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Objectives: The production of a growing diversity of -lactamases by Gram-negative bacteria challenges antimicrobial chemotherapy. OP0595, discovered separately by each of Meiji Seika Pharma and Fedora Pharmaceuticals Inc., is a new diazabicyclooctane serine -lactamase inhibitor, which acts also as an antibiotic and as -lactamase-independent -lactam ‘enhancer’. 
Methods: Inhibitory activity against serine -lactamases and affinity for penicillin-binding proteins (PBPs) were determined using nitrocefin and Bocillin FL, respectively. MICs alone and in combination with -lactam agents were measured according to CLSI recommendations. Morphological changes in Escherichia coli were examined by phase-contrast microscopy.
Results: IC50s of OP0595 for Class A and C -lactamases were <1000 nM, with covalent binding demonstrated to the active site serine of CTX-M-44 and AmpC enzymes. OP0595 also had direct antibiotic activity against many Enterobacteriaceae, associated with inhibition of PBP2 and conversion of the bacteria to spherical forms.  Synergy between OP0595 and -lactam agents was seen against strains producing Class A and C -lactamase vulnerable to inhibition.  Last, OP0595 lowered the MICs of PBP3-targeted partner -lactam agents for a non--lactamase-producing E. coli mutant that was resistant to OP0595 itself, indicating -lactamase independent ‘enhancer’ -based synergy.
Conclusions: OP0595 acts in three ways: i) as an inhibitor of class A and C -lactamases, covalently binding at their active sites; ii) as an antibacterial, by inhibiting PBP2 of several Enterobacteriaceae; and iii) as an ’enhancer’ of -lactam agents that bind to other PBPs besides PBP2 for several Enterobacteriaceae. OP0595 has considerable potential to overcome resistance when it is combined with various -lactam agents.


Introduction
The global increase in antibiotic-resistant Gram-negative bacteria in recent years poses a serious medical problem. In many cases, the mechanisms of resistance involve the production of -lactamase. As of 2012, roughly 1300 -lactamases had been identified, including many that cannot be inhibited by established -lactamase inhibitors such as tazobactam and clavulanic acid, and several that hydrolyse carbapenems, which previously were regarded as ‘-lactamase stable’.1
-Lactamases can be classified according to several schemes. The most fundamental is the Ambler classification, which is based on amino acid sequence. This splits the serine -lactamases into Class A, which includes the common TEM, SHV, CTX-M and KPC types, Class C (AmpC, CMY, etc.) and D (OXA). Class B comprises the metallo-enzymes (e.g. IMP, NDM, etc.), which require divalent cations, generally zinc, for substrate hydrolysis.2 
The spread of extended-spectrum TEM, SHV and CTX-M -lactamases has driven increased clinical dependence on carbapenems, but carbapenemase-producing Enterobacteriaceae are now spreading rapidly worldwide.3 The prevalent carbapenemase types vary geographically, with KPC types dominant in the Americas, China, Israel and parts of southern Europe, but with OXA-48 prevalent in the Middle East (except Israel), and NDM in south Asia.4 Bacteria with these enzymes can cause severe infections, and the fatality rate in cases of bloodstream infections involving carbapenemases-producing K. pneumoniae is high.5  
As a result, new and effective β-lactamase inhibitors are urgently needed, and two diazabicyclooctanes, namely avibactam and relebactam (MK-7655), are under clinical development for this role.6 Diazabicyclooctanes represent a new class of β-lactamase inhibitor and show strong inhibitory activity against Class A β-lactamases, including KPC types, as well as AmpC enzymes. The initial partner β-lactam agents for avibactam and relebactam are ceftazidime and imipenem, respectively, and these inhibitors restore the antibiotic activity of substrate antibiotics against strains producing serine β-lactamases.7-10 
Recently, each of Meiji Seika Pharma Co., Ltd. and Fedora Pharmaceuticals Inc. discovered separately a new diazabicyclooctane -lactamase inhibitor, named OP0595, which is now under clinical development.11  OP0595 acts in three ways: i) as a -lactamase inhibitor, ii) as an antibiotic agent against Enterobacteriaceae, and iii) as an ’enhancer’ of the activity of variousβ-lactam agents. The objective of this work was to evaluate these three mechanisms of action by examining interactions with penicillin-binding proteins (PBPs), β-lactamases and whole bacteria, both alone and in combination with partner β-lactams. 

Materials and Methods
Compounds
OP0595 (Figure 1) and avibactam were synthesized by Meiji Seika Pharma Co., Ltd.;12 OP0595 was evaluated as the anhydride. Other compounds were from suppliers as follows: tazobactam and sulbactam from LKT Laboratories (St. Paul, Mn, USA); mecillinam from Toronto Research Chemicals (Toronto, Ontario, Canada); clavulanic acid, piperacillin, ceftazidime and aztreonam from Sigma-Aldrich (St. Louis, Mo, USA); cefepime and meropenem from the United States Pharmacopeial Convention (Rockville, Mo, USA).

Bacterial strains
Most of the strains were obtained from the American Type Culture Collection (ATCC). Exceptions were that Escherichia coli K-12 W3110 (NBRC 12713) was obtained from the National Bio Resource Project (NBRP, Tokyo, Japan), and the ‘MSC’ strains are clinical isolates from Japan. OP0595-resistant mutants were selected from E. coli K-12 W3110 on Mueller–Hinton agar (MHA) containing OP0595 at 16 mg/L.

Preparation of -lactamase enzymes
The -lactamase coding regions – excluding determinants of the signal peptides – of blaOXA-23 (GenBank accession number EF016357) from Acinetobacter baumannii; chromosomal ampC (AB016611) from Enterobacter cloacae; blaTEM-1 (AY458016), blaTEM-10 (U09188), blaCTX-M-44 (D37830), blaOXA-1 (J02967), blaCTX-M-14 (AF252622), blaCTX-M-15 (AY044436) and blaCMY-2 (AM779748) from E. coli; blaKPC-2 (DQ989639) from Klebsiella pneumoniae; blaOXA-2 (AB188812) and chromosomal ampC (AE004091) from Pseudomonas aeruginosa were amplified by PCR using plasmid or genomic DNA as a template. These PCR products were then incorporated into a pET-28(+) vector (Merck KGaA, Darmstadt, Germany) and their sequences were verified. The resulting plasmids were introduced into E. coli BL21 (DE3) (Merck). Protein expression was induced with 1 mM isopropyl -D-1-thiogalactopyranosideIPTG at 20°C overnight.  Bacterial cells were collected and disrupted by sonication; enzymes then were purified from these extracts by column chromatography (Supplementary Methods). The expression and purification procedures for IMP-1 -lactamases have been described previously.13

-Lactamase inhibitory activity
Inhibitory activity was determined spectrophotometrically, using nitrocefin as the substrate. Duplicate dilutions of the inhibitor and the -lactamase were dispensed into 96-well microtitre plates, After incubation at 30°C and pH 7.0 for 10 min, nitrocefin was added to a final concentration of 0.1 mM, The change in absorbance of each sample at 492 nm was measured after further incubation at 30°C for 20 min using a Multiskan Ascent instrument (Thermo Fisher Scientific, Yokohama, Japan). IC50 values were calculated by logistic regression using SAS System Version 9.1 (SAS Institute Japan Ltd., Tokyo, Japan).

X-ray crystallography
Crystals of P. aeruginosa AmpC -lactamase and CTX-M-44 enzyme (Toho-1; CTX-M group 2) from E. coli, each complexed with OP0595, were prepared by the vapour-diffusion method in the presence of OP0595.14 X-ray diffraction data were collected from a synchrotron ring on Beamlines Systems (either BL41XU at SPring-8 [Hyogo, Japan] or NW-12A at Photon Factory [Tsukuba, Japan]). The structures of both complexes were determined by the molecular replacement method, using the program Molrep.15 Model building and crystallographic refinement were performed using the programs Coot16 and Refmac5,17 respectively. The atomic coordinates and structure factors have been deposited in the Protein Data Bank under the accession codes 4X68 (P. aeruginosa AmpC) and 4X69 (CTX-M-44).

Susceptibility testing
The minimum inhibitory concentration (MIC) of each compound was determined by agar dilution and broth microdilution, both performed according to CLSI guidelines.18,19 The test inoculum was approximately 1 × 104 cfu/spot or approximately 5 × 104 cfu/well. The MIC was defined as the lowest concentration to prevent visible growth after incubation at 35°C for 18-20h.

PBP binding assay
A PBP-containing membrane suspension from E. coli K-12 W3110 was prepared according to the Iida method,20 and was incubated with the test drug solution at 35°C and pH 7.0 for 20 min. Bocillin FL (Thermo Fisher Scientific) was then added to a final concentration of 0.025 mM, with incubation continued for a further 10 min at 35°C. Electrophoresis Sample Buffer Solution with a Reducing Reagent (Nacalai Tesque, Inc., Kyoto, Japan) was added; afterwards the mixture was boiled at 100°C for 5 min and then cooled on ice for 1 min. The resulting solution was applied to a 5 to 12.5% gradient SDS-polyacrylamide gel (DRC Co., Ltd., Tokyo, Japan), with proteins separated at 300 V for 12 min. The gel was rinsed three times for 5 min each with deionized water and the Bocillin FL-labelled PBPs were visualized by using an Image Quant LAS 4000 analyser to measure fluorescence intensities, with excitation at 460 nm and emission at 515 nm.  IC50 values were calculated based on duplicate experiments by logistic regression using SAS Version 9.1.

Morphological changes
As previously described by Dalhoff et al.,21 thin layers of MHA, containing various concentrations of drugs was spread on glass slides. Well-isolated E. coli K-12 W3110 colonies from a MHA plate were then suspended in sterile saline to a turbidity equivalent to a 0.5 McFarland standard. This inoculum was spread on the surface of the drug-agar slides and a glass coverslip was placed over each preparation before sealing with paraffin wax. The preparations were incubated at 37°C and examined at intervals under a phase-contrast microscope (Keyence Corporation, Osaka, Japan).

Results
-Lactamase inhibitory activity
IC50 values of OP0595 were determined for representative Class A, C, and D -lactamases using nitrocefin as a substrate (Table 1) and were similar to those of avibactam, or slightly higher.  IC50 values were below 1000 nM for all Class A and C serine--lactamases tested; Class D -lactamases, and particularly OXA-23, appeared more resistant to inhibition by both diazabicyclooctanes, but should be treated with some caution because at least some of these enzymes interconvert (e.g. by lysine carboxylation) between more and less active forms, which may differ in their vulnerability to inhibition.  OP0595 and avibactam did not inhibit the IMP-1 metallo--lactamase (Class B) significantly, as indicated by IC50 values >0.3 mM.  

X-ray crystallography
The crystal structures of OP0595 complexed with AmpC and CTX-M-44 enzymes were determined at 1.68 and 1.42Å resolution, respectively. Both structures showed that OP0595 became covalently bound to the active-site serine of the -lactamase after opening of the carbonyl to nitrogen bond in the five-membered ring (Figure 2). Avibactam binds similarly.22,23
  In the AmpC complex, the carboxamide group of the OP0595 side-chain formed hydrogen bonds with the side chains of Gln-146 and Asn-179 and to the carbonyl oxygen of Ser-345. In the case of CTX-M-44, the same carboxamide group formed hydrogen bonds with the side chains of Asn-104 and Asn-132 and with a water molecule. These hydrogen-bond networks are similar to those observed in the crystal structure of avibactam complexed with AmpC and CTX-M-15 enzymes.22,23 For the CTX-M-44-OP0595 complex, electron density corresponding to the terminal amine of the inhibitor was hardly visible (data not shown), indicating that this has a flexible conformation and was not participating in hydrogen bonding.

Antibiotic activity and underlying mechanism
OP0595 showed antibiotic activity against many Enterobacteriaceae strains at 1 to 8 mg/L whereas non-fermenters, some Proteeae and Serratia, and Gram-positive strains were more resistant (Table 2). MICs of avibactam were c. 8-fold higher than those of OP0595.
  MICs were also determined using OP0595 in combination with piperacillin, cefepime, or meropenem against reference Gram-positive and -negative strains, including Enterobacteriaceae with KPC, extended-spectrum, and AmpC enzymes (Table 2). In many cases the results of these combination studies were dominated by the antibacterial activity of OP0595.  Nevertheless, and illustrating -lactamase inhibitory activity, synergy was also seen with substrate -lactam agents for strains that were resistant to OP0595, for example K. pneumoniae ATCC 700603, with an SHV-18 ESBL, and for P. aeruginosa MSC17715 and 17716 strains with high-level AmpC activity, and for Burkholderia cepacia ATCC 25416. No synergy was seen between OP0595 and -lactam agents, nor between avibactam and ceftazidime, for A. baumannii ATCC BAA-2093, Stenotrophomonas maltophilia ATCC 13637 and various Gram-positive strains and, in contrast to the OP0595 combinations, ceftazidime/avibactam was not synergistically active against B. cepacia ATCC 25416. 
 To elucidate the basis of its antibiotic activity, the affinity of OP0595 for the PBPs of E. coli K-12 W3110 was determined in comparison to avibactam, mecillinam, aztreonam, piperacillin, cefepime and meropenem (Table 3).  OP0595 bound to only PBP2. Its binding affinity was stronger than that of avibactam but weaker than that of mecillinam.    
 Next, the morphological changes induced by OP0595, mecillinam and cefepime in E. coli K-12 strain W3110 were evaluated (Figure 3). OP0595 and mecillinam both induced spherical cell formation at 1×MIC. These observations support the view that the antibiotic activity resulted from inhibition of PBP2, as with mecillinam.  By contrast, cefepime induced filament formation 1×MIC and showed highest binding affinity for PBP3, a known correlate on filament formation in Enterobacteriaceae.24 

Enhancer activity of OP0595
Some Enterobacteriaceae strains are resistant to the antibiotic activity of PBP2 inhibitors such as mecillinam.25,26 However, even in these cases, mecillinam retains an ‘enhancer’ effect on the antibiotic activity of other -lactam agents.27,28 We therefore examined whether OP0595 similarly could enhance the antibiotic activity of other -lactam agents against an OP0595-resistant mutant of the -lactamase-negative strain E. coli K-12 W3110 (Table 4). This mutant acquired cross-resistance to mecillinam but not to other -lactam agents.  OP0595, at 4 mg/L, lowered the MIC of piperacillin, cefepime and aztreonam by 4- to 32-fold, as did mecillinam; by contrast, meropenem/OP0595 and mecillinam/OP0595 were no more active than meropenem and mecillinam alone. The enhancer effect for piperacillin, cefepime and aztreonam increased as the concentration of OP0595 was raised (Figure 4).

Discussion
The worldwide spread of potent β-lactamases, including ESBLs and carbapenemases, creates a need and opportunity for new -lactamase inhibitors. In this study, we demonstrate that OP0595, a new diazabicyclooctane molecule, acts in three ways: i) as a -lactamase inhibitor; ii) as a PBP2-targeted antibiotic agent against Enterobacteriaceae; and iii) as an ’enhancer’ of the activity of several -lactam agents that primarily target PBP3.
OP0595 inhibited Class A and C -lactamases almost as strongly as avibactam. Crystallographic analysis for CTX-M-44 and AmpC (Figure 2) showed that OP0595 bound covalently to the active-site serine of these -lactamases, and that the carboxamide group of OP0595 formed hydrogen bonds in the active-site pocket, similarly to avibactam.22,23 Crystallographic analysis further suggested that the terminal alkyl amine moiety on OP0595’s side chain does not much contribute to the inhibitor’s interaction with the active-site pocket of these enzymes. In particular, this alkyl amine does not form a hydrogen bond and may, rather, have a weak hydrophobic interaction with the bottom of the pocket. This is consistent with the observation that, in comparison to avibactam, the inhibitory activity of OP0595 against -lactamases was not improved by extension of this side chain. However, more studies, including acylation and deacylation kinetics, are needed to definitively compare OP0595 and avibactam.29 It should also be noted that the present work was done with CTX-M-44, a group 2 CTX-M enzyme, whereas published work with avibactam was with CTX-M-15, which belongs to CTX-M group 1.
OP0595 itself inhibited the growth of many Enterobacteriaceae strains at concentrations of 1 to 8 mg/L. This masked its interactions with other -lactam agents in combination susceptibility tests (Table 2) except for strains, such as K. pneumoniae ATCC 700603 and the AmpC-derepressed strains of P. aeruginosa in Table 2 that were resistant to OP0595.  In these latter cases synergy was seen when OP0595 was combined with substrate -lactam agents, illustrating its activity as an inhibitor of Class A and C enzymes. 
 The mechanism underlying the antibiotic activity of OP0595 involved the inhibition of PBP2, as shown by a PBP binding assay.  This is the same target as for mecillinam and (much more weakly), avibactam.  Moreover, like mecillinam, OP0595 induced spherical cell formation in E. coli, as is typically seen following inhibition of PBP2.30,31 
 In the 1980s and 1990s mecillinam was repeatedly reported to be an ‘enhancer’ of the activity of other -lactam agents, though the mechanism underlying this behaviour remains unelucidated.27,28,30,31 OP0595 likewise showed enhancer activity towards piperacillin, cefepime and aztreonam, which it synergised against a -lactamase-negative, OP0595-resistant (MIC >32 mg/L) E. coli mutant (Table 4, Figure 4).  By contrast, OP0595 did not synergise with meropenem or mecillinam against this organism. A likely explanation of this difference is that meropenem and mecillinam also show their highest affinity to PBP2 whereas piperacillin, cefepime and aztreonam are primarily directed against PBP3.   Avibactam, at 4 mg/L, did not show enhancer activity for ceftazidime, even though its highest affinity was towards PBP2; it is possible that an enhancer effect might be seen at higher, clinically unattainable, concentrations.  The mechanism of OP0595 resistance in the mutant is uncertain but the observations suggest that the enhancer and antibacterial effects are substantially independent. In support of this conclusion, sequencing revealed that the PBP2 gene, pbp2, was unaltered in the mutant (data not shown). This accords with recent observations that mutational resistance to mecillinam most often depends on mutations that affect the respiratory chain, the ribosome, cysteine biosynthesis, tRNA synthesis, and pyrophosphate metabolism.32  These affect cellular levels of guanosine tetraphosphate (ppGpp), activating the stringent response and –although the exact mediation remains unclear – somehow allow stabilisation and growth of the round forms induced by attack on PBP2.33 Given their identical PBP target it is likely that the behaviour of OP0595 and mecillinam are similar in this context and this view is supported by the observation that, as with OP0595 (Table 4, Figure 4) mecillinam too retains its enhancer effect even against mecillinam resistant strains.27,28
 In conclusion, OP0595 has been shown to have the following three modes of action: i) as an inhibitor of class A and C -lactamase, via covalent binding to these enzymes; ii) as an antibiotic agent, by inhibiting PBP2 of Enterobacteriaceae; and iii), similarly to mecillinam, as an ‘enhancer’ of the activity of -lactam agents that bind primarily to PBPs other than PBP2. Combinations of OP0595 with -lactam agents provide a potential to overcome resistance.  Any of the agents in Table 2 and 4 might be a potential partner drug and, notably, the MICs of cefepime/OP0595 equalled or were lower than those of ceftazidime/avibactam.
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Table 1. Inhibitory activity of OP0595 against various β-lactamases
	Enzyme
	
	IC50 (nM)

	
	Molecular
class
	OP0595
	Avibactam
	Tazobactam
	Clavulanic acid
	Sulbactam

	TEM-1
	A
	26.1
	6.97
	9.60
	49.5
	615

	TEM-10
	A
	95.7
	12.9
	33.7
	4.85
	136

	CTX-M-14
	A
	9.49
	2.99
	2.92
	39.8
	464

	CTX-M-15
	A
	13.1
	1.00
	1.67
	6.16
	167

	CTX-M-44
	A
	22.0
	4.40
	2.93
	23.9
	181

	KPC-2
	A
	869
	186
	NDa
	ND
	ND

	AmpC of 
Enterobacter cloacae
	C
	845
	923
	5430
	>300000
	32200

	AmpC of 
Pseudomonas aeruginosa
	C
	271
	401
	947
	>300000
	5704

	CMY-2
	C
	15.0
	43.6
	723
	76100
	6550

	OXA-1
	D
	3050
	130
	1400
	988
	5470

	OXA-2
	D
	1070
	485
	2.43
	230
	66.6

	OXA-23
	D
	46400
	2320
	957
	6460
	20800

	IMP-1
	B
	>300000
	>300000
	ND
	ND
	ND


a ND means not determined: carbapenemases are universally agreed to be resistant to clavam and penicillanic acid inhibitors.
Table 2. Antimicrobial spectrum of OP0595 alone and in combination with -lactam agents against Gram-positive and -negative bacteria determined by CLSI agar dilution 
	
	MIC (mg/L) a

	Organism, β-lactamase
	OP0595
	Avibactam
	Piperacillin
	Piperacillin/
OP0595
	Piperacillin/
tazobactam
	Cefepime
	Cefepime/
OP0595
	Meropenem
	Meropenem/
OP0595
	Ceftazidime
	Ceftazidime/
avibactam

	Citrobacter freundii ATCC 8090
	4
	32
	1
	≤0.008
	0.5
	≤0.008
	≤0.008
	0.03
	≤0.008
	0.12
	0.03

	Enterobacter cloacae ATCC 13047
	2
	16
	4
	≤0.008
	8
	0.06
	≤0.008
	0.03
	≤0.008
	2
	0.25

	Escherichia coli NBRC 12713 (W3110)
	2
	16
	1
	≤0.008
	1
	0.03
	≤0.008
	0.03
	≤0.008
	0.12
	0.12

	Escherichia coli ATCC 25922
	2
	8
	4
	≤0.008
	2
	0.06
	≤0.008
	0.015
	≤0.008
	0.25
	0.06

	Escherichia coli ATCC 35218, TEM-1
	1
	16
	128
	≤0.008
	0.5
	0.03
	≤0.008
	0.015
	≤0.008
	0.06
	0.03

	Escherichia coli MSC20653, CTX-M-15 + OXA-1
	2
	16
	>128
	≤0.008
	8
	64
	≤0.008
	0.03
	≤0.008
	64
	0.12

	Escherichia coli MSC20662, CTX-M-15
	4
	16
	>128
	≤0.008
	8
	64
	≤0.008
	0.06
	≤0.008
	32
	0.12

	Klebsiella oxytoca ATCC 13182
	4
	32
	4
	≤0.008
	1
	0.03
	≤0.008
	0.03
	≤0.008
	0.06
	0.06

	Klebsiella pneumoniae ATCC 10031
	2
	16
	1
	≤0.008
	0.03
	0.015
	≤0.008
	0.03
	≤0.008
	0.06
	0.06

	Klebsiella pneumoniae ATCC 700603, SHV-18
	>32
	>32
	64
	0.5
	8
	1
	0.03
	0.03
	0.015
	16
	0.25

	Klebsiella pneumoniae ATCC BAA-1705, KPC-2
	2
	8
	>128
	≤0.008
	>128
	8
	≤0.008
	2
	≤0.008
	32
	0.5

	Klebsiella pneumoniae ATCC BAA-1904, KPC-3
	2
	32
	128
	≤0.008
	>128
	2
	≤0.008
	2
	≤0.008
	32
	0.5

	Morganella morganii ATCC 25830
	8
	>32
	≤0.008
	≤0.008
	≤0.008
	≤0.008
	≤0.008
	0.03
	0.015
	≤0.008
	≤0.008

	Proteus mirabilis ATCC 29906
	>32
	32
	0.5
	≤0.008
	0.25
	0.06
	≤0.008
	0.03
	≤0.008
	0.06
	0.03

	Proteus vulgaris ATCC 29905
	2
	32
	0.015
	≤0.008
	≤0.008
	0.03
	≤0.008
	0.03
	≤0.008
	0.03
	0.03

	Salmonella enterica ATCC 13311
	>32
	>32
	1
	0.25
	1
	0.015
	≤0.008
	0.03
	≤0.008
	0.12
	0.12

	Serratia marcescens ATCC 13880
	>32
	>32
	1
	0.12
	1
	0.06
	0.015
	0.03
	0.015
	0.12
	0.12

	Shigella flexneri ATCC 29903
	4
	16
	0.5
	≤0.008
	0.5
	0.015
	≤0.008
	0.015
	≤0.008
	0.06
	0.06

	Acinetobactor baumannii ATCC BAA-2093
	>32
	>32
	8
	4
	≤0.008c
	4
	4
	0.25
	0.25
	2
	4

	Burkholderia cepacia ATCC 25416
	16
	>32
	16
	2
	16
	32
	2
	4
	0.5
	4
	4

	Pseudomonas aeruginosa ATCC 27853
	>32
	>32
	4
	2
	2
	1
	1
	0.25
	0.25
	1
	1

	Pseudomonas aeruginosa MSC17715, AmpC b
	>32
	>32
	64
	4
	64
	8
	2
	4
	2
	16
	2

	Pseudomonas aeruginosa MSC17716, AmpC b
	>32
	>32
	64
	4
	16
	4
	1
	8
	2
	8
	1

	Stenotrophomonas maltophilia ATCC 13637
	>32
	>32
	16
	8
	8
	8
	4
	128
	128
	16
	16

	Bacillus subtilis ATCC 6633
	>32
	>32
	0.12
	0.12
	0.12
	0.5
	0.5
	0.03
	0.06
	4
	2

	Enterococcus faecalis ATCC 29212
	>32
	>32
	2
	2
	2
	128
	64
	4
	4
	>128
	>128

	Enterococcus faecium ATCC 19434
	>32
	>32
	8
	8
	8
	>128
	>128
	8
	8
	>128
	>128

	Staphylococcus aureus ATCC 29213
	>32
	>32
	1
	1
	0.5
	2
	2
	0.06
	0.12
	8
	8


a The combined concentration of -lactamase inhibitors was fixed at 4 mg/L.
b AmpC derepressed strain. 
c Inhibition by tazobactam alone.

Table 3. PBP binding activity of OP0595 against Escherichia coli K-12 strain W3110
	E. coli PBP
	IC50 (mg/L)

	
	OP0595
	Avibactam
	Mecillinam
	Aztreonam
	Piperacillin
	Cefepime
	Meropenem

	1a/1b
	>8
	>8
	>8
	>8
	1.1
	2.3
	0.73

	2
	0.12
	0.49
	<0.008
	>8
	0.44
	0.24
	<0.008

	3
	>8
	>8
	>8
	0.011
	<0.008
	0.012
	0.082

	4
	>8
	>8
	>8
	>8
	6.9
	6.6
	0.011

	5/6
	>8
	>8
	>8
	>8
	6.3
	>8
	0.28




 
Table 4. Antibiotic activity of OP0595 alone and in combination against -lactamase-negative and OP0595-resistant E. coli determined by CLSI broth microdilution 
	E. coli
	MIC (mg/L) a

	
	OP0595
	
	AVI
	
	Piperacillin
	
	Cefepime
	
	Aztreonam
	
	Meropenem
	
	Mecillinam
	
	Ceftazidime

	
	Alone
	
	Alone
	
	Alone
	+OP
	+MEC
	
	Alone
	+OP
	+MEC
	
	Alone
	+OP
	+MEC
	
	Alone
	+OP
	+MEC
	
	Alone
	+OP
	
	Alone
	+AVI

	Parent
	2
	
	16
	
	1
	≤0.008
	≤0.008
	
	0.03
	≤0.008
	≤0.008
	
	0.06
	≤0.008
	≤0.008
	
	0.03
	≤0.008
	≤0.008
	
	0.5
	≤0.008
	
	0.12
	0.12

	OP0595- resistant
	>16
	
	>16
	
	2
	0.5
	0.12
	
	0.03
	≤0.008
	≤0.008
	
	0.12
	≤0.008
	≤0.008
	
	0.03
	0.03
	0.03
	
	>8
	>8
	
	0.12
	0.12


a The combined concentration of β-lactamase inhibitors was fixed at 4 mg/L.
Abbreviations: OP, OP0595; MEC, mecillinam; AVI, avibactam.





Figure 1. Chemical structure of OP0595. (2S, 5R)-N-(2-Aminoethoxy)-7-oxo-6-(sulfooxy)-1,6-diazabicyclo[3.2.1]octane-2-carboxamide, monohydrate.
[image: ]


Figure 2. X-ray crystallographic analyses of co-crystal of OP0595 with (a) AmpC or (b) CTX-M-44 -lactamases. OP0595 and neighbouring amino acids within 5 Å are shown as stick models, with their carbon atoms coloured green and yellow, respectively. Water molecules and active-site pockets are displayed by ball and surface models, respectively. Hydrogen bonds are represented by thin green lines. The terminal amine of OP0595 has a flexible conformation in the CTX-M-44 complex.
(a)
[image: 141207_OP0595_AmpC_Toho1_comparison4_Amp_Complex]
(b)
[image: 141207_OP0595_AmpC_Toho1_comparison4_CTX_M_44_Complex]


Figure 3. Phase-contrast micrographs of E. coli K-12 strain W3110 after exposure to OP0595 or -lactam agents at 1×MIC taken at 4.5 hours after the addition of each compound. The concentrations of compounds were as follows: (a) antibiotic-free control; (b) 0.03 mg/L of cefepime; (c) 2 mg/L of OP0595; (d) 0.5 mg/L of mecillinam.
[image: ]


Figure 4. Activity of OP0595 as an enhancer of the antibiotic activity of various -lactam agents against a -lactamase-negative and OP0595-resistant mutant of E. coli K-12 W3110.  Symbols: ●, mecillinam/OP0595; ▲, piperacillin/OP0595; ■, aztreonam/OP0595; ○, meropenem/OP0595; △, cefepime/OP0595; □, ceftazidime/avibactam.
[image: ]
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