in 3-5°C lower melting temperatures for OXA-160 and OXA-225 in phosphate
buffer. This destabilization effect was also observed in the presence of bicarbonate (data not
shown), though as predicted, enhancing K84 carboxylation leads to overall higher melting
temperatures. To further explore this result, we tested two other clinically-observed CHDL
variants with substitutions in the f5-p6 loop. OXA-146 is the name given to OXA-23 with
an alanine duplication (A220dup) in the B5-p6 loop, and like OXA-160 and OXA-225, this
variant possesses greatly improved binding of extended spectrum cephalosporins and
aztreonam.13 OXA-72 is a wide-spread clinical variant formed from a different mutation
(G224D) in the same loop in OXA-24/40. Interestingly, the alanine duplication in OXA-146
leads to an even larger destabilization of OXA-23 (~ 8°C) than the P—S substitution (~
5°C). Conversely, the G224D mutation leads to an increase in melting temperature of + 3°C,
suggesting this mutant may stabilize the loop.

Molecular Dynamics Simulations of OXA-24/40 and OXA-160

Molecular Dynamics (MD) simulations were used to compare local and global dynamics of
OXA-24/40 and OXA-160 (OXA-24/40 P227S), and to identify differences in the
interactions between specific residues resulting from the P—S mutation. Substitution of
proline by serine may be expected to introduce not only increased flexibility of the backbone
at the end of the f5-B6 loop but also new hydrogen bond interactions, both of which may
affect the loop conformation and its interactions with neighboring residues. The analysis
focused on the most stable portion of the trajectory, the last 22 ns (see the root mean square
deviation profiles in Supplementary Figure S1). The Ca root mean squared fluctuations
(RMSF) difference between OXA-24/40 P227S (OXA-160) and OXA-24/40 reveal
differences in the mean residue fluctuations of different segments of the two enzymes
(Supplementary Figure S3a and b). The results indicate that the P—S mutation impacts
protein dynamics not only in the direct vicinity of the mutation site but also in other more
distal regions of the protein. We observe reduced fluctuations in the catalytic motif STFK
(81-84), but increased fluctuations in S128-V130 and the omega loop (most notably N165,
W167-V169). Fluctuations in the P loop (residues 98-119) 43 are also higher in OXA-160
compared to OXA-24/40, although a longer time-scale simulation would be required to fully
sample the fluctuations of this extensive structural element. Other regions of higher
fluctuations are the p6-B7 loop (residues 237-244), and the p7-all loop (residues 255-260).
Fluctuations of R261 are slightly increased.

During the MD simulations of OXA-24/40, the side-chain of S227 is hydrogen bonded to
either of the Os atoms of E251 for 76% of the total productive trajectory time (see histogram
in Figure 8). In contrast, the wild-type equivalent P227 Cy atom and Oe atoms of E251
reside within 3.2 A of each other for only 0.4% of the simulation time (the trajectory
average is 4.8 A). Further analysis of the hydrogen bonding interactions with E251 in the
OXA-24/40 simulation shows that this residue interacts with K253 (33% of time), Q52
(14%) and R72 (29%). In the P—S mutant, these interactions are significantly less frequent
(6%, 7%, and 3%, respectively) due to the hydrogen bond forming between E251 and S227.
Thus, this new hydrogen bond affects the conformational equilibrium of the p5-p6 loop and
perhaps other tertiary contacts in this region. Interestingly, the X-ray structure of OXA-160
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V130D/aztreonam suggests that the side-chain hydroxyl of S227 is close enough to E251 on
strand 7 to form a hydrogen bond.

In light of the lower RMSFs of the f5-$6 loop in OXA-160, the conformational diversity of
the loop in OXA-24/40 versus OXA-160 was examined. The 35-6 loop in OXA-160
occupies two main conformational clusters (shown as cyan and red in Figure 9, lower
panel). Together, these two clusters span an RMSD range of 0.3A to 3.1A with respect to
the initial frame, which is much less diverse than that observed in OXA-24/40 (yellow;
RMSD range 0.3A to 4.6A). As a result of this conformational redistribution in the p5-p6
loop, changes in the M223-Y112 bridge are observed (Figure 9; right panel). The bridge is
much wider in the majority of OXA-160 conformers than in OXA-24/40, with average
distances between Y112 and M223 increasing 14.7—16.6 A (Ca-Ca), 5.5—7.4 A (OH-Cg)
and 5.7—7.6 A (OH-S§). This widening could facilitate diffusion of the drug into the pocket
and thus enhance binding. After superposing the ligands from the current OXA-160 X-ray
structures (magenta, ceftazidime; blue, aztreonam) with the MD $5-86 loop conformers, we
observe steric clashes between M223 and the carboxypropyl-modified oxyimino group of
ceftazidime in both proteins, but much less in OXA-160 compared to OXA-24/40 (Figure 9;
right panel). Interestingly, both the widening of the gap between the bridge residues and the
decrease in steric clashes with ceftazidime are more conspicuous in one of the OXA-160 5-
36 loop clusters (Figure 9, right panel, red clusters). This cluster, which adopts a
conformation closer to that observed in the two OXA-160 X-ray structures, may be the
strongest contributor to the increased binding affinity suggested by our Kinetic studies.

We also expected that our trajectories would shed light on the role of omega loop movement
and the degree to which L168 can accommodate the thiazole ring (L168 density was not
observed in the X-ray structure after the ligand was soaked in). It appears, however, that a
steric clash between the ligand and L168 would be present in both proteins. The omega loop
in the OXA-24/40 conformers appears further away from 5-f6 loop than in OXA-160 but it
shows increased fluctuations in the latter. Such increased fluctuations could promote loop
widening when the ligand is present, a hypothesis that could be tested by future simulations
with the ligand bound.

Discussion

The structures we report here are the first examples of class D p-lactamases with either an
advanced generation cephalosporin or aztreonam bound, and they begin to clarify the answer
to a fundamental question: how do enzymes of this class achieve ESBL status? The key lies
in the two different areas of steric clash between the enzyme and the oxyimino side-chain
that must be overcome in order to have productive binding of these bulky drugs. First, there
is a strong incompatibility between the thiazole ring of the drug and the enzyme’s omega
loop, particularly in the area of W167/L168. As first noted by Paetzel et al.,** most of the
ESBL variants in the OXA-10 subfamily have mutations either in or near this loop. Indeed,
mutation of the tryptophan or leucine has been shown to generate enzymes that confer
strong ceftazidime resistance on Pseudomonas aeruginosa.*>~47 Three other common
OXA-10 ESBL mutations either contact the tryptophan’s side-chain (A124T, N73S/T) or
reside near it on the omega loop (G157D). Thus, one reasonable hypothesis is that these
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mutations destabilize the omega loop and reduce its steric clash with the drug. A similar
mechanism has been observed in the class C enzyme P99, where steric clashes with the
thiazole ring of ceftazidime can be relieved by a tripeptide insertion in the omega loop
(creating the ESBL variant GC1).38: 48 One disadvantage of this mode of achieving ESBL
status in class D enzymes however, is that mutations that perturb the omega loop in the area
of W167 reduce the carboxylation of K84 through disruption of the hydrogen bond between
the tryptophan’s side-chain and the carbamate general base of KCX84.49: 50 Thus gains in
affinity for bulky cephalosporins in these cases may be partially offset by reduction of the
catalytic turnover rate.

Alternatively, as we show here, ESBL status can be achieved by reducing the hindrance
between the carboxypropyloxyimino portion of ceftazidime (or aztreonam) and the f5-p6
loop, particularly in the area of the bridge methionine. The duplication of A220 in OXA-23
to create OXA-146, for instance, moves the side-chain of M221 away from the area
expected to be occupied by ceftazidime.13 As with the P—S mutations reported in this
study, the duplication in OXA-146 also pushes back the main-chain of that loop. The
deletion of four residues of the $5-p6 loop in OXA-48 (creating OXA-163) greatly enhances
ceftazidime hydrolysis, but also reduces carbapenem turnover.12 The identification of the
[35-6 loop as a hot-spot for cephalosporinase activity may help in the discovery of other
clinical mutants that display higher hydrolytic activity against cephalosporins and
monobactams. OXA-72, for instance, is a wide-spread OXA-24/40 subfamily member with
a G224D mutation in this loop. OXA-239 is an OXA-23 variant with three mutations: the
P225S substitution reported here and two others (S109L/D222N), both of which contact the
hydrophobic bridge residues. The OXA-51 subfamily of A. baumannii chromosomal
carbapenemases (about which very little is known biochemically and structurally), includes
a variant (OXA-173) with a substitution (P226L) at the same residue that is explored in this
study.>?

The fact that both OXA-160 and OXA-225 possess strong activity against cephalosporins
and aztreonam suggests that the P—S mutation arose as a selective adaptation upon
treatment with one or more of these drugs. OXA-160 was derived from an A. baumannii
strain that was highly resistant to carbapenems, cephalosporins and aztreonam (MIC values,
pg/ml: meropenem, 16; cefepime, 64; aztreonam 128).31 The strain that yielded OXA-225
was also highly resistant to the same classes of drugs (MIC values, pg/ml: meropenem, >16;
ceftriaxone, 64; ceftazidime >32; personal communication, Dr. Paul Higgins). While
cephalosporins and aztreonam are not typically used in the United States to treat A.
baumannii infections, it is very possible that these strains could have been exposed to them
during the treatment of another infection or during prophylactic treatment. For instance, the
A. baumannii strain that yielded OXA-160 came from a transplant donor lung that also
yielded Pseudomonas aeruginosa (personal communication, Dr. Yohei Doi), a species for
which aztreonam, cefepime and ceftazidime are commonly used as treatment.

The fact that these class D p-lactamases can achieve broad spectrum activity against all
classes of B-lactam antibiotics has implications for future infection control efforts. First,
horizontal transfer of these genes could impart cephalosporin and/or aztreonam resistance on
species for which these drugs remain a viable treatment (Pseudomonas aeruginosa,
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Acinetobacter spp and other non-fermentors). Second, efforts are underway to develop new
monobactams (e.g. BAL30072), cephalosporins (e.g. S-649266) and cephalosporin
combination therapies (e.g. ceftazidime/avibactam) for the treatment of A. baumannii and
other Gram-negative microbes.52-54 The knowledge of how class D carbapenemases are
evolving to broaden their substrate specificity may help direct those efforts.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The structures of ceftazidime and aztreonam
The structures of the two ligands used to produce acyl-intermediate structures in this study

are shown. While ceftazidime (left) is a cephalosporin and aztreonam (right) is a
monobactam, these drugs share an identical bulky oxyimino R1 side-chain connected the j-
lactam ring.
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Figure 2. Alignment of OXA-23, OXA-24/40 and two clinical variants containing a single P—S
substitution

The protein sequences for OXA-24/40, OXA-160, OXA-23 and OXA-225 were aligned
using ClustalW. Identical residues between the two subfamilies are indicated by vertical
hashes, and the site of the P—S substitution is highlighted in red (P227S in OXA-24/40;
P225S in OXA-23). The site of proteolytic processing to generate the mature secreted
protein is shown by a vertical green line.
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Figure 3. Ligand electron density
Fo-F¢c omit maps (contoured to 3.0 o) were calculated to show the structures of the ligand

connected as an acyl-intermediate to the nucleophilic serine (S81 in OXA-160 or S79 in
OXA-225). (A) OXA-160 V130D bound to ceftazidime (magenta; PDB 4X56). (B)
OXA-160 V130D bound to aztreonam (blue; PDB 4X53). (C) OXA-225 K82D bound to
ceftazidime (green; PDB 4X55). Figures were made with Pymol.%°
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Figure 4. Comparison of acyl-enzyme intermediates in the active site of OXA-160
Stereoview of the structures of OXA-160 V130D with ceftazidime (magenta; PDB 4X56)

and aztreonam (blue; PDB 4X53) bound. To generate the structural alignment, key active
site residues from OXA-160 VV130D/ceftazidime (S81, S128, K218 and G220) were
superposed with the same residues of OXA-24/40 K84D (yellow; PDB 3PAE) using the
align function of PyMOL generating a relative mean square deviation (RMSD) of 0.174 A.
This process was repeated for OXA-160 V130D/aztreonam and OXA-24/40 K84D (RMSD,
0.321 A).
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Figure 5. Comparison of the ceftazidime-bound structures of OXA-225 and OXA-160
A stereoview of the aligned structures of OXA-225 K82D (green; PDB 4X55) and

OXA-160 V130D with ceftazidime bound as an acyl-enzyme intermediate (magenta; PDB
4X56). In OXA-225, ceftazidime is able to rotate higher in the active site, relieving steric
clash with the omega loop in the area of L166. Alignment was carried out as described in
Figure 4.
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Figure 6. Structure of the B5-6 loop in OXA-160
(A) An Fy-F¢ omit map of the $5-36 loop (residues 222—-229) contoured at 3.0 o (PDB

4X53). (B) Effect of the P—S mutation on the trajectory of the $5-p6 loop. OXA-24/40
K84D/doripenem (3PAE, yellow) was aligned with OXA-160 V130D/aztreonam (blue;
PDB 4X53) as described in Figure 4. Only the main-chain atoms are shown for clarity, with
the exception of P/S227. The largest difference between OXA-24/40 and OXA-160 is in the
region of G222-T226, with the area of bridge residue M223 moving away from the active
site (blue arrow) and the region of T226 extending further from the surface of the enzyme
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(red arrow) to form a turn. The deviation is accompanied by a large change in the ¢ torsion
angle (*) for residue 227.
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Figure 7. Thermal denaturation curves for OXA-23, OXA-24/40 and several of their variants
Unfolding was monitored by slowly raising the temperature of each protein solution and

monitoring by circular dichroism. The P—S variant lowered the melting temperature in both
the OXA-24/40 background (top panel) and the OXA-23 background (lower panel).
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Figure 8. Prevalence of hydrogen bonding between S227 and E251 in OXA-160 and OXA-24/40
Upper panel: For OXA-160 (OXA-24/40 P227S), the hydroxyl oxygen atom of S227

remains within 3.2 A distance from E251 Oe1 and Oe2 atoms for 38.9% and 37.3% of the
time, respectively. In contrast, the corresponding atoms in P227 (Cy) and E251 in the WT
enzyme remain greater than 3.2 A apart 99.6% of the time. Hydrogen bonding was
determined over the 38 ns after equilibration based on the following geometric criteria: D-A
<3.2 A, H-A <22 A and DHA > 120°. When hydrogen bonded, the average D-A distance
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in OXA-160 is 2.7 A (with an entire trajectory average of 3.8 A). Lower Panel: A trajectory
snapshot of a conformation that displays a typical hydrogen bond between S227 and E251.
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Figure 9. Comparison of conformational diversity in OXA-160 and OXA-24/40
Left panels: representative conformers observed in molecular dynamics simulations for

OXA-24/40 (yellow) and OXA-160 (two clusters shown in cyan and red). The two
OXA-160 structures from this study (PDB 4X53 and 4X56, blue and magenta respectively)
are included in the alignment (ligands not shown). The 5-p6 loop is marked with an arrow
in both structures. Right panels: Side-chains for the bridge residues Y112 and M223 from
the same representative structures. Also shown are ceftazidime (magenta) and aztreonam
(blue) from the two OXA-160 X-ray structures after alignment of those structures with the
simulation conformers.
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Table 1

Steady-state Kinetic analysis

KmOrKs(MM) ket 59 KeadKen (UM 57))

OXA-232
Ampicillin 82+9 460 + 10 57+0.6
Imipenem 0.20 +0.020 0.49+0.01 22+02
Doripenem 18 +0.0020 0.028 +0.003 16+03
Cefotaxime 340 + 30 55+0.1 0.016 +0.002
Ceftriaxone 54+05 0.021+0.001  0.0039 + 0.0004
Ceftazidime NA <0.02 NA

Aztreonam 2,400 + 100 0.24 +£0.01 0.00010 + 0.00001

OXA-24/402
Ampicillin 180 + 20 480 + 20 2603
Imipenem 0.68 + 0.090 2101 31+04
Doripenem 024 +0.0030 0.074 £0.001 31+04
Cefotaxime 750 £ 70 0.38 +0.01 0.00051 + 0.00005
Ceftriaxone 110 + 10 0.035+0.001  0.00031 + 0.00004
Ceftazidime NA <0.02 NA
Aztreonam >1,500 >03 0 -

OXA-225
Ampicillin 12+1 150 + 10 12+1
Imipenem 0.20 + 0.020 0.39+0.01 19+02
Doripenem 927 +0.005P 0.026 £0.002 1.0+0.2
Cefotaxime 100 + 20 32+0.2 0.031 + 0.006

Ceftriaxone 0.48 + 0.05P 0.051 + 0.002 0.11+0.01

Ceftazidime 1,400 = 200 14+01 0.0010 + 0.0002
Aztreonam 13+2 0.79+0.03 0.061+0.01
OXA-160
Ampicillin 13+1 93+2 7509
Imipenem 0.043+ 00050  0.12+0.01 28+04
Doripenem 9014 +0.003P 0.064 £0.001 44+1
Cefotaxime 170+5 0.41+0.01 0.0025 + 0.0008
Ceftriaxone 14+0.8 0.24 +0.01 0.017 + 0.001
Ceftazidime >3,000 >080 0 e
Aztreonam 170 £ 40 27+0.2 0.016 + 0.004

aOXA-24/4O and OXA-23 wild-type values were previously reported in Kaitany et al 13

Kg values determined by competition kinetics with ampicillin as a reporter substrate.
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Table 2
Structure Parameters
OXA-23 OXA-24 OXA-24
P225S K82D P227S V130D  P227S V130D
ceftazidime aztreonam ceftazidime
(PDB 4X55) (PDB 4X53)  (PDB 4X56)
mT8,b= a=b=1025 a=b=102.3
cell constants (A;%) S c=87.2 c=87.2
c= 4418’ q:ﬁ: =90 G:B: =90
CL:B:YZQO s ¥
space group P2,2,2 P4,2,2 P4,2,2
resolution (A) 194 230 228
(1.99 - 1.94)2 (2.30-2.36)2  (2.34-2.28)2
No. of unique reflections 47536 21202 20839
total no. of reflections 342979 169442 174691
Rimerge (%) 7.0 (87.2) 7.7 (61.4) 7.7(62.7)
completeness (%)P 100.0 (100.0)P 100.0 (100.0)°  95.7 (97.6) P
/(o) & 15.2 (2.4) @ 21.035) 2@ 21.9(35) &
resolution range for refinement (A) 30.0-1.94 72.4-230 75.0-2.28
No. of protein residues 475 243 244
no. of water molecules 193 96 112
rmsd for bond lengths (A) 0.013 0.015 0.016
rmsd for bond angles (°) 1.66 1.95 1.85
R-factor (%) 0.214 0.192 0.181
Rireq (%)C 0.261 0.228 0.213
. 43.5 (monomer A
average B-factor (A2), protein atoms 45.0 Emonomer B; 36.4 36.2
average B-factor (A2), ligand atoms 59.1 56.1 48.9
average B-factor (A2?), water molecules ~ 44.3 31.2 38.0

a\/alues in parentheses are for the highest resolution shell.

b . . . .
Fraction of theoretically possible reflections observed.

c . . .
Rfree was calculated with 5% of reflections set aside randomly.
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Thermal Denaturation Parameters

Table 3

Enzyme Tm(°C)  AHyy (kcalmol™) AT, (°C)@ AAG (kcal-mol™)
OXA-23 56 £0.2 177.80 + 44.27 - -
OXA-23P225S (OXA-225) 51401  15543+4510  -5+01  _5704014b
OXA-23 A220dup (OXA-146) 48+0.2 130.37 £ 47.30 -8+0.2 -432+0.19
OXA-24/40 49+0.2 137.02 + 27.58 - -
OXA-24/40 P227S (OXA-160) 46+0.2 99.28 +24.21 -3+0.2 -1.27+0.08
OXA-24/40 G224D (OXA-72) 52+0.2 159.82 + 33.54 +3+0.2 +1.27+0.09

aATm = Tvariant-TWT are relative to wild-type

bErrors are based on Shellman equation, AAG = ATm-ASWT

ASWTQXA_23 =0.54 cal-mol~1.K

ASWT o A-24/40 = 0.425 cal-mol~ 1.k
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