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Abstract

Class D β-lactamases of Acinetobacter baumannii are enzymes of the utmost clinical importance, 

producing resistance to last resort carbapenem antibiotics. Although the OXA-51-like enzymes 

constitute the largest family of class D β-lactamases, they are poorly studied and their importance 

in conferring carbapenem resistance is controversial. We present the detailed microbiological, 

kinetic and structural characterization of the eponymous OXA-51 β-lactamase. Kinetic studies 

show that OXA-51 has low catalytic efficiency for carbapenems, primarily due to the low affinity 

of the enzyme for these substrates. Structural studies demonstrate that this low affinity results 

from the obstruction of the enzyme active site by the side chain of Trp222 which presents a 

transient steric barrier to an incoming carbapenem substrate. The Trp222Met substitution relieves 

this steric hindrance and elevates the affinity of the mutant enzyme for carbapenems by 10-fold, 

significantly increasing the levels of resistance to these antibiotics. The ability of OXA-51 to 

evolve into a robust carbapenemase as the result of a single amino acid substitution may, in the 

near future, elevate the ubiquitous enzymes of the OXA-51 family to the status of the most 

deleterious A. baumannii carbapenemases, with dire clinical consequences.

Over the last decade Acinetobacter baumannii has evolved from a commensal 

microorganism of little clinical importance into a major nosocomial pathogen. This 

remarkable transformation resulted from the ability of A. baumannii to rapidly spread and 

survive for a long time in the clinical setting and its propensity to accumulate and exploit 

various antibiotic resistance mechanisms.1-3 Due to its utmost clinical importance, A. 

baumannii was included by the Infectious Diseases Society of America (IDSA) to the list of 

the six clinically most important bacteria that are responsible for the majority of nosocomial 
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infections.4 Carbapenem antibiotics such as imipenem and meropenem were the drugs of 

choice for treatment of A. baumannii infections. However, the emergence and rapid spread 

of carbapenem resistant isolates has dramatically reduced available therapeutic options. 

Currently, up to 40-70% of clinical A. baumannii isolates are resistant to carbapenems.5-9 As 

these isolates are commonly resistant to the majority of other antibiotics of various classes, 

mortality rates from such multi-drug-resistant pathogens often exceeds 50%. The major 

mechanism of resistance to carbapenem antibiotics in A. baumannii is production by bacteria 

of β-lactamases, enzymes capable of cleaving the four-membered ring of the drugs rendering 

them inactive. Among the known molecular classes of β-lactamases (A, B, C and D), class D 

enzymes constitute the predominant mechanism of resistance to carbapenems in 

Acinetobacter. Class D enzymes are also referred to as oxacillinases or OXA-type β-

lactamases, as the early representatives of this class exhibited high catalytic activity for the 

β-lactam antibiotic oxacillin. Class D enzymes capable of conferring resistance to 

carbapenem antibiotics have been named CHDLs (from carbapenem-hydrolyzing class D β-

lactamases) to distinguish them from class D β-lactamases that are devoid of carbapenemase 

activity.10 Recent studies have documented, however, that some OXA-type enzymes that 

behave as non-carbapenemases in various bacteria, are capable of producing clinically 

significant levels of resistance to carbapenem antibiotics when expressed in A. baumannii.11

Five A. baumannii CHDLs, OXA-23, -24/-40, -51, -58, -143 and -235 are responsible for the 

majority of the infections caused by carbapenem-resistant Acinetobacter in clinics around 

the world.12-15 The genes for the OXA-23, -40, -58, -143 and -235 enzymes are located on 

various plasmids, which could have contributed to their rapid spread in A. baumannii.16-19 

Unlike all other clinically important CHDLs, the OXA-51-like β-lactamases are encoded by 

genes located on the chromosome of the vast majority of A. baumannii isolates and thus are 

native to this species.20,21 Although OXA-51 is regarded as a weak carbapenemase, it often 

produces resistance to carbapenems in A. baumannii when its gene acquires a strong 

promoter or/and changes its location from the chromosome to a plasmid, which is expected 

to result in the increase in the gene copy number and the amount of the enzyme produced. 

Mutant OXA-51 β-lactamases have also been reported in the carbapenem resistant clinical 

isolates of A. baumannii, but their role in enhanced resistance has not been studied.23,24 The 

OXA-51-like β-lactamases have thus a potential to become the most important and 

deleterious CHDLs of Acinetobacter, as their presence in every A. baumannii isolate and the 

rapid evolution of the enzyme towards more robust carbapenemase activity could render 

every A. baumannii isolate resistant to carbapenem antibiotics. While OXA-51-type 

enzymes constitute the largest family of A. baumannii CHDLs that includes more than 100 

closely related enzymes, their role in carbapenem resistance of this important pathogen is 

currently the subject of debate. To gain insight into the kinetic and structural basis for the 

carbapenemase activity of OXA-51, we performed kinetic analyses and determined the 

crystal structure of this ubiquitous A. baumannii β-lactamase. We have further demonstrated 

how a single amino acid substitution in OXA-51 significantly elevates its catalytic 

efficiency and transforms the enzyme into a robust carbapenemase.

We first determined the MICs of carbapenem antibiotics conferred by OXA-51 and 

compared them to the MICs produced by other CHDLs, OXA-23, -24, and -58. All of these 
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genes were cloned into the pNT221 shuttle vector25 to express them under the same 

promoter in A. baumannii ATCC 17978. MICs were determined as previously described.11 

In the presence of OXA-51 the MICs of imipenem, meropenem, ertapenem and doripenem 

increased 16-, 32-, 16-and 64-fold when compared to the background control strain. The 

MICs of the carbapenems produced by OXA-51 were similar to those conferred by 

OXA-58, but well below the levels produced by two other A. baumannii CHDLs, OXA-23 

and OXA24/40 (Table 1).

Next we evaluated the steady-state kinetic parameters for the turnover of the carbapenems 

by purified OXA-51 (Table 2). The enzyme turned over these carbapenem substrates rather 

inefficiently (kcat values from 0.11s-1 to 0.41s-1). The kcat values for OXA-51 with 

meropenem, ertapenem and doripenem were overall similar to those reported for the CHDLs 

OXA-23 and OXA-24/40 and were 4- to 5-fold higher than those for OXA-58.11 With 

imipenem the kcat value for OXA-51 was identical to that for OXA-23 and was 4- to 4.5-fold 

below that for OXA-58 and OXA-24/40.11 The Km value of OXA-51 for imipenem was 89 

μM (Table 2), well above (≥50-fold) the values determined by us for the OXA-23, 

OXA-24/40 and OXA-58 β-lactamases.11 For the three other carbapenems, Km values were 

in the 5.5 – 7.1 μM range, also well above the reported Ks values for the other three 

CHDLs.11

The amount of soluble β-lactamase produced by the bacterial cell has a significant impact on 

the produced level of antibiotic resistance. To evaluate the relative amount of OXA-51 

produced by A. baumannii ATCC 17978 versus the amount of the three other CHDLs 

(OXA-23, OXA-24/40 and OXA-58) produced by the same host strain, the hexa-His tag was 

introduced to the C-termini of these enzymes. The amount of produced β-lactamases were 

subsequently evaluated as described by us recently.11 This analysis demonstrated that while 

A. baumannii ATCC 17978 produced similar amounts of each of the CHDLs, the amount of 

soluble β-lactamases differed. Production of soluble OXA-51 was the highest (100%), 

followed by OXA-58, OXA-24/40 and OXA-23 (80%, 60% and 30% of the OXA-51 

amount, respectively; Figure 1). These data combined with our kinetic measurements 

demonstrate that it is not the amount of enzyme produced but rather its lower relative 

affinity for carbapenems is responsible for lower levels of resistance to these antibiotics 

conferred by OXA-51 when compared to the three other CHDLs.

The OXA-51 carbapenemase was purified to homogeneity and crystallized prior to 

diffraction data collection at SSRL beamline BL12-2. The final refined OXA-51 model 

comprises 243 amino acids (residues Ser38 to Leu280), folded into two structural domains 

(Figure 2A). Some representative electron density is shown in Figure S1. The overall 

structure of OXA-51 resembles that of other class D β-lactamases whose structures have 

been determined, including OXA-1,26,27 OXA-2 (unpublished, PDB code 1K38), 

OXA-10,28,29 OXA-13,30 OXA-23,25,31 OXA-24,32,33 OXA-45 (unpublished, PDB code 

4GN2), OXA-46,34 OXA-48,35 OXA-58,36 and OXA-146.31 Superposition of OXA-51 onto 

these enzymes gives rmsds for all matching Cα atoms ranging from 0.6 Å for OXA-23 and 

OXA-24 up to 1.8 Å for OXA-45 (Table S1). Not surprisingly, OXA-51 shows high 

structural agreement with the four other OXA enzymes from A. baumannii (OXA-23, -24, 

-58 and -143), consistent with a significant degree of sequence identity (54% to 67%) 
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between these five enzymes. The largest structural deviations among the OXA enzymes 

occur in the loops connecting strands β1 and β2 (L1), helices α6 and α7 (L2), strands β8 and 

β9 (L3) and in the final turn between strand β10 and helix α10 (L4). The two latter loops are 

near the opening of the active site (Figure 2A).

The active site is located in a cleft at the interface of the two structural domains (Figure 2A), 

which is exposed to the external solvent and filled with a number of water molecules. A 

number of universally conserved residues line the active site including the catalytic Ser80 

and the neighboring residues Lys83, Ser127, Trp166, Lys217 and Arg260 (Figure 2B). 

Ser127 from the loop between helices α4 and α5 forms a hydrogen bond with the side chain 

of Lys217, and this is the only direct connection between the two sides of the cleft. The 

Trp166 residue on helix α7 helps to anchor the carboxylated Lys83 via a hydrogen bonding 

interactions (Figure 2B). The Arg260 residue has been shown to be responsible for 

anchoring the carboxylate moiety, a common feature on the ring immediately adjacent to the 

β-lactam ring of penicillins, cephalosporins and carbapenems, in known OXA enzyme 

complex structures.25,26,30,33 There are also several partially conserved amino acids which 

have been suggested to play a role in either substrate specificity or/and the reaction 

mechanism. These include two aromatic residues at the end of the long β4/β5 loop, Phe111 

and Trp114 in OXA-51 (motif 2, Figure S2), small hydrophobic residues on the α4/α5 loop 

(Ile129, motif 3) and helix α7 on the Ω-loop (Leu167, motif 5) and a hydroxyl (Ser218) and 

an aromatic residue(Trp220) on strand β8 (motif 7) (Figure 2B). Table S2 indicates the most 

common amino acids at these positions in 156 OXA enzymes. The two aromatic residues 

(Phe111 and Trp114 in OXA-51) on the β4/β5 loop appear to make hydrophobic interactions 

with substrates in some OXA enzyme-substrate complexes.25,33 Another role for the 

phenylalanine residue in some OXA enzymes seems to be the formation of a hydrophobic 

“bridge” or “tunnel” across the mouth of the active site. In these enzymes, the phenylalanine 

interacts with a partially-conserved methionine residue from motif 7 at the C-terminal end of 

strand β8 (Figure 3A). This hydrophobic interaction was first observed in the structure of 

OXA-2433 and subsequently in OXA-23,25 and it was suggested that the carbapenemase 

activity of these enzymes might be dependent upon the formation of this bridge, whereby it 

can direct the orientation of the carbapenem substrate and make it more susceptible to 

deacylation. The recent structure of the carbapenemase OXA-58 shows that this 

hydrophobic bridge does not exist in this enzyme despite the presence of the same residues 

(Phe114 and Met225, OXA-58 numbering) which would normally form the hydrophobic 

interaction. In OXA-51 and almost all of the known OXA-51-like variants, the residue at the 

equivalent position to this methionine is a tryptophan (Trp222) (Figure 3A).

In OXA-51 the side chain of Trp222 projects across the opening of the active site (Figure 

3B) and is anchored in this conformation by several aromatic and hydrophobic interactions 

with the side chains of Leu110, Phe111, Trp114 with the edge-to-face interaction with 

Phe111, in particular, being moderately strong.37 Moreover, the Leu110/Trp222 pairing, 

albeit on opposite sides of the active site cleft, is a characteristic sequence motif for the 

OXA-51-like family of class D enzymes. This leucine residue precedes the partially 

conserved phenylalanine of motif 2 (Phe111 in OXA-51) and is universally conserved in all 

of the OXA-51-like enzymes, whereas in the 156 non-OXA-51 enzymes, the residue at this 

position is highly variable.
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Superposition of the apo OXA-51 structure with the published structures of the OXA-1-

doripenem,26 OXA-13-meropenem,30 OXA-23-meropenem25 and OXA-24-doripenem33 

acyl enzyme complexes show that the presence of Trp222 in OXA-51 would severely hinder 

the binding of carbapenem substrates (Figure 3B). The indole ring of Trp222 is directed 

towards the pyrolline ring of the carbapenem, such that the indole Cζ3 atom and the C1 

methyl group of meropenem and doripenem almost overlap. There are also additional 

potential clashes between Ile129 and Leu167 of the enzyme and the α-hydroxyethyl group 

of the carbapenem, but those can be readily alleviated by small rotations of the isoleucine 

and leucine side chains. Occlusion of the active site of OXA-51 by the Trp222 side chain is 

further exacerbated by the extensive hydrophobic interactions it makes with the β4/β5 loop, 

which may present an additional energy barrier to efficient carbapenem binding. According 

to our kinetic data, OXA-51 is an active enzyme with modest carbapenemase activity, an 

indication that the enzyme is capable of the binding and hydrolysis of carbapenem 

antibiotics. The only way carbapenems can productively bind to the active site of OXA-51 is 

by displacing the side chain of Trp222 from the position it occupies in the current apo-

OXA-51 structure.

A total of seven rotamers of the Trp222 side chain, with probabilities of greater than 1%, are 

plausible based on the statistical analysis of side chain rotamer preferences in proteins.38 

Analysis of these rotamers with the graphics program COOT39 indicates that five of the 

rotamer variants are sterically unfavored (Figure S3). The only sterically viable rotamer 

configuration is a 180° rotation about the Cβ-Cγ bond of the tryptophan side chain, pointing 

the indole ring in the opposite direction to that observed in the OXA-51 structure (Figure 

3B). In this alternate configuration, although the indole ring would still be stabilized by the 

extensive hydrophobic interactions with the side chains of Leu110 and Phe111, it would 

potentially clash with the side chain of Asp233. To confirm whether this alternate rotamer 

configuration is accessible in the context of the OXA-51 structure, optimization of the five 

residue β8/β9 loop (with sequence WGWDV), centered on Trp222, with a meropenem fixed 

in the OXA-51 active site based upon a superposition of the OXA-23-meropenem 

structure25 was performed. The minimization resulted in a side chain configuration for 

Trp222 closely resembling the predicted viable rotamer variant, with the plane of the indole 

rings system within 10° of the indole of the rotamer variant. Moreover the neighboring 

Asp223 side chain also showed a small concerted movement in order to avoid the potential 

clash with the newly positioned Trp222 indole ring. Such transitioning from the observed 

tryptophan rotamer to the alternate configuration, would require an energy barrier to be 

overcome, which may explain the higher Km for OXA-51 with the carbapenem substrates 

(Table 2) when compared to other class D carbapenemases.11 It should be noted that there is 

no evidence of this alternate conformation in the apo-OXA-51 electron density (Figure S1).

An alignment of the 117 reported OXA-51-like sequences shows that the residue at position 

222 is almost invariably tryptophan; only four enzymes, OXA-79 (glycine) and OXAs-172, 

-173 and -200 (all leucine), have other amino acid residues at this position. While these 

mutant enzymes have not been isolated and characterized, it has been reported that clinical 

isolates carrying these OXA-51 variants have increased resistance to carbapenems.40
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To evaluate whether the bulky Trp222 in OXA-51 is responsible for the lower apparent 

affinity of the enzyme for carbapenem antibiotics when compared to the OXA-23, -24 and 

-58 carbapenemases and, ultimately, attenuates its carbapenemase activity, we have 

substituted it with methionine, a residue that is found in this position in other clinically 

important CHDLs and their variants. When expressed from the same plasmid and promoter 

in the A. baumannii ATCC 17978 recipient, this mutant enzyme produced an 8-fold increase 

in MICs of all four carbapenems tested when compared to the parental enzyme (Table 1). 

The resulting MIC values of imipenem, meropenem, ertapenem and doripenem were similar 

to those against A. baumannii ATCC 17978 producing the OXA-23 and OXA-24/40 CHDLs 

and are well above the MICs against the same strain producing the OXA-58 carbapenemase 

(Table 1). The Trp222Met substitution had little effect on the kcat values of the enzyme but 

resulted in a significant increase in its affinity for carbapenem antibiotics as judged by lower 

Km values. Overall, the catalytic efficiency of the Trp222Met mutant enzyme against 

increased 10-fold when compared to the parental OXA-51 β-lactamase. Of importance, 

several mutant derivatives of OXA-51 have recently been reported in carbapenem-resistant 

clinical A. baumannii isolates. DNA sequencing of the gene for OXA-51 has identified 

several amino acid substitutions, including mutations of Trp222.40 While the contribution of 

the mutant OXA-51 enzymes to the decreased susceptibility of the clinical isolates has not 

been evaluated, our present study demonstrates that Trp222 indeed is crucial for the ability 

of the OXA-51-type β-lactamase to produce high, clinically important levels of resistance to 

carbapenem antibiotics

Conclusions

The OXA-51-like enzymes comprise the largest family of A. baumannii β-lactamases. Our 

studies of OXA-51 have demonstrated that the bulky Trp222 residue transiently occludes the 

active site and is responsible for the weak carbapenemase activity of the enzyme. We have 

demonstrated that substitution of this tryptophan with a less bulky methionine converts this 

enzyme into a robust CHDL that produces high levels of resistance to these last resort 

antibiotics. As the gene for OXA-51 is ubiquitous in A. baumannii, its evolutionary 

plasticity may, in short time, transform the OXA-51-like family of enzymes into 

carbapenemases of major clinical importance

Experimental Procedures

See Supporting Information

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Expression levels of OXA carbapenemases. (Bottom) Immunoblot of the soluble OXA-23, 

-40, -51 and -58 produced by A. baumannii ATCC 17978. (Top) Relative amounts of 

enzymes produced are normalized to that of OXA-51.
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Figure 2. 
The OXA-51 structure. (A) Ribbon representation of the A. baumannii OXA-51 β-lactamase 

showing the secondary structure labelling used. The location of the active site is indicated by 

the side chain of the catalytic serine, Ser80. Four loops (loops 1 - 4) which show the largest 

structural variation between OXA-51 and the other OXA enzymes, whose structures are 

known, are also indicated. (B) Close-up view of the OXA-51 active site showing some of 

the conserved and partially-conserved residues which are important for substrate binding 

and/or the enzyme mechanism.
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Figure 3. 
The Trp222 side chain in OXA-51 would occlude the active site. (A) Stereoview of the 

active site of OXA-51 (green) superimposed on OXA-23 (magenta). The location of 

meropenem in the OXA-23 structure is shown as magenta ball-and-stick. The position of 

Ser80 in OXA-51 shows the location of the site of acylation. (B) Stereoview of the outer end 

of the OXA-51 active site, showing the location of Trp222 and the residues from the β4/β5 

(Leu110, Phe111 and Trp114) loop which make hydrophobic contacts with Trp222. 

Meropenem from OXA-23 is shown as magenta ball-and-stick. The critical clash between 

the indole ring of Trp222 and the C1 methyl atom of the substrates is indicated. The 

alternate rotamer configuration of Trp222 from energy minimization calculations is shown 

as orange sticks, and the small rotation of the Asp223 side chain is also indicated.
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