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and Enhance the Killing of E. coli Producing OXA-48

Doris Mia Taylor1, Justin Anglin2,3, Liya Hu1, Lingfei Wang4, Banumathi Sankaran5, Jin 
Wang4, Martin M. Matzuk2,3,4, B.V. Venkataram Prasad1, Timothy Palzkill1,4,*

1Verna and Marrs McLean Department of Biochemistry and Molecular Biology, Baylor College of 
Medicine, Houston, TX, 77030, USA

2Center for Drug Discovery, Baylor College of Medicine, Houston, TX, 77030, USA

3Department of Pathology & Immunology, Baylor College of Medicine, Houston, TX, 77030, USA

4Department of Pharmacology and Chemical Biology, Baylor College of Medicine, Houston, TX, 
77030, USA

5Molecular Biophysics and Integrated Bioimaging, Berkeley Center for Structural Biology, 
Advanced Light Source, Lawrence Berkeley National Laboratory, CA, 94720, USA

Abstract

Despite advances in β-lactamase inhibitor development, limited options exist for the class D 

carbapenemase known as OXA-48. OXA-48 is one of the most prevalent carbapenemases in 

carbapenem-resistant Enterobacteriaceae infections and is not susceptible to most available β-

lactamase inhibitors. Here, we screened various low molecular weight compounds (fragments) 

against OXA-48 to identify functional scaffolds for inhibitor development. Several biphenyl-, 

naphthalene-, fluorene-, anthraquinone-, and azobenzene-based compounds were found to inhibit 

OXA-48 with low micromolar potency despite their small size. Co-crystal structures of OXA-48 

with several of these compounds revealed key interactions with the carboxylate binding pocket, 

Arg214, and various hydrophobic residues of β-lactamase that can be exploited in future inhibitor 

development. A number of the low micromolar potency inhibitors, across different scaffolds, 

synergize with ampicillin to kill E. coli expressing OXA-48, albeit at high concentrations of the 

respective inhibitors. Additionally, several compounds demonstrated micromolar potency towards 

the OXA-24 and OXA-58 class D carbapenemases that are prevalent in Acinetobacter baumannii. 
This work provides foundational information on a variety of chemical scaffolds that can guide 

the design of effective OXA-48 inhibitors that maintain efficacy as well as potency towards other 

major class D carbapenemases.

*Corresponding Author: Timothy Palzkill, timothyp@bcm.edu. 
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Graphical Abstract

The graphic shows the variety of scaffolds of the compounds tested against the OXA-48 

carbapenemase and a co-crystal structure of OXA-48 with a fluorene-based inhibitor. The work 

reveals how various monoacidic and diacidic fragment-based compounds bind and inhibit OXA-48 

as well as their efficacy against E. coli in vitro despite their small size.

Keywords

antibiotic resistance; β -lactam; β -lactamase; inhibitor; carbapenemase; OXA-48; Class D 
carbapenemase; drug discovery; fragment inhibitors

Carbapenem antibiotics of the larger β-lactam antibiotic family are among the few last 

resort options for multidrug-resistant infections.1 Unfortunately, carbapenem utility is 

challenged by the increasing prevalence and dissemination of carbapenem-inactivating β-

lactamases (carbapenemases) across problematic Gram-negative bacteria.2–4 β-lactamase 

inhibitors can be developed to block β-lactamase activity and paired with the antibiotics 

in combination treatments to maintain the effectiveness of these drugs against β-lactamase-

producing bacteria.5 However, the proliferation of broad-spectrum carbapenemases that 

are not susceptible to current inhibitors is a cause for concern.1 β-lactamase enzymes 

are grouped by sequence homology into classes A – D, where the class A, C, and D 

enzymes are serine hydrolases, and class B are zinc metalloenzymes.6 The class A, C and D 

carbapenemases confer resistance to carbapenems and other clinically relevant β-lactams in 

pathogenic bacteria worldwide.2 Despite advances in the development of serine β-lactamase 

inhibitors, many of them are less potent against class D carbapenemases.7 The most 

prevalent class D carbapenemase, Oxacillinase-48 (OXA-48), confers carbapenem resistance 

in several multidrug-resistant, Gram-negative pathogens across the globe, most commonly in 

Klebsiella pneumoniae.3,4

Class D β-lactamases use an active site serine (Ser70) and a carbamylated lysine 

(KCX73) for β-lactam hydrolysis (OXA-48 numbering).8–10 Ser70 attacks the β-lactam 

ring and forms a covalent, acyl-enzyme complex, that is subsequently attacked by an 

enzyme-activated water molecule to hydrolyze the antibiotic. The KCX73 residue is post-

translationally modified by CO2 and the resulting carboxylate group functions as a general 

base, activating both Ser70 for acylation and the active site water for deacylation of the 

covalent intermediate. The active site of class D enzymes also contains a number of 

Taylor et al. Page 2

ACS Infect Dis. Author manuscript; available in PMC 2022 December 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



conserved hydrophobic residues including Trp105, Val120, Trp157, and Ile/Leu158 that 

lower the pKa of the catalytic lysine (near neutral pH) to promote its carboxylation for 

efficient catalysis.8,9,11,12 Class D enzymes share motifs with other serine β-lactamases 

such as: (i) an additional serine residue that serves as a proton shuttle (Ser118) to the 

leaving group nitrogen of the β-lactam amide, (ii) an oxyanion hole to stabilize anionic 

intermediates formed during catalysis (Ser70 and Trp/Tyr211), and (iii) a carboxylate 

binding pocket to facilitate substrate binding and stabilize reaction intermediates (Ser118, 

Ser/Thr209, and Arg250).8,13–15 Despite similarities with other serine β-lactamases, 

inhibition of class D β-lactamases such as OXA-48 has been more elusive and understudied.

To identify unique compounds that can inform the design of novel OXA-48 inhibitors, we 

screened low molecular weight compounds (fragments) containing carboxylate or sulfonic 

acid groups for potency against OXA-48. Fragment-based drug discovery (FBDD) can 

identify ligand efficient binders that can subsequently be developed into compounds with 

enhanced potency.16,17 Moreover, this approach allows chemical sampling and binding site 

probing to identify novel scaffolds and useful protein-ligand interactions. FBDD has proven 

useful for studying β-lactamase inhibition and developing non-covalent OXA-48 inhibitors 

with micromolar potency.18–21 We identified biphenyl-, naphthalene, and fluorene-based 

OXA-48 inhibitors with low micromolar potency despite their small size. Crystal structures 

for several compounds in complex with OXA-48 showed key enzyme residues involved in 

the binding that can be exploited in future inhibitor designs. Moreover, these compounds 

showed potency against other class D carbapenemases including OXA-58, and to a 

lesser extent OXA-24. These OXA-carbapenemases are an important source of resistance 

in Acinetobacter baumannii and thus are relevant inhibitor targets.3,22 Also, a unique 

azobenzene-based compound showed similar low micromolar potency against OXA-48 

and both OXA-24 and OXA-58, despite sequence and structural differences between the 

enzymes. Most promisingly, at high concentrations, all of the low micromolar potency 

OXA-48 inhibitors identified (Ki < 10 μM) showed synergy with ampicillin in vitro against 

E. coli expressing OXA-48. The biochemical and structural insights gained here can help 

in the design of novel OXA-48 inhibitors with increased potency and that accumulate 

through the Gram-negative outer membrane as well as show efficacy against other class D 

carbapenemases.

Results and Discussion

Low MW compounds with unique scaffolds inhibit OXA-48

Based on our previous findings from DNA-encoded chemical libraries as well as published 

studies on fragment-based inhibitors that carboxylate or sulfonic acid groups make key 

interactions with the active site of OXA-4815,18,19, we selected and screened a variety of low 

molecular weight compounds for inhibition of purified OXA-48 enzyme to identity novel 

scaffolds that can inform inhibitor design. Aromatic rings present in previously reported 

OXA-48 inhibitors were shown to make hydrophobic and pi-stacking interactions in the 

active site18,19, while acid groups interacted with the carboxylate binding pocket. Therefore, 

we selected compounds that contained at least one aromatic ring and up to two acid groups 

(-COOH or SO3) to increase the likelihood of identifying inhibitors. Given that biphenyl- 
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and naphthalene-based fragments inhibit OXA-48 with micromolar potency18,19, we tested 

unique compounds in these two classes. For comparison, we also tested novel fluorene-, 

anthraquinone-, and azobenzene-based compounds with aromatic ring systems to determine 

the potential of these scaffolds for inhibition of OXA-48. While these unique scaffolds 

have not been explicitly tested on β-lactamases previously, dichloro-fluorene derivatives and 

azobenzenes have been reported to show antibacterial activity23,24 and anthraquinone dyes 

have been found to bind early class D β-lactamases.25 The selected compounds broadly 

followed the ‘Rule of 3’ for fragments with a molecular weight < 300 Da, hydrogen bond 

donors ≤ 3, hydrogen bond acceptors ≤ 3, and a cLogP ≤ 3.26 The potency of OXA-48 

inhibition for each compound was determined using inhibition assays with the chromogenic 

β-lactam nitrocefin as the reporter substrate. Additionally, the ligand efficiency (LE) was 

calculated for each compound based on the inhibition constant (Methods).

Several of the compounds inhibited OXA-48 with low micromolar potency and LE values 

(Table 1). Although LE alone is not a suitable parameter for ranking compounds27, 

typically compounds with an LE ≥ 0.3 are the most promising for further development 

since a theoretical 500-Da (~38 heavy atoms) drug candidate with 10 nM potency would 

have an LE of 0.29.28 The most ligand efficient compounds (LE ≥ 0.40) were biphenyl- 

and naphthalene-based, with the most ligand efficient being compound 2.3 (LE = 0.44). 

Compound 2.3 has a similar configuration as some 3-aryl-substituted benzoic acids tested 

by Akhter et al.19 Although those compounds appear to be lower in potency and ligand 

efficiency than compound 2.3, the meta-substitution is a useful property to consider for 

OXA-48 inhibitor development. The utility of a meta-substitution for biphenyl inhibitors is 

also shown with compound 2.3 being more potent (~10-fold) and more ligand efficient (+ 

0.07), than its isomer (compound 2.1) arranged in a para-substituted. For the naphthalenes, 

compound 3.1 was the most potent and ligand efficient (Ki = 5.1 μM; LE = 0.40). Although 

weaker inhibitors, the other naphthalenes underscore how the addition of a polar group can 

be beneficial for the potency. Compounds 3.2 – 3.5 can be seen as two pairings (3.2 and 3.3 
vs. 3.4 and 3.5), in which the compounds are nearly identical except the latter compound of 

each pair has an additional polar group that improves potency ~ 3 – 4-fold (Table 1).

Compound 4.3, the only diacidic fluorene-based compound tested, had a low micromolar 

Ki and an LE of 0.38, highlighting the potential of fluorene-based compounds for OXA-48 

inhibition. The monoacidic anthraquinones, compounds 5.1 and 5.2, are relatively weak 

inhibitors of OXA-48, with Ki values above 50 μM (Table 1). Based on previously published 

inhibitors18,19, compounds with two acid groups can allow additional hydrogen bonding, 

so it is not surprising that the monoacids tested (compounds 4.1, 4.2, 5.1, and 5.2) show 

low potency. Nevertheless, the monoacidic anthraquinones (5.1, 5.2) are significantly more 

potent than the monoacidic fluorenes (4.1, 4.2), highlighting the potential of this unique 

scaffold. While anthraquinones have not been widely studied as β-lactamase inhibitors, a 

study showed anthraquinone dyes meant to bind nucleotide-binding enzymes could inhibit 

an early class D β-lactamase, OXA-2, with low micromolar potency.25 A single azobenzene, 

compound 6.1 was also tested and showed low micromolar potency although, on account of 

its size, it is not as ligand efficient as the other disulfonates (compounds 2.2, 3.1, and 4.3). 

The activity of compound 6.1 suggests azobenzene-based compounds may serve as unique 
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inhibitors for OXA-48, especially given their ability to alternate between cis- and trans- 

configurations with UV light exposure.29,30

Compounds 2.2, 2.3, 3.1, 3.3, and 4.3 form hydrogen bonds, pi-stacking and hydrophobic 
interactions in the OXA-48 active site

The structures of the OXA-48 enzyme in complex with compounds 2.2, 2.3, 3.1, 3.3, and 4.3 
were determined by X-ray crystallography (Table 2). The structures determined in the P65 

space group (compounds 2.3 and 4.3) contained four OXA-48 molecules in the asymmetric 

unit, while the remaining structures were determined in the P6522 space group and had 

two OXA-48 molecules in the asymmetric unit (Table 2). For all structures, each OXA-48 

molecule was bound to a molecule of the respective ligand, and all ligand occupancies 

were >80%. Additional information on the ligand fits for the various co-crystal structures is 

provided in the Supporting Information (Table S2).

All of the compounds that co-crystallized with OXA-48 were found to bind in the active 

site (Fig. 1). For each compound, one of the acid groups binds the carboxylate binding 

pocket (Ser118, Thr209, and Arg250) forming hydrogen bonds with these residues and 

an ionic bond with Arg250. The other acid of compounds 2.2, 2.3, 3.1, and 4.3 forms 

hydrogen bonds with Arg214 at the base of the active site. Compound 3.3 distinctively 

does not interact with Arg214. While one of its sulfonic acid hydrogen bonds with Ser118, 

Thr209, and Arg250, the other protrudes from the active site, positioning the compound in a 

unique orientation compared to the other compounds. In addition to the hydrogen bonds, the 

compounds also made different hydrophobic interactions with various active site residues 

and pi-stacking interactions depending on their positioning in the active site. Compounds 

2.2, 3.3, and 4.3 bind at angles that allow additional hydrophobic interactions with Ile102 

and Trp105 in the active site. Compounds 2.3 and 3.1 make few hydrophobic interactions 

with Ile102, Val120 and Trp105 because of rotation of the ring system away from 

the hydrophobic residues. The positioning of these compounds also affected pi-stacking 

interactions. For example, compound 2.2 forms a π-π interaction with Trp105 whereas 3.3 
forms such a bond with Tyr 211.

Despite their small size, the compounds make a variety of interactions with active site 

residues, consistent with their low micromolar potency. For each structure, little variation 

was seen in the orientation of a given ligand across the unique OXA-48 molecule chains 

in the asymmetric unit. Interestingly, the position of rotatable phenyl groups in compounds 

2.2 and 2.3 as well as the acids of most compounds were maintained across the chains 

in the asymmetric unit in each structure. The sulfonic acid of compound 3.1 that interacts 

with Arg214 was an exception and was rotated in different positions for the two OXA-48 

molecules in the asymmetric unit, although the acid interaction with the carboxylate binding 

pocket was the same in both OXA-48 chains. The conservation of orientations across chains 

in the asymmetric unit suggests that the compounds make specific, favorable interactions 

with OXA-48 residues and adopt a preferred pose despite their limited size and complexity.
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Several compounds synergize with ampicillin to kill E. coli expressing OXA-48

Since effective β-lactamase inhibitors synergize with β-lactam antibiotics to promote 

bacterial death, we used minimum inhibitory concentration (MIC) assays to test whether 

the compounds that showed low micromolar potency of inhibition of OXA-48 would be 

effective against bacteria expressing OXA-48 (E. coliOXA-48). The compounds were tested 

for the ability to reduce the MIC of ampicillin (AMP MIC), a β-lactam antibiotic readily 

hydrolyzed by OXA-48.31 Since the compounds have low micromolar potency, we used an 

antibiotic with a high MIC in the presence of OXA-48 and a low MIC in its absence as this 

provides a large window of antibiotic concentrations to visualize changes in MIC due to the 

presence of an OXA-48 inhibitor. Since OXA-48 hydrolyzes ampicillin more efficiently than 

carbapenems,31 we used ampicillin for these assays.

All the inhibitors tested were able to significantly reduce the AMP MIC by up to 256 μg/mL 

of the respective inhibitor (≥ 4-fold reduction from inhibitor-less control) (Table 3). At 256 

μg/mL, compounds 2.2, 2.3, 3.1, and 4.3 showed a 16-fold reduction in AMP MIC compared 

to their respective inhibitor-less control, while the remaining inhibitors showed a 4-fold 

reduction. The clinical breakpoint of ampicillin denotes that E. coli strains with MIC values 

≥ 32 μg/mL are ampicillin resistant.32 Although none of the inhibitors reduced the AMP 

MIC below the resistant breakpoint, their synergistic properties suggest they permeate the 

outer membrane of E. coli to reach and inhibit OXA-48 expressed in the periplasm of the 

cells. Given the barrier that the outer membrane permeation poses for the development of 

new antibacterial agents33, the in vitro activity of these fragment-sized compounds suggests 

that, although currently not sufficiently potent to lower the MIC below the breakpoint, 

derivatives may be developed with enhanced activity.15

Several of the OXA-48 inhibitors also inhibit other major class D carbapenemases

An ideal inhibitor would inhibit a broad range of β-lactamases, and, particularly, other 

class D carbapenemases. Therefore, we also tested the compounds for inhibition of other 

class D carbapenemases in vitro to determine if any scaffolds are effective against these 

enzymes. A number of compounds showed good inhibitory activity towards OXA-24 and 

OXA-58 (Table 4), which are important class D carbapenemases found predominantly in 

carbapenem-resistant Acinetobacter baumannii.34,35 Despite being from the same class, 

OXA-24 and OXA-58 each share only ~30% sequence identity with OXA-48 and ~53% 

identity with each other. Moreover, these enzymes differ from OXA-48 in that they have an 

occluding hydrophobic bridge across the active site that modulates substrate specificity.36,37

The diacidic biphenyl compounds (2.1 – 2.3) inhibit both OXA-24 and −58, although they 

are more potent inhibitors of OXA-58 (Table 4). Compound 2.2 is of particular interest 

in that it inhibits OXA-48 with a Ki of 4.3 μM and OXA-58 with a Ki of 1.8 μM. 

Although compound 2.2 exhibits a weaker, 70 μM Ki for OXA-24, it is the most potent 

diacidic biphenyl compound versus this enzyme. A comparison of the inhibition profiles of 

compounds 2.1 – 2.3 further indicates that the para-substituted diacid shows the broadest 

spectrum of inhibition towards the OXA carbapenemases examined (Table 4).
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The naphthalene compounds (3.1 – 3.5) also inhibit OXA-24 and OXA-58, although with 

weaker potency than the biphenyl compounds (Table 4). Among these, compound 3.3 shows 

the broadest spectrum of inhibition, with Ki values of 12, 140, and 30 μM for OXA-48, −24, 

and −58, respectively. It is of interest that compound 3.3 is the most polar of the compounds 

tested, with amine and hydroxyl groups on the naphthalene rings in addition to the acids. 

Thus, polarity may be important for broad-spectrum inhibition. Note also that compound 

3.1, which is the most potent inhibitor of this class for OXA-48, is a weak inhibitor of 

OXA-24 and −58 (Ki > 100 μM), indicating the position of the diacid moieties is also 

important for the spectrum of inhibition.

The fluorene compounds (4.1 – 4.3) inhibit OXA-24 and −58 with a wide range in potencies 

(Table 4). However, as was observed with inhibition of OXA-48, the diacidic fluorene 

compound 4.3 is a much more potent inhibitor of OXA-24 and −58 than the monoacidic 

compounds 4.1 and 4.2. Compound 4.3 is among the broadest spectrum inhibitors identified 

in this study, with Ki values of 1.4, 34, and 3.4 μM for OXA-48, −24, and −58, respectively. 

Coupled with the finding that compound 4.3 also permeates the E. coli outer membrane and 

potentiates ampicillin towards OXA-48 (Table 3), the results suggest this compound is a 

strong candidate for further medicinal chemistry optimization. In contrast, the monoacidic 

anthraquinone compounds 5.1 and 5.2 are weak inhibitors of all three OXA carbapenemases 

tested (Table 4).

Across the various scaffolds, OXA-24 was the least tractable of the enzymes for inhibition, 

with nearly all compounds showing reduced potency against OXA-24 in comparison to 

OXA-48 and OXA-58 (Table 4). The heterogeneity of class D enzymes makes it difficult to 

identify inhibitors with similar activity across enzymes.7 For example, avibactam, a potent 

broad-spectrum β-lactamase inhibitor, shows reduced potency against OXA-24 compared 

to OXA-48.38 However, from the compounds tested here, the azobenzene compound 6.1 
inhibits all three carbapenemases with low micromolar potency (Ki values < 10 μM) and 

showed the best spectrum of activity. As noted above, it is unclear which configuration the 

azobenzene adopts for inhibition, since this scaffold can flip between cis- and trans-isomers 

upon exposure to UV light.29 Nevertheless, due to more favorable thermodynamic stability, 

the trans-isomer is likely the dominant isomer in solution.29 Note, however, that compound 

6.1 showed the least synergy with ampicillin among the compounds tested for growth 

inhibition of E. coli expressing OXA-48, suggesting it may not accumulate across the outer 

membrane as efficiently as the other compounds (Table 3).

Developing inhibitors of class D carbapenemases is increasingly important due to the 

scarcity of potent inhibitors, particularly for OXA-48 given its prevalence in carbapenem-

resistant Enterobacteriaceae across the globe.4 The shift towards non-covalent inhibitors for 

OXA-48 and other class D enzymes is likely in part due to the unfavorable activity seen 

with many mechanism-based β-lactamase inhibitors.7,38,39 The early inhibitors, clavulanic 

acid, sulbactam, and tazobactam, are β-lactam-based and more effective against class A 

β-lactamases than class D enzymes.7 Additionally, many of the non-β-lactam inhibitors such 

as the bridged diazabicyclo[3.2.1]octanones (DBO) including avibactam are less effective 

against OXA-48 compared to the other serine β-lactamases.38,40,41 This suggests the 

Taylor et al. Page 7

ACS Infect Dis. Author manuscript; available in PMC 2022 December 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



development of non-covalent inhibitors might be a useful avenue to target more refractory 

enzymes that are not as susceptible to current inhibitors.

Previous fragment-based drug discovery (FBDD) efforts with OXA-48 suggest this approach 

can aid the design of novel non-covalent inhibitors.18,19 FBDD screens can sample a wide 

range of chemical space and identify ‘target interaction potential’ or ligand-interacting 

regions within the target to guide compound optimization.27 This approach can help study 

the inhibition of various β-lactamase and help customize inhibitors for efficient inhibition 

given their minimal size and complexity compared to larger combinatorial compounds. 

Extensive FBDD could help cluster enzymes based on their susceptibility to different 

scaffolds to facilitate designing inhibitors with a higher likelihood of efficacy for specific 

groups of enzymes. Identifying useful scaffolds will expedite the design of inhibitors, as 

many iterations can be created and tested against different β-lactamases.

In this study, we used an FBDD approach to identify OXA-48 inhibitors. Fragments tend 

to display millimolar potency due to their small size and limited functional groups42, so 

the potency of the compounds identified here is promising. While multiple compounds 

of various scaffolds had Ki values below 50 μM, compounds 2.1, 2.2, 2.3, 3.1, 3.3, 4.3, 

and 6.1 were among the most potent (Ki values < 10 μM). Most of these compounds 

also had promising activity against other class D carbapenemases and showed activity 

in a microbiology assay. Trends in the inhibition data corroborate the usefulness of 

diacidic biphenyl- and naphthalene-based compounds. Although diacidic fragments have 

been previously shown to bind OXA-4819, we also show they can inhibit OXA-58 as well 

as OXA-24, albeit to a lesser extent, opening the door to investigate these compounds 

in the design of broader spectrum class D carbapenemase inhibitors. OXA-48 inhibition 

is typically the most studied to gauge inhibitor activity on class D enzymes43; however, 

explicitly extending these studies to other class D carbapenemases can facilitate the design 

of broader spectrum inhibitors. We were also able to identify trends that can be exploited 

in future inhibitor designs, such as the increase in potency seen with carboxylic to sulfonic 

acid substitutions and with polar additions to diacidic naphthalenes. Several biphenyl-based 

compounds with a meta-configuration have previously been tested against OXA-4819, 

however, we demonstrate that a para-configuration may be more useful for broader-spectrum 

inhibitors with added efficacy against the OXA-24 and OXA-58 carbapenemases. In addition 

to the previously identified biphenyls and naphthalenes, we demonstrated the potential of 

new scaffolds that have not been previously studied as β-lactamase inhibitors (fluorenes, 

anthraquinones, and azobenzenes).

Co-crystal structures of OXA-48 with compounds 2.2, 2.3, 3.1, 3.3, and 4.3 provided 

useful insights into how fragments can interact with active site residues for low micromolar 

inhibition. Diacids can be used to engage residues of the carboxylate binding pocket 

and Arg214 via hydrogen/ionic bonds. Also, the scaffolds represented make various 

hydrophobic/pi-stacking interactions despite their small size, suggesting the hydrophobic 

active site of OXA-48 can be exploited for the design of more effective inhibitors. For 

OXA-24 and OXA-58 inhibition, additional structural data are needed to determine whether 

their hydrophobic bridges play a significant role in their low susceptibility to several of the 

fragments when compared to OXA-48, which generally was more susceptible to inhibition 
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than the ‘bridged’ enzymes. Although OXA-24 and OXA-58 share a higher sequence 

identity and each has a hydrophobic bridge, OXA-58 was more susceptible to inhibition. 

Apart from the azobenzene-based compound, several diacids (compounds 2.1, 2.2, and 4.3) 

displayed higher potency against OXA-58 than OXA-24. While further studies are required 

to confirm this phenomenon, the previously proposed plasticity of the OXA-58 active site 

may contribute to this property, which is advantageous for inhibitor development.37 There 

are no reports of significant shifts in the structure of the OXA-24 active site. Compound 

6.1, the azobenzene, was very informative as the only compound to similarly inhibit all 

three carbapenemases. Additional studies, particularly structural data, may help explain how 

azobenzenes can inhibit unique class D β-lactamases. However, compound 6.1 was among 

the least effective compounds in the MIC assays, potentially due to it being larger than 

typical fragments (MW > 300 g/mol). Compound 6.1 also showed relatively low ligand 

efficiency (LE = 0.30) compared to other compounds, suggesting there may be a number of 

atoms inconsequential to activity that could potentially be removed. Future structure-activity 

relationship studies may help reduce the molecule size to improve ligand efficiency and 

accumulation into bacteria.

Methods

Protein expression and purification of OXA-24, OXA-48, and OXA-58

Each of the OXA enzymes was separately cloned into a pET28a vector for protein 

expression of the mature proteins. The thrombin site after the N-terminal His-tag in pET28a 

was replaced with a Tobacco Etch Virus (TEV) protease cleavage site. The constructed 

plasmids were transformed into E. coli BL21 (DE3) cells and single colonies were 

inoculated into Terrific Broth supplemented with kanamycin and grown overnight (TBkan). 

The overnight culture was diluted 1:100 and grown to OD600 = 0.6 – 0.8. Protein expression 

was induced with a final concentration of 0.5mM Isopropyl β-D-1-thiogalactopyranoside 

(IPTG), and the culture was grown at 25°C for 18 – 20 hours. After pelleting and freezing, 

the cells were placed on ice and resuspended in 50 mM HEPES pH 7.5, 0.05% octyl 

β-D-glucopyranoside, shaken for 15 min, and sonicated as needed. Cell lysates were 

centrifuged (10,000 × g), filtered (0.45 μm filter), and passed through TALON Metal 

Affinity Resin (Takara Bio, Kusatsu, Japan) in Econo-Pac Chromatography Columns (Bio-

Rad Laboratories, Hercules, CA). The resin was pre-washed with 50mM HEPES pH 7.5, 

15 mM Na2SO4, and 20 mM imidazole. Gravity-flow was used to drain the lysate from 

the column and the resin was washed again. For each of the OXA protein preparations, 

the protein was eluted in multiple fractions of 50 mM HEPES, pH 7.5, 15 mM Na2SO4 

buffer with increasing imidazole concentrations (70 mM, 80 mM, 90 mM, 100 mM, and 

120 mM imidazole). Fractions were evaluated on SDS-PAGE for correct protein size and 

purity and then concentrated using 10 kDa MWCO Amicon Ultra-15 Centrifugal Filter 

Units (MilliporeSigma, Burlington, MA). After concentration and buffer exchange using the 

centrifugal filters, TEV cleavage reactions were performed overnight at 4°C. After TEV 

cleavage, the samples were incubated with TALON Metal Affinity Resin in chromatography 

columns (as described above) to remove the His-tagged TEV. The flow-through containing 

the cleaved proteins was collected in fractions, evaluated on SDS-PAGE gels, and then 

concentrated.
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Inhibition assays and ligand efficiency metrics

The inhibition activity for all the fragment compounds was assessed using inhibition assays 

with nitrocefin as the reporter. For each of the OXA enzymes, steady-state kinetics was 

performed to determine the Km values for the nitrocefin reporter substrate. Inhibition 

experiments were performed at nitrocefin concentrations below the Km values in 50 mM 

HEPES pH 7.5, 15 mM NaHCO3, 0.02% Tween20. A constant concentration of nitrocefin 

(30 μM), and enzyme were used for all experiments. The enzymes OXA-24, OXA-48 

and OXA-58 were used at a constant concentration of 0.2 nM, 0.2 nM, and 0.1 nM 

respectively. Compounds were tested at up to 250 – 4000 μM, depending on solubility. 

The rate of nitrocefin hydrolysis was monitored at various compound concentrations using 

a Tecan M200 Infinite Pro plate reader (Tecan, Männedorf, Switzerland) and reaction rates 

were proxied by fitting progress curves to a one-phase decay equation to determine the 

rate constant. The rate constants were then fit to the Morrison Tight Binding equation 

to determine the inhibition constant (Ki). Ligand efficiency (LE) was calculated using a 

previously reported equation: LE = 1.37(pKi)/(# non-Hydrogen atoms).44,45.

Compound sourcing and validation

All compounds were purchased from commercial vendors. Details of the vendors are 

given in Supplemental Information. In addition, we performed NMR validation on all the 

compounds and this data is provided in Supplemental Information. All the compound stocks 

were created by dissolving in either milli-Q water or dimethylsulfoxide (DMSO), depending 

on the solubility. Stocks were also made at varying concentrations due to differences in 

solubility. The DMSO tolerance of OXAs −24, −48, and −58 was tested and no more than 

5% DMSO was used in final reactions for all the reactions.

Crystallography set-up and data collection

Crystallization experiments were set up in hanging drops using vapor diffusion. 

Crystallization buffers were screened by setting up drops manually in 24-well plates or 

96-well plates using an automated Mosquito robot. Commercially available collections 

of crystallization conditions from Qiagen (Venlo, Netherlands), and Hampton Research 

(Aliso Viejo, CA) were screened in a 96-well format. Conditions were optimized as needed 

by altering pH and buffer/precipitant concentrations. Hanging drops were set up with a 

100nL:100nL ratio of protein to reservoir solution and 250 μM OXA-48 was used to grow 

all the crystals that produced OXA-48 co-crystal structures. The structure with compound 

2.3 was achieved by co-crystallizing OXA-48 with 2.5mM of compound 2.3 with a 0.1 

M TRIS pH 8.5, 30% (v/v) PEG 400 reservoir solution. The remaining structures were 

achieved by soaking apo OXA-48 crystals formed in a 0.1 M TRIS pH 8.5, 25 % (v/v) 

PEG 550 MME solution. For crystal soaking experiments, stock solutions of each ligand 

were made using 100% 2-methyl-2,4-pentanediol (MPD). For compounds 2.2, 3.1, and 

4.3, the ligand stock in MPD was diluted with the reservoir solution of the crystal to 

be soaked (40:60) before adding a single 1μL drop to the hanging drop containing the 

OXA-48 apo crystal(s). For these structures, the final ligand concentration added to the 

corresponding hanging drop for soaking was 2mM. For compound 3.3, the ligand stock 

made in MPD was diluted with the corresponding reservoir solution of the crystal to 
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be soaked (16.7:83.3) for a final concentration of 16.7 mM, and then a 2μL drop was 

added for soaking. Crystals were picked using either cryoloops (Hampton Research, Aliso 

Viejo, CA) or microloops (Mitegen, Ithaca, NY), and directly frozen in liquid nitrogen and 

shipped to the Berkeley Center for Structural Biology for data collection in the context 

of the Collaborative Crystallography Program. The data for the OXA-48 structures with 

compounds 2.2, 3.1, and 4.3 was collected from beamline 8.2.2, while the data for the 

structures with compounds 2.3 and 3.3 was collected from beamline 8.2.1.

Crystallography data processing, refinement, and analysis

All the diffraction data were integrated and scaled using either the HKL2000 software or 

IMOSFLM from the Collaborative Computational Project No. 4 (CCP4) software suite.46,47 

Integrations performed on IMOSFLM were scaled using the CCP4i2 SCALA software. 

All molecular replacements (PHASER program) and initial refining (REFMAC program) 

were performed using the CCP4 or CCP4i2 software.48,49 Molecular replacement was 

used to determine the OXA-48 structures with the OXA-48 apo structure (PDB: 3HBR) 

as a search model. Additional refinements needed after the REFMAC refinement were 

performed using the PHENIX software (phenix.refine program).50 For the refinements 

with PHENIX, Translation-Libration-Screw (TLS) parameters were used as needed, and 

the TLS groupings were derived from the TLSMD server via the PHENIX software. The 

Crystallography Object-Oriented Toolkit (COOT) software was used to manually adjust the 

structures as needed.51 Structures were analyzed using the UCSF Chimera and Ligplot+ 

software to assess ligand binding, difference maps, and interactions of the ligands with 

OXA-48 residues.52,53

Bacterial susceptibility testing

Select compounds were tested for their ability to decrease the minimum inhibitory 

concentration of ampicillin (AMP MIC) needed to inhibit growth of E. coli expressing 

OXA-48. OXA-48 was cloned into the pTP145 vector as a fusion with the TEM β-

lactamase signal sequence, under the transcriptional control of the ampR promoter.54,55 

The pTP145-OXA-48 plasmid was separately transformed into E. coli GKCW101 cells by 

electroporation.56 Fresh colonies were, inoculated, and grown for 18 hours shaking at 37 ° 

C. The micro broth dilution method was used to test the AMP MICs in sterile 96-well plates. 

AMP was tested at up to 2048 μg/mL while inhibitors were tested at up to 256 μg/mL, 

with a range of two-fold dilutions for each. For each bacterial culture tested, the saturated 

overnight culture was diluted 1:104 into the final solution. The final volume of all the wells 

was 200 μL. Since some compounds were dissolved in DMSO, the DMSO tolerance of the 

transformed bacteria was tested for its effect on the AMP MIC. No significant effect was 

seen at up to 5% DMSO. AMP MICs were incubated for 18 hours at 37 °C while shaking 

at 190 −200 rpm. AMP MICs were determined based on the visible appearance of bacterial 

growth.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Low micromolar fragment inhibitors form various hydrogen bonds and hydrophobic 

interactions, and additional residues that participate in either a hydrophobic/van der Waals 

interaction or pi-stacking interaction with the corresponding inhibitor are shown. A. 

Compound 2.2 (tan) in complex with OXA-48 β-lactamase (gray ribbon). Oxygen is shown 

in red, nitrogen in blue, and sulfur in yellow. The Ki for inhibition of OXA-48 is indicated 

at the bottom left of the panel. The chemical structure of the compound is shown at the 

bottom right of the panel. OXA-48 residues are labeled. B. Compound 2.3 (green)/OXA-48. 
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C. Compound 3.1 (pink)/OXA-48. D. Compound 3.3 (salmon)/OXA-48. E. Compound 4.3 

(cyan)/OXA-48.
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Table 1.

Potency and ligand efficiency of compounds towards OXA-48 β-lactamase.
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Table 2.

Crystallography statistics for structures of OXA-48 in complex with compounds 2.2, 2.3, 3.1, 3.3, 4.3.

Cmpd 2.2: 
OXA-48

(PDB: 6XQR)

Cmpd 2.3: 
OXA-48

(PDB: 7JHQ)

Cmpd 3.1: 
OXA-48

(PDB: 7K5V)

Cmpd 3.3: 
OXA-48

(PDB: 7R6Z)

Cmpd 4.3: 
OXA-48

(PDB: 7L8O)

Resolution range 29.44 – 2.201 
(2.28 – 2.201)

34.84 – 2.0 (2.071 
– 2.0)

29.61 – 2.801 
(2.901 – 2.801)

34.35 – 2.1 (2.175 
– 2.1)

48.6 – 2.702 
(2.798 – 2.702)

Space group P 65 2 2 P 65 P 65 2 2 P 65 2 2 P 65

Unit Cell (a, b, c) (Å) 122.561, 122.561, 
161.284

120.68, 120.68, 
159.769

122.922, 122.922, 
161.143

121.808, 121.808, 
160.462,

122.039, 122.039, 
160.787

Unit Cell (ɑ, β, γ) (°) 90, 90, 120 90, 90, 120 90, 90, 120 90, 90, 120 90, 90, 120

Unique reflections 36847 (3626) 88743 (8880) 18259 (1751) 41571 (4062) 37105 (3638)

Completeness (%) 99.91 (100.00) 99.90 (99.81) 99.65 (97.88) 99.92 (100.00) 99.68 (98.03)

Mean I/sigma(I) 30.1 9.3 24.4 34.125 19.3

Wilson B-factor 29.76 30.58 47.53 23.94 40.34

R-merge 0.121 0.122 0.138 0.137 0.134

R-meas 0.125 0.128 0.143 0.14 0.14

R-pim 0.028 0.037 0.035 0.027 0.042

CC1/2 0.963 0.998 0.961 0.959 0.941

Reflections used in 
refinement 36841 (3626) 88675 (8864) 18257 (1751) 41554 (4062) 37067 (3638)

Reflections used for R-free 1866 (180) 4385 (435) 960 (96) 2038 (181) 1865 (156)

R-work 0.1681 (0.2296) 0.1696 (0.2726) 0.1925 (0.2685) 0.1663 (0.1814) 0.1684 (0.2149)

R-free 0.2030 (0.2976) 0.2127 (0.3055) 0.2369 (0.3117) 0.1956 (0.2437) 0.2106 (0.2809)

Overall MolProbity score 0.96 1.2 1.18 1.02 1.28

Number of non-hydrogen 
atoms 4300 8607 4009 4329 8109

macromolecules 3964 7880 3964 3964 7916

ligands 41 108 45 66 121

solvent 295 619 N/A 299 72

Protein residues 484 968 484 484 979

RMS(bonds) 0.003 0.003 0.003 0.002 0.006

RMS(angles) 0.59 0.56 0.6 0.48 0.75

Ramachandran favored (%) 97.68 97.05 97.26 97.68 96.31

Ramachandran allowed (%) 2.32 2.74 2.74 2.32 3.69

Ramachandran outliers (%) 0 0.21 0 0 0

Rotamer outliers (%) 0 0 0 0.24 0

Clashscore 1.52 2.48 2.41 1.89 2.47

Average B-factor 37 39.36 44.75 30.88 45.35

macromolecules 36.67 38.83 44.52 30.13 45.15

ligands 39.01 43.24 64.45 48.25 65.94

solvent 41.2 45.37 N/A 37.02 32.71
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Cmpd 2.2: 
OXA-48

(PDB: 6XQR)

Cmpd 2.3: 
OXA-48

(PDB: 7JHQ)

Cmpd 3.1: 
OXA-48

(PDB: 7K5V)

Cmpd 3.3: 
OXA-48

(PDB: 7R6Z)

Cmpd 4.3: 
OXA-48

(PDB: 7L8O)

Number of TLS groups 12 27 13 15 21
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Table 3.

Synergy of compounds with ampicillin versus E. coli expressing OXA-48 (E. coliOXA-48).

Ampicillin MICs for E. coliOXA-48 (μg/ml)

Cmpd (μg/ml) 2.1 2.2 2.3 3.1 3.3 4.3 6.1

0 512 512 1024 512 512 512 512

4 512 512 512 256 512 256 512

8 512 512 512 256 512 256 512

16 512 512 512 256 512 256 512

32 512 256 256 128 512 256 256

64 256 128 256 128 512 128 256

128 256 64 128 64 256 64 256

256 128 32 64 32 128 32 128

aKi (μg/ml) 3.6 1.4 0.4 1.7 4.1 0.5 3.0

a
The Ki value for inhibition of OXA-48 for each compound expressed as μg/ml.
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Table 4.

Inhibition potency and ligand efficiency of compounds towards the OXA-48, OXA-24 and OXA-58 

carbapenemases.

OXA-48 OXA-24 OXA-58

compound Ki (μM) LE
a Ki (μM) LE Ki (μM) LE

2.1 15 ± 1 0.37 87 ± 3 0.31 12.9 ± 0.1 0.37

2.2 4.3 ± 0.1 0.41 70 ± 3 0.32 1.8 ± 0.1 0.44

2.3 1.7 ± 0.1 0.44 118.4 ± 0.9 0.30 45.8 ± 0.6 0.33

3.1 5.1 ± 0.1 0.40 150 ± 6 0.29 120 ± 5 0.30

3.2 50.0 ± 0.5 0.29 520 ± 33 0.22 410 ± 1 0.23

3.3 11.7 ± 0.8 0.34 140 ± 7 0.26 30 ± 2 0.31

3.4 267 ± 19 0.27 3200 ± 18 0.19 2100 ± 260 0.20

3.5 96.7 ± 0.8 0.29 330 ± 19 0.25 500 ± 21 0.24

4.1 257 ± 8 0.31 2300 ± 250 0.23 270 ± 4 0.31

4.2 410 ± 27 0.29 >2000
N/A

b 2100 ± 170 0.23

4.3 1.36 ± 0.09 0.38 34 ± 1 0.29 3.4 ± 0.3 0.36

5.1 52 ± 2 0.31 480 ± 19 0.24 120 ± 13 0.28

5.2 76 ± 3 0.28 920 ± 23 0.21 93 ± 2 0.28

6.1 7.9 ± 0.4 0.30 7.9 ± 0.6 0.30 1.7 ± 0.1 0.34

a
Ligand efficiency. Calculated as described in Methods.

b
N/A - not applicable
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