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Abstract

Burkholderia multivorans is a significant health threat to persons with cystic fibrosis (CF). 

Infections are difficult to treat as this pathogen is inherently resistant to multiple antibiotics. 

Susceptibility testing of isolates obtained from CF respiratory cultures revealed that single agents 

selected from different antibiotic classes were unable to inhibit growth. However, all isolates were 

found to be susceptible to ceftazidime when combined with the novel non-β-lactam β-lactamase 

inhibitor, avibactam (all minimum inhibitor concentrations (MICs) were ≤8 mg/L of ceftazidime 

and 4 mg/L of avibactam). Furthermore, a major β-lactam resistance determinant expressed in B. 
multivorans, the class A carbapenemase, PenA was readily inhibited by avibactam with a high 

k2/K of (2 ± 1) × 106 μM−1 s−1 and a slow koff of (2 ± 1) × 10−3 s−1. Mass spectrometry revealed 

that avibactam formed a stable complex with PenA for up to 24 h and that avibactam recyclized 

off of PenA, re-forming the active compound. Crystallographic analysis of PenA–avibactam 

revealed several interactions that stabilized the acyl–enzyme complex. The deacylation water 

molecule possessed decreased nucleophilicity, preventing decarbamylation. In addition, the 

hydrogen-bonding interactions with Lys-73 were suggestive of a protonated state. Thus, Lys-73 

was unlikely to abstract a proton from Ser-130 to initiate recyclization. Using Galleria mellonella 
larvae as a model for infection, ceftazidime–avibactam was shown to significantly (p < 0.001) 

improve survival of larvae infected with B. multivorans. To further support the translational 

impact, the ceftazidime–avibactam combination was evaluated using susceptibility testing against 

other strains of Burkholderia spp. that commonly infect individuals with CF, and 90% of the 

isolates were susceptible to the combination. In summary, ceftazidime–avibactam may serve as a 

preferred therapy for people that have CF and develop Burkholderia spp. infections and should be 

considered for clinical trials.

Graphical Abstract
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According to the Cystic Fibrosis Foundation, approximately 1000 people are diagnosed with 

cystic fibrosis (CF) each year in the United States.1 CF is a life-threatening disease caused 

by mutations in the CF transmembrane conductance regulator (CFTR) protein that leads to 

secretory malfunctions in the lungs as well as in the digestive system. Thick mucus builds up 

in the lungs of persons with CF, leading to ineffective clearance and increased susceptibility 

to infection. The hallmarks of CF include chronic microbial infections and inflammation in 

the lungs. Antibiotic therapy to target bacterial pathogens can significantly increase the life 
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expectancy of individuals with CF. However, highly antibiotic resistant strains of bacteria 

have emerged, resulting in limited treatment options for people with CF.

A significantly problematic group of bacterial pathogens that infect individuals with CF is 

the Burkholderia cepacia complex (Bcc), which consists of 20 unique species.2 Within this 

group of species, Burkholderia multivorans is among the most commonly identified species 

isolated from CF respiratory specimens. This species has been associated with “cepacia 

syndrome”, a rapidly progressive necrotizing pneumonia.3 B. multivorans possesses a large 

genome (three chromosomes of ~7.0 Mbp) that carries a multitude of antibiotic resistance 

mechanisms. One of the major determinants of resistance is the class A β-lactamase, PenA. 

PenA possesses a very broad substrate profile that includes carbapenems and β-lactamase 

inhibitors.4

Here, we analyze a panel of B. multivorans clinical isolates that carry the blapenA gene and 

identify a novel β-lactam–β-lactamase inhibitor combination, ceftazidime–avibactam, which 

is effective against these highly drug resistant strains. Furthermore, we biochemically 

characterize PenA with avibactam using steady-state kinetics, mass spectrometry, and 

crystallography and determine the mechanism of inactivation of PenA. Moreover, in vivo 

testing reveals that ceftazidime–avibactam improves the survival of Galleria mellonella 
infected with B. multivorans. In addition, the combination is effective in vitro against other 

Bcc species that infect people with CF. Our findings lead us to propose that ceftazidime–

avibactam should be considered as an agent for clinical trials or for salvage therapy in severe 

necrotizing pneumonia.

RESULTS

Clinical Isolates of B. multivorans Are Diverse and Highly Drug Resistant

A collection of 50 B. multivorans strains isolated from CF patients was tested against a 

selected panel of antibiotics (tobramycin, imipenem, ciprofloxacin, minocycline, 

trimethroprim–sulfamethoxazole, ceftazidime, and ceftazidime–avibactam) using the agar 

dilution minimum inhibitory concentration (MIC) method. Greater than 90 percent of the 

isolates were resistant to tobramycin, imipenem, and ciprofloxacin (Figure 1A and 

Supplemental Table 1). Minocycline possessed some activity with 36% of the isolates testing 

susceptible to this agent. The two “first-line” agents for the treatment of Bcc infections, 

ceftazidime and trimethoprim–sulfamethoxazole, demonstrated only 68 and 62% 

susceptibility, respectively, limiting their choice as empiric therapy. Overall, 70% of the 

strains were multidrug resistant (MDR) or resistant to at least two major classes of 

antibiotics (Figure 1B). Additionally, 22% of the strains were extremely drug resistant 

(XDR) or resistant to all of the major classes of antibiotics. Using repetitive sequence-based 

PCR (rep-PCR), the group of 50 isolates was shown to represent a genetically diverse set of 

strains (Figure 1C). Rep-PCR generates a strain-specific bacterial genome fingerprint based 

on highly conserved repetitive sequence elements amplified via PCR.5
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Avibactam Restores the Activity of Ceftazidime against B. multivorans

Ceftazidime–avibactam was approved by the U.S. Food and Drug Administration in 2015 

and the European Medicines Agency in 2016 for the treatment of serious infections (e.g., 

urinary tract infections) caused by MDR Enterobacteriaceae. The benefit of this 

combination, compared to other β-lactams and β-lactam–β-lactamase inhibitor 

combinations, resides in the ability of avibactam to inhibit class A and C β-lactamases, 

including class A carbapenemases (e.g., KPC-2).6 Given (i) the high level of resistance 

observed in the clinical isolates and (ii) that B. multivorans possesses a class A 

carbapenemase, blapenA, and a class C β-lactamase, blaBmampC, the novel β-lactam–β-

lactamase inhibitor combination, ceftazidime– avibactam, was tested against these isolates. 

Remarkably, the addition of avibactam to ceftazidime restored susceptibility to ceftazidime 

for all strains tested (Figure 1A and Supplemental Table 1).

Avibactam Is a Potent Inactivator of the PenA β-Lactamase

Biochemical analysis using steady-state kinetics and mass spectrometry supports the potent 

activity of ceftazidime–avibactam against B. multivorans expressing the PenA β-lactamase. 

Avibactam was previously shown to form a reversible acyl–enzyme complex with class A 

and C β-lactamases (Figure 2A,B).6 On the basis of this kinetic mechanism, the on- (k2/K) 

and off-rates (koff) of avibactam were assessed with PenA. Avibactam acylated PenA with a 

rapid a k2/K value of (2 ± 1) × 106 μM−1 s−1 (Table 1 and Figure 2C,D). Avibactam was 

slow to come off PenA (Figure 2E and Table 1) and stayed bound for up to 24 h with no 

fragmentation or hydrolysis (Table 1). In addition, carbamylation by avibactam was 

reversible as avibactam can be transferred to another β-lactamase, TEM-1, from PenA and 

back to PenA during time (Figure 2F). Thus, avibactam remained active after recyclization.

Crystal Structure of PenA with Avibactam

The PenA β-lactamase was crystallized in space group C2 with three molecules in the 

asymmetric unit (Table 2). The three-dimensional structure of PenA acylated by avibactam 

was resolved to a resolution of 1.6 Å with an Rwork of 0.160 and an Rfree of 0.230 (Table 2 

and Figure 3A,B). An overlay of the apo-PenA crystal structure with the PenA–avibactam 

acyl structure revealed a major movement in Tyr-105 (Figure 3C). The avibactam-bound 

active site of PenA was similar to the previously reported avibactam complex with KPC-2 

(Figure 3D).7 However, we demonstrate that important novel findings into the inactivation 

mechanism of avibactam with class A β-lactamases can be observed from the PenA–

avibactam structure.

Interactions of Avibactam with Serine β-Lactamases

Serine β-lactamases that are acylated by avibactam were shown to undergo two pathways 

toward the regeneration of free enzyme (Figure 3E).6,7 First, decarbamylation proceeds 

through a hydrolytic pathway by nucleophilic attack of the carbamoyl bond using a catalytic 

water. Second, a recyclization pathway occurs in which there is a nucleophilic attack by the 

nitrogen atom of the secondary amine of avibactam, resulting in the re-formation of active 

avibactam; active site residues Lys-73 and Ser-130 are predicted to initiate this process via a 

proton shuttle.

Papp-Wallace et al. Page 4

ACS Infect Dis. Author manuscript; available in PMC 2017 August 17.

V
A

 A
uthor M

anuscript
V

A
 A

uthor M
anuscript

V
A

 A
uthor M

anuscript



Decarbamylation Is Disfavored in the PenA–Avibactam Complex

Focusing on the first pathway, in the acylated PenA structure, the deacylation water could be 

detected at the bottom of the active site cavity as was observed with KPC-2 (Figure 3B,D).7 

The most important observation in the carbamylated PenA structure was that the deacylation 

water was within hydrogen bonding distance of three adjacent atoms (Glu-166, Asn-170, 

and the O of the carboxamide side chain of avibactam) (Figure 3B). This observation 

suggests that an oxonium water molecule may form in the PenA–avibactam structure; thus, 

the nucleophilicity of the deacylation water is lowered.

Recyclization Occurs Slowly in the PenA–Avibactam Complex

In the second pathway, the sulfate group of avibactam was bound in a similar position as in 

the KPC-2–avibactam complex (Figure 3D). The nitrogen atom of the secondary amine of 

avibactam of the acylated PenA was in the same space as the acylated KPC-2–avibactam 

structure. In addition, the secondary amine of avibactam was close to Ser-130:Oγ and within 

hydrogen-bonding distance in both structures. In the acylated PenA structure, the Lys-73 

amino group was within hydrogen-bonding distance of Ser-70:Oγ, Asn-132:Oδ, and 

Ser-130:O, suggesting that Lys-73 was in a protonated state and less likely to join the proton 

relay toward recyclization.

In Vivo Efficacy of Ceftazidime–Avibactam

As clinical trials and animal models are difficult to perform with Bcc, we assessed the ability 

of the ceftazidime–avibactam combination to affect the survival in vivo of larvae of G. 
mellonella infected with B. multivorans AU14786 (ceftazidime MIC = 32 mg/L; 

ceftazidime–avibactam MIC = 4 mg/L) and treated with ceftazidime or ceftazidime–

avibactam. We found that the combination of ceftazidime–avibactam significantly improved 

the survival of G. mellonella compared to the untreated controls (p < 0.001) and those 

treated with ceftazidime alone (p < 0.001) (Figure 4A).

Histological analysis of the infected larvae revealed hallmarks of infection that are alleviated 

by the ceftazidime–avibactam combination. Normal histology of an uninfected larva 

revealed a few hemocytes (arrows) circulating in the hemolymph (Figure 4B). In a mock-

infected larva, histological sections displayed a small melanized nodule (circle) and some 

recruited hemocytes in peritracheal areas near the fat body (arrow) (Figure 4C). In an 

infected untreated larva, heavily damaged larval tissues with large melanized nodules all 

around with necrotic tracheal and intestinal walls were observed (Figure 4D). In an infected 

larva treated with ceftazidime alone, the larval tissues were less damaged than those 

observed in Figure 4D, with melanized nodules of medium and large size (arrows) mainly 

localized within intestinal walls (Figure 4E). The tracheae appeared uninjured. In an infected 

larva treated with the ceftazidime–avibactam combination, only small- and medium-sized 

nodules (circles) were observed inside and near the gastrointestinal tract, the fat body, and 

subcuticolar areas (Figure 4F).
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Activity of Ceftazidime–Avibactam against Other Common Bcc and Burkholderia spp. 
Isolated from CF Respiratory Specimens

To further confirm the utility of the ceftazidime–avibactam combination for the treatment of 

Burkholderia spp. infections in people with CF, we conducted susceptibility testing using 96 

non-B. multivorans clinical isolates from CF respiratory specimens. Greater than 50% of the 

isolates were resistant to tobramycin, imipenem, ciprofloxacin, and minocycline (Figure 5A 

and Supplemental Table 2). Similarly to B. multivorans, 36 and 37% of the Burkholderia 
spp. isolated from CF respiratory specimens were resistant to first-line agents trimethoprim–

sulfamethoxazole and ceftazidime, respectively. Overall, 57% of the strains were MDR, and 

19% of the strains were XDR (Figure 5B). Avibactam combined with ceftazidime was the 

most effective against these strains, with 90% of isolates being susceptible to the drug 

combination.

DISCUSSION

Infections of the respiratory tract in individuals with CF are a significant contributor to 

morbidity and mortality. Highly drug resistant pathogens, such as Bcc, severely limit 

treatment options. Here, we found that when avibactam is combined with ceftazidime, 

susceptibility to ceftazidime in MDR and XDR clinical strains of Burkholderia spp. isolated 

from CF respiratory specimens is restored. The panel of isolates analyzed here was 

genetically diverse, thus showing the breadth and potential utility of this combination against 

Burkholderia spp. isolates. Others have previously tested the ceftazidime–avibactam 

combination against Bcc, but the number of strains and variety of species in these studies 

were limited.8

Avibactam was also shown to be a potent inhibitor of a major drug resistance determinant, 

PenA, which is expressed by B. multivorans. Unexpectedly, we found that PenA’s acylation 

rate (k2/K) was 100-fold higher than that of KPC-2.6a,7b In addition, the “off-rate” of 

avibactam was also 100-fold higher for PenA than for KPC-2. Simply put, avibactam gets 

onto PenA more quickly than KPC-2, but recyclizes off more rapidly.

The crystallographic analyses presented herein suggest a novel mechanism of inactivation of 

PenA by avibactam (Figure 3E). For carbamylated PenA, deacylation or hydrolysis of 

avibactam was unlikely. In most class A β-lactamases, the deacylation water was stabilized 

by two strong hydrogen bonds, to Glu-166:Oε1 and Asn-170:Oε. However, the deacylation 

water in the PenA–avibactam structure possessed one more hydrogen bond to the carbonyl 

oxygen of the carboxamide group of the avibactam molecule, thus reducing its 

nucleophilicity. This observation is similar to the meropenem:SHV-1 β-lactamase crystal 

structure in which a third hydrogen bond to the O of the hydroxyl group of meropenem 

reduced the nucleophilicity of the deacylation water. In the meropenem:SHV-1 complex, a 

protonated Glu-166 was observed.9 Thus, despite PenA’s being a carbapenemase, this class 

A enzyme was inhibited by avibactam in a similar manner as a non-carbapenemase (SHV-1). 

We suspect that the deacylation water of PenA does not form a third hydrogen bond with 

carbapenems as seen with avibactam; thus, unlike SHV-1, PenA is able to hydrolyze 

carbapenems. Studies are in progress to assess this hypothesis.
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Intramolecular decarbamylation of PenA to regenerate avibactam appeared unlikely (Figure 

3E). On the basis of our observations, for recyclization of avibactam to occur, the process 

needs a proton to be abstracted from the secondary amine of avibactam by Ser-130:Oγ and 

deprotonated by Lys-73. In the carbamylated PenA, we observed that the Lys-73 amino 

group was hydrogen bonded to Ser-70:Oγ, Asn-132:Oδ, and Ser-130:O, suggesting Lys-73 

was in a protonated state and was unable to participate in the proton shuttle. An alternative 

pathway may exist in which the OAG atom of avibactam sulfonate, which resides 2.79 Å 

from Ser130:Oγ, is the candidate proton acceptor for recyclization (Figure 3E). We note that 

this is less possible because the sulfonate is a weaker base. Overall, the active site structure 

of the PenA–avibactam complex was in an unfavorable configuration to promote 

recyclization of avibactam. Moreover, these observations help explain why the PenA– 

avibactam structure is stable. This unique biochemical property combined with ready cell 

entry into a difficult-to-treat Gram-negative pathogen provides a rationale for the efficacy of 

this β-lactam–β-lactamase inhibitor combination against Bcc.

Finally, we show in a nonmammalian model of infection that the combination of 

ceftazidime–avibactam significantly attenuated the impact of Bcc infection. In addition, 

histological analysis of the larval tissues revealed that damage to the larva was much less 

upon treatment with ceftazidime–avibactam than with ceftazidime alone. Ceftazidime–

avibactam may serve as an alternative therapy for individuals with CF that develop 

Burkholderia spp. infections. Ceftazidime–avibactam was shown to possess favorable 

pharmacokinetic and pharmacodynamic properties in the lung.10 Taken together, our 

observations support further testing of ceftazidime–avibactam in clinical trials of CF patients 

challenged by this deadly pathogen or as a salvage therapy for patients with severe 

necrotizing pneumonia when other agents are ineffective.

MATERIALS AND METHODS

Bacterial Strains and Plasmids

The methods for cloning of blapenA into the pBC SK(+) and pGEX-6P2 vectors were 

described previously.4 The blapenA gene was expressed on pBC SK(+) in Escherichia coli 
DH10B for susceptibility testing and on pGEX-6P2 in E. coli Origami 2 (DE3) for protein 

expression. blaTEM-1 was expressed from the pET24a(+) vector in E. coli BL21(DE3) RP+ 

cells for protein expression.11 The Bcc clinical isolates used in this study came from the 

collection of the Cystic Fibrosis Foundation B. cepacia Research Laboratory and Repository 

at the University of Michigan. Each Bcc isolate was identified to the species level by using 

species-specific polymerase chain reaction, recA RFLP, and/or DNA sequencing of the recA 
gene.12

Repetitive Sequence-Based PCR (Rep-PCR)

DNA was isolated from the 50 B. multivorans clinical isolates using the Mo Bio UltraClean 

Microbial DNA Isolation Kit (Mo Bio Laboratories, Carlsbad, CA, USA). Subsequently, the 

DNA was subjected to rep-PCR amplification using the DiversiLab fingerprinting kit 

(BioMérieux, USA) for Pseudomonas spp., according to the manufacturer’s instructions. 

The Diversilab system is based on rep-PCR amplification of noncoding repetitive sequences 
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interspersed throughout the bacterial genome. Rep-PCR was performed using the following 

parameters: initial denaturation (94 °C) for 2 min, and then 35 cycles of 30 s of denaturation 

(94 °C), 30 s of annealing (50 °C), and 90 s of extension (70 °C), followed by 3 min of final 

extension (70 °C) and ending at (4 °C). The amplification products were separated with an 

Agilent B2100 Bioanalyzer. Five microliters of DNA standard and 1 μL of the rep-PCR 

product were loaded. The data were entered into the DiversiLab software system and 

analyzed to generate a dendrogram.

Expression and Purification of PenA and TEM-1

The PenA β-lactamase was purified as previously described;4 purification of TEM-1 is 

described herein. Briefly, E. coli BL21 DE3 producing TEM-1 was grown in superoptimal 

broth to an optical density at 600 nm (ODλ600 nm) of 0.6, 1 mM isopropyl β-D-1-

thiogalactopyranoside was added, and the cells were grown for 3 h under induction. The 

cells were pelleted, frozen, and subjected to stringent periplasmic fractionation and 

preparative isoelectric focusing, as previously described.13 Fast protein liquid 

chromatography on an ÄKTA purifier 10 using a Sephadex 16/60 gel filtration 

chromatography column (GE Life Sciences) was used for further polishing steps. The 

purities of PenA and TEM-1 were assessed by sodium dodecyl sulfate–polyacrylamide gel 

electrophoresis. Protein concentrations were determined by measuring the absorbance at 

λ280 nm and using the protein’s extinction coefficients, which were obtained using the 

ProtParam tool at the ExPASy SIB Bioinformatics Resource Portal.

Compounds

Tobramycin, ciprofloxacin, minocycline, trimethoprim, sulfamethoxazole, ceftazidime, and 

aztreonam were purchased from Sigma-Aldrich. Imipenem–cilastatin was obtained from its 

commercial source. Avibactam, batches AFCH005151 and C565/5, were kind gifts from 

AstraZeneca; the chemical structure is presented in Figure 2A. Nitrocefin was a kind gift 

from Dr. ShahriarMobashery at the University of Notre Dame in South Bend, IN, USA.

In Vitro Susceptibility Test Methods

MICs for the clinical Bcc isolates were determined by the MH agar dilution method 

according to Clinical and Laboratory Standards Institute (CLSI) guidelines.14 Overnight 

cultures were grown in MH broth at 37 °C in a shaking incubator and then read in a 

Spectronic Genesys 5 spectrophotometer at ODλ600 nm. The amount of cells added to the 

Steers replicator was adjusted according to each isolate’s ODλ600 nm reading to ensure that 

equal amounts of cells were added to each well. The Steers replicator delivered 10 μL of 

each diluted culture containing approximately 104 colony-forming units to each MH plate. 

The MIC plates were read after 24 h, and CLSI guidelines were used for interpretations.15 

Any variability (>1 doubling-dilution difference between experiments) in triplicate results 

was resolved by the disk diffusion (Becton-Dickinson) method according to CLSI 

guidelines. Avibactam was tested at 4 mg/L in combination with increasing antibiotic 

concentrations of ceftazidime or aztreonam.
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Steady-State Kinetic Analysis

Steady-state kinetic parameters were determined using an Agilent 8453 diode array 

spectrophotometer. Briefly, each assay was performed in 10 mM phosphate-buffered saline 

(PBS) at pH 7.4 at room temperature.

For determination of Vmax and Km, PenA was maintained at 14 nM with nitrocefin in excess 

molar concentration to establish pseudo-first-order kinetics, as previously described.16

The proposed interactions between PenA and avibactam are depicted in Figure 2B based on 

previous studies with class A β-lactamases and avibactam.6b,17 Determination of kinetic 

values Ki apparent (app), k2/K, kcat/kinact, and koff were previously described, and full 

methodology and equations used were defined in Papp-Wallace et al.16 Briefly, for the 

determination of the Ki app value, PenA was maintained at 14 nM, and using a direct 

competition assay with the reporter substrate, nitrocefin at 100 μM was mixed with various 

concentrations of avibactam (100–500 nM). For the k2/K assessment, progress curves were 

obtained by incubating 14 nM PenA with increasing concentrations of avibactam (50–800 

nM) using nitrocefin (50 μM) as a reporter substrate. The partition ratio (kcat/kinact) at 5 min 

for PenA with avibactam was determined by incubating 1 μM PenA with 1 μM avibactam, at 

which point >90% inhibition of 100 μM nitrocefin hydrolysis was obtained. The koff value 

was determined by incubating 10 μM PenA with an avibactam concentration of 50 μM for 

30 min. Samples were serially diluted to a final enzyme concentration of 2.0 nM, and 

hydrolysis of 100 μM nitrocefin was measured. The progress curves were fit to a single-

exponential decay equation.

Electrospray Ionization (ESI) Mass Spectrometry (MS)

To discern the nature of the intermediates of inactivation by avibactam in the reaction 

pathway with the PenA β-lactamase, ESI-MS was performed on a Waters SynaptG2-Si 

quadrupole time-of-flight mass spectrometer equipped with a LockSpray dual electrospray 

ion source, as previously described.18 For the experiments, 10 μM PenA was incubated with 

10 μM avibactam for set times (i.e., 5 min, 5 h, and 24 h) at room temperature in 10m MPBS 

(pH 7.4). Reactions were terminated by the addition of 0.1% formic acid and 1% 

acetonitrile.

Acyl-Transfer Experiment

To assess if avibactam recyclizes to re-form active compound, an acyl-tranfer ESI-MS 

experiment was conducted using PenA as the donor and TEM-1 as the recipient.6b Ten 

micromolar PenA was fully acylated with <10 μM avibactam such that no free avibactam 

was present. Ten micromolar TEM-1 β-lactamase was added, and at time points of 15 s and 

2, 5, 10, 20, and 30 min, samples were terminated and prepared for ESI-MS as described 

above.

Crystallization and Structure Refinement

The PenA β-lactamase was crystallized by the vapor diffusion method using a 250 μL 

reservoir with a 4 μL hanging drop (2 μL of reservoir solution + 2 μL of protein solution). 

For PenA, the well solution contained 25% polyethylene glycol of 8 kDa (PEG8K), 0.2 M 
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sodium chloride, 0.1 M HEPES at pH 7.0, and 15 mg/mL PenA in 2 mM HEPES (pH 7.5). 

Crystals appeared in 1–2 weeks, reaching sizes of 0.4–0.6 mm. Before data collection, a 

pregrown crystal was soaked at room temperature for 30 min in the 30% PEG holding 

solution (pH 7.5) containing 1mM avibactam. The crystals were cryoprotected by dipping 

them into a reservoir solution containing 20% glycerol, flush-cooled, and kept at 100 K with 

a nitrogen gas stream.

The 0.5° oscillation images were collected on an ADSC quantum Q210r CCD detector with 

synchrotron radiation (λ = 1.00 Å at beamline NW12E of the Advanced Ring of the Photon 

Factory, Tsukuba, Japan). The HKL2000 program was used to index and scale X-ray 

intensities (Table 2).

The 27.5 kDa PenA β-lactamase crystallized in space group C2 with three molecules in the 

asymmetric unit and the following cell dimensions: a = 120.1 Å, b = 69.4 Å, and c = 84.6 Å, 

α = 90.000°, β = 90.049°, and γ = 90.000° (100 K). Using the apo-PenA structure (PDB 

3W4Q) as a model, initial rigid body refinement was done with PHENIX. Model building 

and further refinement were performed with the programs COOT and PHENIX, respectively. 

Table 2 lists the final refinement statistics. The coordinates were deposited in the Protein 

Data Bank (PDB 3WZR).

G. mellonella Survival Assays

To assess the activity of ceftazidime–avibactam against B. multivorans in vivo, the G. 
mellonella insect model of infection was used.19 Larvae weighing between 200 and 400 mg 

were maintained on wood chips in the dark at 4 °C. Briefly, B. multivorans AU14786 was 

harvested from an 18 h culture by resuspending 1 × 109 cells in 500 μL of cold PBS. 

Ceftazidime and avibactam were also suspended in cold PBS.

A Hamilton syringe was used to inject 5 μL of the diluted bacterial suspension via the left 

proleg of each larva. After 30 min, the infected larvae were then treated with either 

ceftazidime (4 μg) or ceftazidime–avibactam (4 μg/4 μg) by injecting 5 μL into the right 

proleg. Two control groups of larvae were used. The first group was untreated. The second 

group, to test the impact of trauma, was injected with 5 μL of PBS and, after 30 min, 5 μL of 

ceftazidime/avibactam (4 μg/4 μg). One hundred G. mellonella larvae were used in each 

condition and incubated at (37 °C) in a sterile Petri dish for 24 h intervals for 48 h total. 

After 24 h of incubation, infected and control larvae were subsequently treated with 

ceftazidime (4 μg), ceftazidime/avibactam (4 μg/4 μg), or PBS + ceftazidime/avibactam (4 

μg/4 μg) respectively, by injecting 5 μL in the right proleg. Larvae were considered dead 

when they displayed no movement in response to gentle prodding with a glass rod. Three 

replicates with 100 larvae per Petri dish were performed for each condition. The proportion 

that survived under each of the five treatments was compared using a test of proportions. 

Pairwise treatment comparisons were then performed, using a Bonferroni p value adjustment 

for the multiple tests. All data analysis was performed using R version 3.2.2.

Larval Histology

The Histology Core facility at Case Western Reserve University embedded a larva from each 

treatment condition in paraffin, sectioned the larva, and stained slides using hematoxylin–
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eosin staining. Scientists at the Division of Human Pathology, University of Milan, analyzed 

the stained slides.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Characteristics of the 50 clinical B. multivorans isolates: (A) summary pie charts of the 

susceptibility testing results (susceptible (blue) and resistant (red)) conducted with 

tobramycin, imipenem, ciprofloxacin, minocycline, trimethroprim–sulfamethoxazole, 

ceftazidime, and ceftazidime–avibactam; (B) bar graph representing the number of isolates 

that are MDR and XDR; (C) dendrogram of the rep-PCR results.
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Figure 2. 
The avibactam inhibition mechanism of PenA. (A) Chemical structure of avibactam. (B) 

Scheme representing the interactions of PenA with avibactam.6a In this model, formation of 

the noncovalent complex, E:I is represented by the dissociation constant, Kd, which is 

equivalent to k−1/k1. k2 is the first-order rate constant for the acylation step, or formation of 

E-I. k−2 is the first-order rate constant for the recyclization step or re-formation of E:I. (C) 

Inhibition of nitrocefin hydrolysis by PenA using increasing concentrations of avibactam 

measured in absorbance at λ482 nm (absorbance units (a.u.)). (D) Data from panel C were fit 

to obtain kobs values, and here the kobs values were plotted versus [avibactam]. (E) Recovery 

of nitrocefin hydrolysis activity by PenA after inhibition by avibactam (green line); PenA 

alone (black line) without inhibition. (F) Acyl transfer of avibactam from PenA to TEM-1 

during a time course started at 15 s and up to 30 min. Molecular weights of apo-PenA, acyl-

PenA, apo-TEM-1, and acyl-TEM-1 are 29419 ± 3, 29685 ± 3, 28907 ± 3, and 29172 ± 3 

Da, respectively. By 20 min, most of the avibactam had transferred to TEM-1, and by 30 

min, some of the avibactam had transferred back to PenA.
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Figure 3. 
Active site structure of carbamylated PenA β-lactamase. (A) Electron density map of 

acylated Ser-70 and avibactam with omit map. (B) Snapshot of the active site of PenA 

crystal structure (PDB 3WZR) with avibactam (gray). Potential hydrogen-bonding 

interactions are indicated by dashed green lines. (C) Overlay of the crystal structures of apo-

PenA (PDB 3W4Q) (green) and PenA–avibactam (purple-gray). (D) Overlay of the crystal 

structures of PenA–avibactam (purple-gray) and KPC-2–avibactam (PDB 4ZBE) (cyan-

green). (E) Proposed mechanistic schemes of avibactam carbamylation, decarbamylation, 

and recyclization with PenA based on crystallographic and biochemical analyses.
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Figure 4. 
G. mellonella survival assays. (A) Percent survival of G. mellonella after infection by B. 
multivorans AU14786 (bacteria) treated with ceftazidime (CAZ) or ceftazidime–avibactam 

(CAZ–AVI) or mock-infected (PBS + CAZ–AVI). (***) =p value <0.001. Histological 

sections of G. mellonella. Tissue labels: trachea (T), gastrointestinal tract (GI), fat body 

(FB), subcuticular region (Ct). (B) Uninfected. (C) Mock-infected. (D) Bacteria alone. (E) 

Bacteria + CAZ. (F) Bacteria + CAZ–AVI.
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Figure 5. 
Susceptibility testing of the 96 clinical non-B. multivorans Burkholderia spp. isolates from 

CF patients. (A) Summary pie charts of the susceptibility testing results (susceptible (blue) 

and resistant (purple)) conducted with tobramycin, imipenem, ciprofloxacin, minocycline, 

trimethroprim–sulfamethoxazole, ceftazidime, and ceftazidime–avibactam. (B) Bar graph 

representing the number of isolates that are MDR and XDR.
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Table 1

Steady-State Kinetic Parameters and ESI-MS Results for PenA with Nitrocefin and Avibactam

parameter value

NCF Km (μM) 147 ± 15

NCF kcat/Km (μM−1 s−1) 3.2 ± 0.3

AVI Ki app (μM) 0.5 ± 0.1

AVI k2/K (μM−1 s−1) (2 ± 1) × 106

AVI koff (s−1) (2 ± 1) × 10−3

AVI ton 5 min 1

PenA alone (amu) 29417 ± 3

PenA–avibactam 5 min (amu) 29682 ± 3

PenA–avibactam 5 h (amu) 29682 ± 3

PenA–avibactam 24 h (amu) 29682 ± 3
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Table 2

X-ray Data Collection and Results from Phenix Refinement

parameter value

source Photon Factor AR-NW12A

detector ADSC Quantum 210r

exposure time (s) 3

oscillation angle (deg) 1.0

no. of frames 130

temp (K) 100

wavelength (Å) 1.00

space group C2

cell dimensions

 a (Å) 120.12

 b (Å) 69.43

 c (Å) 84.63

 α = γ (deg) 90.000

 β (deg) 90.049

dmin (highestres.shell) (Å) 1.60 (1.63–1.60)

observations 380200 (18572)

unique reflections 89867 (4422)

completeness (%) 98.0 (96.6)

redundancy 4.2 (4.2)

Iav/σ(I) 14.4 (2.3)

Rsym(I) 0.089 (0.701)

resolution range (Å) 20–1.6

no. of reflections used [F > 0σ(F)] 89812

Rwork/Rfree
a (%) 0.164/0.199

Rtotal (%) 0.165

residues in Ramachandran zones

 favored/allowed/disallowed (%) 99.0/1.0/0

rmsd values from ideality

 bond lengths (Å) 0.0006

 bond angles (deg) 1.10

mean B factors (no. of atoms)

 protein (no. of atoms) 15.1(5852)

 avibactam (no. of atoms) 17.4 (51)

 water molecules (no. of atoms) 29.8 (746)

 all atoms (no. of atoms) 16.0 (6649)

a
Rfree was calculated from 4512 reflections (5%).
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