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The rise of multidrug resistant (MDR) Gram-negative bacteria has accelerated the development of novel inhibitors of class A and C β-lactamases. Presently, the search for novel compounds with new mechanisms of action is a clinical and scientific priority. To this end, we determined the 2.13-Å resolution crystal structure of S02030, a boronic acid transition state inhibitor (BATSI), bound to MOX-1 β-lactamase, a plasmid-borne, expanded-spectrum AmpC β-lactamase (ESAC) and compared this to the previously reported aztreonam (ATM)-bound MOX-1 structure. Superposition of these two complexes shows that S02030 binds in the active-site cavity more deeply than ATM. In contrast, the SO3 interactions and the positional change of the β-strand amino acids from Lys315 to Asn320 were more prominent in the ATM-bound structure. MICs were performed using a fixed concentration of S02030 (4 μg/ml) as a proof of principle. Microbiological evaluation against a laboratory strain of Escherichia coli expressing MOX-1 revealed that MICs against ceftazidime are reduced from 2.0 to 0.12 μg/ml when S02030 is added at a concentration of 4 μg/ml. The IC50 and Ki of S02030 vs. MOX-1 were 1.25 ± 0.34 and 0.56 ± 0.03 μM, respectively. Monobactams such as ATM can serve as informative templates for design of mechanism-based inhibitors such as S02030 against ESAC β-lactamases.
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INTRODUCTION

The most widespread mechanism of resistance to β-lactam antibiotics among Gram-negative bacteria is the production of β-lactamases (EC 3.5.2.6) (Wilke et al., 2005). Based on their primary sequences, β-lactamases are grouped into four major classes, A–D (Ambler, 1980; Jaurin and Grundstrom, 1981; Ouellette et al., 1987). Class A, C, and D β-lactamases possess a conserved catalytic serine residue in their active site; class B harbors one or two zinc metal ions. Class C β-lactamases are widely distributed among many bacteria and show increased catalytic efficiency toward cephalosporins, and are poorly inhibited by the mechanism-based β-lactamase inhibitors (BLIs) clavulanic acid, sulbactam, and tazobactam (Bush et al., 1995; Helfand and Bonomo, 2003). New β-lactamase inhibitors recently developed are highly effective against a broader range of β-lactamases than clavulanic acid and tazobactam and have particular activity against class C enzymes. These new inhibitors are from the diazabicyclooctanone (DBO) and boronate chemical families and both possess a β-lactam-like mode of action.

Boronic acid transition state analog inhibitors (BATSIs) are undergoing rapid development (Docquier and Mangani, 2018). S02030, a BATSI (Figure 1A), was found to inhibit a broad range of β-lactamases both in class A and class C. Crystal structures of enzymes such as a class C β-lactamase ADC-7, class A enzymes SHV-1 and KPC-2 bound to S02030 have been reported (Powers et al., 2014; Nguyen et al., 2016). MOX-1 is a plasmid-mediated, CMY-type class C β-lactamase isolated from Klebsiella pneumoniae NU2936, a strain that is resistant to expanded-spectrum cephalosporins (Horii et al., 1993). Kinetic studies demonstrate that benzylpenicillin, cephalothin, cefcapene, and moxalactam are good substrates of MOX-1, while ceftazidime and cefepime are poor substrates and aztreonam (ATM; Figure 1C) behaves as an inhibitor (Alba et al., 2003).
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FIGURE 1. Structure of aztreonam (ATM) and S02030 bound to MOX-1 β-lactamase. (A) Chemical structure of S02030. (B) Electron density of S02030 bound to the active site of MOX-1. (C) Chemical structure of ATM.


The crystal structures of free and ATM-bound MOX-1 have been determined (Oguri et al., 2014, 2015). In both analyses, electron density for some amino acids in the Ω-loop (Asn212-Pro213) and N-terminus of B3 β-strand (from Glu306 to Ser309) were not observed, suggesting significant flexibility in these regions. The structure of ATM-bound MOX-1 (ATM: MOX-1) also revealed that the binding of ATM causes conformational change and structural disturbance of the B3 β-strand main chain (Oguri et al., 2015). In this present study, we determined the 2.13-Å resolution crystal structure of S02030 bound to MOX-1 β-lactamase. Difference of binding mode between S02030 and ATM was analyzed, and the correlation between the binding mode and inhibitory activity was investigated. Our goal was to exploit similarities and differences in binding between ATM and S02030 in order to inform better inhibitor design. We also performed comparative analysis of the S02030 binding mode in several structure-solved complexes. Based on this analysis, four new derivatives of S02030 were proposed for further investigation. The binding pattern of the new designed inhibitors was determined using in silico studies, by docking them into the active site of MOX-1 enzyme. In order to facilitate comparison, the amino acid residues of MOX-1 are designated with the standard numbering for class C β-lactamases as previously reported (Mack et al., 2020).



MATERIALS AND METHODS


Preparation of MOX-1

Production and purification of MOX-1 with (His)8 tag at its N-terminus were performed as described previously (Oguri et al., 2014). For kinetic assays, the purified protein was treated with thrombin to remove the (His)8 tag. The sample was further purified with Hi-Trap Benzamidine FF column and His-Trap FF column (Cytiva).



Kinetic Analysis

S02030 was chemically synthesized as previously described (Powers et al., 2014). Cephalothin (TIN) (Δε262 = −7,660 M–1 cm–1) was purchased from Sigma-Aldrich and used as substrate. ATM was purchased from Tokyo Chemical Industry Co., Ltd., MOX-1 was pre-incubated with inhibitor (S02030 or ATM) in assay buffer for 10 min before initiation of the reaction. The reaction was performed in 50 mM MOPS buffer (pH 7.0) containing 200 mM NaCl at 30°C with Jasco V-530 UV/VIS spectrophotometer. Ki and IC50 were determined as previously described (Drawz et al., 2011; Caselli et al., 2015).



Minimal Inhibitory Concentration Assays

Escherichia coli BL21(DE3) cell (New England Biolabs) transformed with pET-28a plasmid harboring the MOX-1 gene was used for susceptibility assays. Minimal inhibitory concentration (MIC) assays were performed by a broth microdilution method following the guidelines of the Clinical and Laboratory Standards Institutes (CLSI, 2012). An inoculum of 104 E. coli cells was grown in Mueller-Hinton broth at 37°C for 20 h in the presence of ATM with or without S02030 (4 μg/ml), supplied in serial dilutions in a 96-well microplate. E. coli BL21(DE3) cells transformed with the pET-28a plasmid without the MOX-1 gene served as negative control.



Crystal Preparation, Data Collection, and Structure Determination

The purified (His)8-tagged MOX-1 was concentrated to 10 mg/mL with Amicon Ultra-4 10 K (Merck Millipore Ltd.), and it was subjected to crystallization. Crystals for X-ray analysis were grown at 16°C by the hanging-drop vapor diffusion method with reservoir solutions of 14–20% polyethylene glycol 8,000 in 100 mM sodium cacodylate buffer (pH 6.5) with 0.2 M zinc acetate. Crystals were soaked with S02030 by dipping in a reservoir solution containing 5–10 mM S02030 for 10–60 min. These crystals were flash frozen in a liquid nitrogen stream (100°K) with 20% ethylene glycol as a cryoprotectant and immediately subjected to data collection at Station 5A of the Photon Factory, the High Energy Accelerator Research Organization (KEK, Ibaraki, Japan). The reflection was indexed and integrated using iMosflm and SCALA in CCP4 package (Collaborative Computational Project Number 4, 1994). The initial model for molecular replacement was the structure of free MOX-1 (PDB entry: 3W8K). Molecular replacement and refinement were performed with MOLREP in CCP4 (Vagin and Teplyakov, 2010). The coordinate and structure factor files have been deposited in the Protein Data Bank under the accession code 5ZYB.



Molecular Docking

The crystal structure of MOX-1 (PDB: 3W8K) was used to create the models. The structure was minimized using Discovery Studio (BIOVIA, 2020) molecular modeling software (BIOVIA, 2020). The water molecules were deleted, and the new compounds were built and minimized. CDOCKER (Wu et al., 2003) protocol was used to dock the new compounds into the active site of MOX-1 and analyzed.




RESULTS AND DISCUSSION


Inhibition Kinetics and Microbiological Data (MIC)

In order to assess the affinity of the studied ligands, we determined both the Ki and IC50. S02030 and ATM were incubated with MOX-1 for 10 min and velocities were determined. The IC50 and Ki values for S02030 were 1.25 ± 0.34 μM and 0.563 ± 0.030 μM, respectively. These values are greater than those for ATM (Table 1) and suggest that ATM is a more potent inhibitor with higher affinity to MOX-1 enzyme than S02030.


TABLE 1. IC50 and Ki values of S02030 and aztreonam.
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To assess the microbiological potency of S02030 compared to ATM, we determined MICs in a uniform genetic background (Table 2). Against E. coli BL21 (DE3) expressing MOX-1, the MICs of ATM are 1 μg/ml. With 4 μg/ml of S02030, MICs were reduced to 0.125 μg/ml. With regards to cefoxitin (FOX), MICs were reduced from 32 to 8 μg/ml using the same concentration of S02030. For ceftazidime (CAZ), MICs were reduced by four dilutions, from 2 to 0.125 μg/ml.


TABLE 2. MIC data of antibiotics* in presence and absence of S02030 (4 μg/ml).
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Crystal Structure

The crystal structure of S02030-bound MOX-1 (S02030: MOX-1) was determined at 2.13-Å resolution with R and Rfree factors of 15.8 and 20.7%, respectively (Table 3). Space group and cell parameters are basically identical with the previous data for free and ATM-bound MOX-1, and there is one molecule in an asymmetric unit.


TABLE 3. Data collection and refinement statistics.

[image: Table 3]
The final S02030: MOX-1 model includes amino acid residues from Asp6 to Arg305 and from Gln310 to Gly362. The overall structure is almost identical to that of free MOX-1 (PDB accession code: 3W8K), with a root-mean-square deviation (RMSD) of 0.099 Å for all atoms. Electron density for the N-terminus of B3 β-strand (from Glu306 to Ser309) was not observed as in the case of previous structural analyses of MOX-1. On the other hand, Asn213-Pro214, a part of Ω loop, which was unclear in the previous structural analyses of free and ATM-bound MOX-1, is observed in this S02030-bound structure.



Binding Mode of S02030

In S02030: MOX-1 structure, the temperature factor for S02030 is high, and the electron density for solvent exposed tail of R2 side chain is not clearly observed (Table 3 and Figure 1B). The S02030 boron atom is covalently attached to the catalytic Ser64 residue, and there are several hydrogen bonds between the inhibitor and the enzyme (Figure 2A). The oxygen atom of the borate hydroxyl group is positioned in the oxyanion hole and makes hydrogen bonds with the main chain nitrogen and oxygen atoms of Ser318, and nitrogen atom of Ser64. The oxygen atom of the other hydroxyl group is hydrogen-bonded to the side-chain oxygen atom of Tyr150. The nitrogen atom of the R1 amide group interacts with the main chain oxygen atom of Ser318, and the oxygen of the same group interacts with the side chain nitrogen atoms of Gln120 and Asn152.
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FIGURE 2. Structural comparison between S02030: MOX-1 and ATM: MOX-1. Hydrogen-bonding pattern between S02030 and MOX-1 (A) and between ATM and MOX-1 (B). (C) Superposition of active site structures of S02030: MOX-1 (orange: green) and ATM: MOX-1 (violet: cyan).




Structural Comparison Between S02030 and Aztreonam Bound to MOX-1

The structure of MOX-1 in S02030-bound MOX-1 (S02030: MOX-1) is similar to that in ATM-bound MOX-1 (ATM: MOX-1, and PDB entry code 4WBG), with a RMSD or 0.113 Å for all atoms. Comparison of hydrogen bonding pattern in these two complexes suggests that ATM is more tightly bound to the active site of the enzyme through its SO3 group, since several hydrogen bonds are formed between this group and the active-site residues of MOX-1 (Figure 2B), and electron density for this SO3 group was fairly high (Oguri et al., 2015). Structural superposition of these two structures indicates that S02030 binds to the active-site cavity more deeply than ATM (Figure 2C). Binding of ATM effected a conformational change and/or structural disturbance in the β-strand amino acids from Lys315 to Asn320, with significantly high B-factor values in their Cα atoms (Oguri et al., 2015). The binding of S02030 does not impact the position of these residues, with no elevation of B-factor values in this region.



Comparison of S02030 Binding With Other β-Lactamases

The binding position of S02030 to the active-site cavity of MOX-1 was compared with that of S02030-bound class C β-lactamase ADC-7 (PDB entry code: 4U0X) (Figure 3A; Powers et al., 2014). Four independent molecules determined in the crystallographic analysis of S02030-bound ADC-7 showed some variety in the position of S02030, and here we compared our S02030: MOX-1 structure with the C monomer.
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FIGURE 3. Superposition of S02030: MOX-1 (orange: green) and previously analyzed crystal structures of S02030: ADC-7 (PDB: 4U0X) [(A) blue: cyan] and S02030: KPC-2 (PDB: 5EEC) [(B) violet: pink]. The labels in parentheses indicate the residues of ADC-7 (A) and KPC-2 (B).


The binding mode is very similar in both enzymes, except the position of R2 side chain. In the S02030: ADC-7 complex, the carboxylate group of R2 group interacts with Arg343. The position of this Arg is occupied with Asn in MOX-1, and lack of the interaction should cause the difference in the position and flexibility of R2 side chain between these two enzymes. This is in agreement with the fact that the electron density for the R2 side chain is less clear in S02030: MOX-1 than S02030: ADC-7, and with the Ki values of S02030 for these two enzymes: Ki for MOX-1 was 563 ± 30 nM, while that for ADC-7 was reported to be 44.5 nM. It was also reported that SM23, an inhibitor with shorter R2 group which allow to form more favorable interaction with Arg343, has higher affinity for ADC-7 than S02030 (Powers et al., 2014).

S02030 binds to the active site in a shallower position in class A β-lactamase KPC-2 (PDB entry code: 5EEC) (Figure 3B). This is due to the structural difference that class A KPC-2 has its Ω loop of helical structure that narrows the binding site for R1 group. Binding of boron oxygen with Glu166 and Asn170 in class A enzymes also changes the orientation of amide chain of S02030 R1 group (Nguyen et al., 2016).

To take advantage of the possible interaction of inhibitors with Lys315, as seen with the ATM interaction and Arg346 (present in both ADC-7 and MOX-1), and shorter side chain of Asn343 vs. Arg343 in ADC-7, the carboxyl group of S02030 was replaced by a series of negatively charged groups (Figure 4A). The new compounds with sulfate group SO3 (a), tetrazole (b), phosphate (c), and double carboxyl (d) were docked into the active site of MOX-1; the results show that the SO3 group (Figure 4B) makes interactions with Lys315 and Arg346. Interestingly, the double carboxyl group additionally forms interactions not only with Asn343, Arg346, but also with Lys205 (Gln205 in ADC-7). The interactions with Gln120 and Asn152 were preserved, as well as the interactions of boronic groups with Tyr150 and Ser318.
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FIGURE 4. Proposed derivatives of S02030 that mimic ATM (A) docked as acyl enzyme complexes into the active site of MOX-1 (B). The new added moieties are targeting the active site residues Lys315, Asn343, and new interactions with Arg349 and Lys205 for better inhibition.





CONCLUSION

Inhibition of extended-spectrum β-lactamases is a continuing challenge. In class C β-lactamase MOX-1, the B3 β-strand amino acids from Lys315 to Asn320 change position when complexed with ATM in contrast to S02030, a BATSI effective both for class A and class C enzymes. S02030, as a transition state mimic, binds more deeply in the active site and does not impact a conformational change. Hydrogen-bonding interaction between inhibitors and MOX-1 shows that ATM is more tightly bound to the active site through its SO3 group, a feature missing in S02030. Such structural features are consistent with the result of kinetic analysis that showed that the IC50 and Ki values for S02030 are greater than those for ATM, indicating that S02030 behaves as a less potent inhibitor than ATM. These observations suggest that a novel approach forward in BATSI design would be to add an SO3 group in the region of the R1 side chain to effect greater hydrogen binding opportunities.
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