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ABSTRACT  

The discovery of antibiotics and their subsequent clinical use has had a tremendous 

and beneficial impact on human health.  The β-lactam antibiotics, which include penicillins, 

cephalosporins, carbapenems, and monobactams, constitute over half of the global 

antibiotic market.  However, like all antibiotics, the β-lactams are susceptible to bacterial 

antibiotic resistance.  One of the most disconcerting manifestations of bacterial resistance 

to β-lactam antibiotics is the evolution and dissemination of β-lactamases, enzymes able to 

chemically inactivate β-lactam antibiotics.  These resistance determinants are the key 

contributing factor to extensively-drug resistant Gram-negative pathogens, for which we 

are already bereft of chemotherapeutic treatment options in some cases.   

The coadministration of a β-lactamase inhibitor (BLI) with a β-lactam antibiotic is 

a proven therapeutic strategy to counter β-lactamase expression.  Unfortunately, the 

emergence of both serine β-lactamases (SBLs) that are resistant to BLIs and metallo-β-

lactamases (MBLs), which are intrinsically resistant to BLIs due to a discrete mechanism 

of β-lactam hydrolysis, threaten the efficacy of combination therapy.  Notwithstanding this 

bacterial adaptation, the discovery and development of novel BLIs is an attractive strategy 

to evade resistance, as evidenced by the recent clinical approval of the diazabicyclooctane 

(DBO) SBL inhibitor, avibactam.   

Herein, I describe efforts directed at understanding the mechanism of avibactam 

SBL inhibition.  Furthermore, DBO derivatives are shown to display bifunctional properties 

in inhibiting both β-lactamases and the targets of β-lactam antibiotics, the penicillin-

binding proteins.  In addition to understanding the enzymology and chemical biology of 

DBOs, I describe two screening campaigns directed towards discovering inhibitors of 

MBLs, an unmet clinical need.  Using target and cell-based screening of both synthetic and 

natural product chemical libraries, a fungal natural product inhibitor of clinically relevant 

MBLs was discovered and characterized. 

This study expands our understanding of the mechanisms by which DBOs can be 

used to combat extensively drug-resistant Gram-negative pathogens.  It also describes the 

discovery of a new natural product MBL inhibitor using a workflow that should be 

amenable to other resistance determinants.  It’s hoped that these studies can contribute 

meaningfully to countering antibiotic resistance observed in clinical settings. 
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CLS  Canadian Light Source 

CLSI  Clinical Laboratory Standards Institute 

DCM  Dichloromethane 

DMSO  Dimethyl sulfoxide 

EDTA  Ethylenediaminetetraaceticacid 

ESBL  Extended-spectrum β-lactamase 

FIC  Fractional inhibitory concentration 

FPI  Fedora Pharmaceuticals Inc. 

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HNA  L-Histidine β-naphthylamide 

HTS  High-throughput screening 

IPTG  Isopropyl β-D-1-thiogalactopyranoside 

ICP-MS Inductively coupled mass spectrometry 

LC-MS Liquid chromatography-mass spectrometry 

L-DOPA L-3,4-dihydroxyphenylalanine 

MBL  Metallo-β-lactamase 

MES  2-(N-morpholino)ethanesulfonic acid 

MIC  Minimum inhibitory concentration 

PAINS  Pan Assay INterference compoundS 



xiii 
 

PG  Peptidoglycan 

PBP  Penicillin binding protein 

PCR  Polymerase chain reaction 

PDB  Protein Data Bank 

PMB  Para-methoxybenzoate 

RND   Resistance-Nodulation-Division 

SBL  Serine β-lactamase 

SAR  Structure-activity relationship 

WT  Wild-type 
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A Preamble on Antibiotic Resistance 

 Antibiotic resistance has emerged as a multifaceted and ever-changing threat facing 

the modern world.  Defined simply, antibiotic resistance is the ability of a microorganism 

to overcome an antimicrobial drug that was originally effective for treatment of infections 

caused by it.  While this is a useful functional definition in the context of human health, its 

anthropocentric view skirts acknowledging the powerful forces of evolution, microbial 

physiology, and chemistry that underpin what we observe as the phenomenon of antibiotic 

resistance.  Microorganisms, in particular the soil-dwelling actinomycetes, are prolific 

producers of antimicrobial compounds and humans have exploited this propensity in the 

discovery of many life-saving drugs, particularly during the “golden era” of antibiotic 

discovery (Figure 1-1) (Brown and Wright, 2016). Indeed, antibiotics and associated 

resistance determinants have existed long before we knew of them (D'Costa et al., 2011).  

This is a consequence of the link between microbial biosynthesis of antibiotics and the 

expression of genes able to confer a resistance phenotype to any given antibiotic, usually 

found clustered together in the genome of producing bacteria (Cimermancic et al., 2014).  

Furthermore, the abundance of proto-resistance elements (direct precursors to resistance 

elements) that must exist in nature ensures that microbes have a vast reservoir of chemical 

transformations at their disposal even if they are not linked to biosynthetic gene clusters 

(Morar and Wright, 2010; Spanogiannopoulos et al., 2014).  Spellberg summarized the 

situation appropriately:  “We will never ‘defeat’ microbes with antibiotics. There is no 

‘endgame’ - resistance is inevitable.” (Spellberg, 2014).   
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Figure 1-1.  Antibiotic scaffolds discovered during the “golden era” of antibiotic discovery.  Classes of 

synthetic origin coloured in blue, all others are natural products.  Adapted from (Brown and Wright, 2016)  
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 There may be no endgame in this struggle, however there are most certainly 

strategies and tactics we can adopt to minimize casualties on our side of the conflict.  While 

it may be argued that we cannot unambiguously link mass transfer of resistance 

determinants from environmental to pathogenic bacteria we encounter in hospital- or 

community-acquired infections, evidence is mounting to support this notion (Forsberg et 

al., 2012).  Accordingly, the agricultural misuse of antibiotics should give pause for 

thought; in 2010, the United States administered 13 million kilograms of antibiotics to 

animals (Spellberg et al., 2013).  There is, without question, the need for antibiotic use in 

agriculture, however the amount and selection of antibiotic used must be chosen 

judiciously.  The recent reports of a colistin resistance determinant, mcr-1, discovered in 

animals and human beings serves to underline this point (Liu et al., 2015).  Colistin is an 

antibiotic of last resort in the treatment of life-threatening extensively drug-resistant Gram-

negative pathogens but the global agricultural use is estimated at over 11 million kilograms.  

It is perhaps unsurprising that we have observed widespread resistance only several years 

after colistin was introduced as an antibiotic of last resort for human disease. 

Although the amounts of antibiotics administered to people is a fraction of that 

given to animals at 3 million kilograms (Spellberg et al., 2013), this too has consequences.  

Antibiotics acting as selective pressures on microorganisms in hospital settings (and 

sometime community settings) has led to the emergence of an assortment of different 

pathogenic bacteria able to evade antibiotics, notably the “ESKAPE” pathogens: 

Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter 

baumannii, Pseudomonas aeruginosa, and Enterobacter spp. (Boucher et al., 2009).  The 
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extent of mortality and morbidity associated with ESKAPE infections in modern times 

stands in sharp contrast to the opinions of many medical professionals in the mid-twentieth 

century (although it would seem that the famous William H. Stewart “close the book on 

infectious diseases” urban myth has been debunked) (Spellberg and Taylor-Blake, 2013).  

The relative contributions of shifting policies, pharmaceutical industry withdrawal, and 

medical hubris to our current quagmire of resistance is beyond the scope of this work but 

has been reviewed by Spellberg, as referenced above.   

  Given that we are locked in an arms race with bacteria for the foreseeable future it 

is imperative to both understand the molecular mechanisms by which bacteria acquire and 

utilize resistance determinants and to go one step further to test the hypothesis of whether 

we can leverage molecular understanding to generate chemotherapeutic solutions (De 

Pascale and Wright, 2010; Wright, 2011).  As demonstrated by the diverse chemical 

structures shown in Figure 1-1, there exists a dizzying array of mechanisms by which 

bacteria can evade the toxic effects of antibiotics.  There is much to be learned and exploited 

from any given antibiotic family and paired array of resistance determinants.   

Having laid the larger contextual framework of antibiotic resistance and its 

implications, the specific topic of this dissertation will now be discussed: the β-lactam 

antibiotics and β-lactamases.  β-lactam antibiotics (Figure 1-2) are far and away the most 

widely consumed antibiotic class in the world with cephalosporins and broad-spectrum 

penicillins alone comprising 55% of global consumption (Figure 1-3) (Van Boeckel et al., 

2014).  Accordingly, the number of unique β-lactamases, enzymes able to confer resistance 
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to β-lactam antibiotics, discovered in the clinic have been increasing exponentially since 

the 1980s and now number over 1300 (Bush, 2013c).  

 

 

Figure 1-2.  Chemical scaffolds of the main β-lactam families.    

 

 Therefore the pertinent questions to ask are: why are the β-lactam antibiotics so 

successful?  Why do such an overwhelming number of β-lactamases exist in the clinic?  

Lastly, what can be done to counter the emergence of β-lactamase-mediated resistance to 

this class of antibiotic? 
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Figure 1-3.  Global antibiotic consumption.  Standard units are defined as a single dose unit.  Clear bars 

are data for 2000, patterned bars for 2010.  Shaded in blue are the β-lactam antibiotics, all others are in red.  

Adapted from Van Boeckel et al. (2014). 
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A brief history of penicillin 

 The penicillin story begins with the Alexander Fleming, then working in London, 

serendipitously discovering that a Penicillium mold contaminant (originally identified as 

Penicillium notatum but later classified as Penicillium chrysogenum (Samson et al., 1977)) 

could create zones of growth inhibition on plates of Staphylococcus.  Having studied the 

effects of bacterial lysis extensively (Fleming, 1922), he realized that the mold must have 

been producing a lytic substance, which he named ‘penicillin’.  Fleming subsequently 

showed in a 1929 publication that the mold could be subcultured and fermentation broths 

yielded bacteriolytic activity with low toxicity when injected in mice (Fleming, 1929).  

However, it wasn’t until the early 1940s that Ernst Chain, Howard Florey, and associates 

working at the University of Oxford published methods for preparation of suitable 

quantities for small human clinical trials (Abraham et al., 1941; Chain et al., 1940).  Even 

with a suitable method of preparation it took almost another decade for the structure of 

penicillin G to be solved via x-ray crystallography and eventually published (Figure 1-4A) 

(Crowfoot, 1949).  It should be noted here that those working in Oxford had been isolating 

penicillin F (Figure 1-4C) while those in America were working with penicillin G.  The 

different products were a result of fermentative growth additives; in this case the Americans 

added corn steep liquor, which contained phenylacetic acid (Abraham, 1987).  The 

instability of penicillin F may have been a contributing factor to Fleming’s early difficulties 

in purification. 



Ph.D. Thesis – Andrew M. King – McMaster University – Chemistry and Chemical Biology 

 
 

9 
 

 

Figure 1-4.  Chemical structures of A) penicillin G, B) penicillin V, and C) penicillin F 

 

 The importance of penicillin to the history of medicine cannot be understated.  It 

was the first example of a chemotherapy able to kill bacteria in vivo while avoiding 

significant metabolism and toxicity.  Penicillin paved the way for the antibiotic era, in 

which the rates of death attributed to infection dropped from ~ 30 % to 4 % (Kardos and 

Demain, 2011).  The semisynthetic expansion of penicillin coupled with related scaffold 

discovery (and analogous semisynthetic expansions) led to what we now know as the β-

lactam antibiotic class. 

 

Scaffold discovery and semisynthetic modifications of β-lactam antibiotics 

 Optimization of penicillin fermentation conditions was underway during the 1950s 

at Beecham Research Laboratories.  Co-discoverer of penicillin Ernst Chain, acting as a 

consultant, suggested that useful derivatives of penicillin could be generated by the 

modification of the acyl side chain of penicillin.  He also suggested that the fermentation 

of a precursor lacking the acyl chain, which could then be modified chemically, was a 

logical method to obtain derivatives as well.  The same researchers at Beecham were able 

to identify a deacylase from Streptomyces lavendulae that acted on penicillin V (Figure 1-
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4), which enabled the generation of 6-aminopenicillanic acid (6-APA).  This discovery 

enabled the generation of nearly 30 semisynthetic penicillins, including methicillin, 

ampicillin, and piperacillin (Figure 1-5) (Rolinson, 1998).  Some of these, like methicillin, 

have been categorized as “narrow spectrum”, meaning they have activity against a select 

number of pathogens, or vice versa as “broad spectrum”. 

  

 

Figure 1-5.  A representative timeline of semisynthetic penicillin development.  Colored sections of 

molecules indicate sites of semisynthesis.  Circles marks the approximate dates when penicillins were first 

reported. 

 

This process was not limited to the penicillins.  The discovery of cephalosporin C 

and its structural elucidation (Figure 1-6) (Abraham and Newton, 1961; Newton and 

Abraham, 1956) naturally prompted the generation of 7-aminocephalosporanic acid (7-

ACA) (Morin et al., 1962) 
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Figure 1-6.  Chemical structure of cephalosporin C 

 

 Semisynthetic modification of 7-ACA has led to similar expansions of the 

cephalosporin class (Figure 1-7) (Clarke et al., 1985; Heymes et al., 1977; Nagarajan et al., 

1971).  These have been categorized as “generations”, with each generation generally 

having expanded spectra of activity and resistance to hydrolysis by β-lactamases, enzymes 

able to inactivate β-lactam antibiotics, while taking into account safety and stability 

(Bryskier, 2000) 

 
 

Figure 1-7.  A representative timeline of semisynthetic cephalosporin development.  Colored sections of 

molecules indicate sites of semisynthesis.  Circles marks the approximate dates when cephalosporins were 

first reported. 
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The discovery of the carbapenem, thienamycin (Kahan et al., 1979), the 

monobactam, nocardicin A (Matsuura et al., 1993b) (Figure 1-8), and subsequent 

semisynthesis on these natural product scaffolds completed the set of the four main families 

of β-lactam antibiotics in current clinical use (Figure 1-1).   

 

 

Figure 1-8.  Chemical structures of A) thienamycin and B) nocardicin A 

 

Penicillin-binding proteins: Sensitivity and resistance 

Although it had been suggested in 1946 that penicillin might target cell wall 

integrity, it was Tipper and Strominger who posited that the antibiotic mechanism of action 

lay in the structural similarity of the molecule to acyl-D-alanyl-D-alanine (Figure 1-9), 

lending it properties as an inhibitor of cell wall biosynthesis (Tipper and Strominger, 1965).   

 

 

 

Figure 1-9.  Chemical structures of A) D-alanyl-D-alanine and B) penicillin.  Colored sections of 

molecules indicate structural similarity 
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Later, it was shown that penicillins and cephalosporins covalently modify bacterial 

transpeptidases, enzymes responsible for cross-linking peptidoglycan in the cell wall 

(Waxman et al., 1980).  It was also demonstrated that penicillins bind multiple enzymes, 

the so-called “penicillin-binding proteins” (PBPs) (Spratt, 1980).  We now know that all 

bacteria possess multiple PBPs, which are numbered sequentially based on observed 

molecular weight (high to low).  Some PBPs are monofunctional transpeptidases and others 

are bifunctional, possessing a penicillin-insensitive transglycosylase domain in addition to 

a penicillin-sensitive transpeptidase domain (Ghuysen, 1991).  It is also clear that different 

β-lactam antibiotics possess varying specificities for PBPs, leading to predictable 

morphological defects based on the specific cell wall biosynthetic role of any given PBP 

(Tipper, 1985).  More recently, it has been shown that the arrest of cell wall synthesis via 

PBP inhibition leads to a complex cascade of events, including futile cycling of cell wall 

synthesis and degradation that depletes cell resources (Cho et al., 2014). 

Bacteria have evolved numerous mechanisms of resistance to β-lactams, including: 

altered PBP expression (for example S. aureus PBP2a, a PBP insensitive to β-lactams), 

porin deletion (a broad range of Gram-negative pathogens), and expression of efflux 

systems (for example MexAB-OprM) (Fisher et al., 2005).  However, it is the evolution 

and spread of β-lactamases that poses the greatest threat to the utility of the β-lactam 

antibiotics. 
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β-lactamases:  Past to present 

Problems with bacterial contamination ruining large scale fermentations of 

Penicillium in the late 1930s prompted investigation into these “penicillin-destroying 

cultures” (McQuarrie et al., 1944).  Abraham and Chain took these cultures of Bacillus coli, 

now known as Escherichia coli (E. coli) that were not killed by penicillin and determined 

the activity to be enzymatic, therefore naming the protein “penicillinase” and publishing 

these results in Nature well before penicillin was available for use as a drug (Abraham and 

Chain, 1940).  Since that initial discovery more than 1300 β-lactamases have been reported 

(Bush).  Currently two main systems are used for classification of β-lactamases, one first 

proposed by Richard Ambler in 1980 (Ambler, 1980) and the other by Karen Bush in 1988 

(Bush, 1988).  The Ambler system uses amino acid sequence to define molecular 

phylogenies and groups β-lactamases into four broad classes: A, B, C, and D.  The A, C, 

and D classes are serine β-lactamases (SBLs) while the class B enzymes are metallo-β-

lactamases (MBLs). All MBLs use one or two zinc ions to activate bulk solvent as 

nucleophile (Figure 1-10A) while SBLs use an active site serine as nucleophile (Figure 1-

10B).  Both mechanisms converge on a ring opened inactivated drug product.   
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Figure 1-10.  Generalized mechanisms of β-lactamase-mediated hydrolysis of penicillin.  A)  Metallo- 

β-lactamases utilize two (sometimes one) zinc ions and bulk solvent as nucleophile.  B)  SBLs utilize an 

active site serine as nucleophile.  Both mechanisms converge on production of a ring-opened penicilloic acid. 
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Table 1-1.  Representative enzymes grouped according to Ambler and Bush-Jacoby classification 

schemes. 

Ambler 

Class 

Bush-

Jacoby 
Group 

Penicillinase 

activity 

Cephalosporinase 

activity 

ESBL 

activity 

Carbapenemase 

activity 

Monobactamase 

activity 

Clavulanic 

acid sensitive 
Enzyme 

A 2a Y N N N N Y PC1 

 2b Y Y N N N Y TEM-1 

 2be Y Y Y N Y Y CTX-M-15 

 2br Y Y N N N N TEM-30 

 2c Y N N N V V PSE-4 

 2ce Y N N N N Y RTG-4 

 2e Y Y Y N V Y L2 

 2f Y Y Y Y Y Y KPC-2 

B 3a Y Y Y Y N N NDM-1 

 3b Y N N Y N N CphA 

C 1 N Y N N N N AmpC 

 1e N Y Y N N N CMY-37 

D 2d Y N N N N V OXA-10 

 2de Y Y V N N V OXA-11 

 2df Y N Y N N N OXA-48 

*Adapted from (Bush, 2013a).  Y = yes, N = no, V = variable 

 

The Bush-Jacoby system (as it is now known) rather uses substrate and inhibitor 

profiles to define groups and subgroups. Table 1-1 shows how both classifications organize 

the many different types of β-lactamase we know.  More complete details can be found in 

a recent review  (Bush, 2013a).  Table 1.1 also serves as a useful reference for 

understanding the substrate/inhibition profiles of certain clinically relevant β-lactamases.  

For instance, the extended-spectrum β-lactamases (ESBLs) are enzymes able to hydrolyze 

oximino-cephalosporins (cefotaxime, ceftriaxone, ceftazidime) (Bradford, 2001), amongst 

other substrates, and fall under Group 2be.  Serine carbapenemases and metallo-

carbapenemases fall under Groups 2f and 3a, respectively (Bush, 2013b).   
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Each Ambler class will be discussed separately, beginning with an overview of 

structure and mechanism.  This will then be followed by epidemiology and clinical 

relevance, a logical order since it is often subtle structural changes leading to distinct 

substrate profiles that bring certain β-lactamase variants to our attention.   

 

Ambler class A β-lactamases 

 The best known class A β-lactamase is TEM-1 (Figure 1-11), so-called because it 

was first isolated in 1965 from a Greek patient named “Temoniera” (Datta and 

Kontomichalou, 1965).  Since that initial isolation, at least 223 TEM variants have been 

observed in the clinic as of 2015.  Together with the closely related SHV (sulfhydryl-

variable, 193 variants) they comprise the best characterized SBL group and are 

predominantly found in E. coli and K. pneumoniae (Bush).   Ultrahigh resolution structures 

for representatives of both enzymes have been published (Minasov et al., 2002; Nukaga et 

al., 2003).  These structures exhibit the canonical class A fold consisting of an α/β domain 

and an α domain (Figure 1-10A).  The substrate binding site is located at the domain 

interface and contains common motifs found in class A enzymes (TEM numbering): 

Ser70XaaXaaLys, Ser130XaaGln, Glu166XaaXaaLeuGln, Lys234ThrGly (Figure 1-10B) 

(Bush, 2013a).  These residues are required for both half reactions involved in SBL-

mediated β-lactam hydrolysis; the first being acylation and second, deacylation.  Ser70 is 

the nucleophilic serine acylated by β-lactams and catalysis is driven by the coordination of 

other invariant active site residues: Lys73, Ser130, and Glu166.  Lys234 acts to coordinate 

the substrate carboxyl through electrostatic interactions while the backbone amides of 
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residues Ser70 and Ala237 (the “oxyanion hole”) provide hydrogen bonding interactions 

with the β-lactam carbonyl (Figure 1-11) (Fink and Page, 2012).   

There are two proposed mechanisms for the acylation half reaction of class A β-

lactamases.  The first envisions Glu166 acting as general base to abstract a proton from 

Ser70 via a bridging water molecule (Nukaga et al., 2003) while the second gives Lys73 

the role of general base in direct activation of Ser70 (Strynadka et al., 1992).  Collapse of 

the tetrahedral intermediate is dependent upon N-protonation and Ser130 is widely 

accepted as the general acid responsible for this (Figure 1-12).  It is possible that both 

mechanisms act in concert and may contribute to the diversity of substrates these enzymes 

can hydrolyze (Meroueh et al., 2005).   

Deacylation occurs via Glu166 again acting as general base to deprotonate a water 

molecule, which then attacks the acyl-enzyme intermediate.  Collapse of the tetrahedral 

intermediate likely comes about with Ser130 shuttling the proton from Lys73 (Figure 1-

13).  Alternatively it may be Lys234 shuttling the proton from Lys73, or both acting in 

concert (Fink and Page, 2012). 
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Figure 1-11.  Structure of TEM-1, a class A SBL, in complex with hydrolyzed imipenem.  A)  Overall 

fold and B) active site are shown.  Active site residues are show in white sticks and hydrolyzed imipenem as 

teal sticks for the carbon backbone.  Individual atoms are colored red (oxygen), blue (nitrogen), and yellow 

(sulfur).  PDB code 1bt5. 
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Figure 1-12.  Proposed mechanisms for class A SBL acylation half reaction.  A)  Glu166 acts as general 

base to deprotonate Ser70 via a water molecule or B) Lys73 acts as general base to deprotonate Ser70 directly.  

Adapted from (Meroueh, Fisher et al. 2005). 
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Figure 1-13.  Proposed mechanisms for class A SBL deacylation half reaction.  
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The development and widespread use of expanded-spectrum cephalosporins like 

the oximino-cephalosporins that are stable against TEM-1 and SHV-1 (Neu, 1982) led 

predictably to the enrichment of ESBL alleles in bacterial populations.  The first instance 

of a ESBL can be traced back to 1985 with the discovery of SHV-2 from a K. pneumoniae 

strain isolated in Germany (Kliebe et al., 1985).   The other clinically significant class A 

ESBLs are the CTX-M-type, which did not arise from point mutations in other plasmid-

borne β-lactamases but rather mobilized from environmental Kluyvera spp. (Canton et al., 

2012).  In 1989, CTX-M-1 was isolated in Germany and was named for its activity against 

cefotaxime (Bauernfeind et al., 1990).  Since then, this class, too, has exploded in number 

with 172 variants reported (Bush).  The CTX-M enzymes have become a global problem 

due to their ability to hydrolyze a wide range of β-lactam substrates, genetically associated 

resistance determinants, and the rapidity with which they evolve and spread under antibiotic 

pressure (Hawkey and Jones, 2009).  The global emergence of a clonal isolate of E. coli 

(ST131) expressing CTX-M-15 is a particularly alarming development in ESBLs (Peirano 

and Pitout, 2010). 

The other class A enzymes garnering attention are the serine carbapenemases, 

enzymes able to hydrolyze and confer resistance to carbapenems (Queenan and Bush, 

2007).  In particular, the KPC-type enzymes pose significant threats due to their rapid 

international spread and association with high mortality rates (Munoz-Price et al., 2013).  

KPC-1 was first discovered in the United States but later renamed KPC-2 as it was 

discovered that the KPC-1 sequence contained an error (Yigit et al., 2001b, 2008).  The 

KPC enzymes have broad substrate specificity, are found on plasmids with broad host 
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range, and pathogens expressing them are often only treatable by polymyxins or tigecycline 

(Bush and Fisher, 2011). 

Ambler class C β-lactamases 

The original “penicillinase” reported by Abraham and Chain in 1940 was, in fact, 

what we now refer to as AmpC in E. coli.  This class of enzyme is found chromosomally-

expressed in a wide range of bacteria spanning two phyla, three classes, and 6 orders, 

although predominantly proteobacterial (Jacoby, 2009).  Like Class A enzymes, class C 

SBLs like AmpC possess two domains, one α domain and one α/β domain (Figure 1-14A).  

They similarly possess active site motifs including: Ser64XaaXaaLys, Tyr150XaaGln, and 

Lys315SerGly (Figure 1-14B) (Bush, 2013a).  Crystal structures of hydrolyzed substrate in 

the active site clearly show that Ser64 is the nucleophile that undergoes acylation but 

subsequent steps in the mechanism are not as well understood as in the class A enzymes.  

For the acylation half reaction, it’s thought that Tyr150 acts as general base, via activation 

of a neutral Lys67 and perhaps the participation of Asn152 in a hydrogen bonding network, 

to deprotonate Ser64 (Chen et al., 2009; Wouters and Bauvois, 2012).  The deacylation step 

is thought to proceed in similar fashion with Tyr150 and/or Lys67 active as general base 

but there is also the possibility for the participation of a charge relay between Asn152, 

Lys67, Tyr150, and Lys315 (Fink and Page, 2012). 
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Figure 1-14.  Structure of AmpC from E. coli, a class C SBL, in complex with hydrolyzed ceftazidime.  

A)  Overall fold and B) active site are shown.  Active site residues are show in white sticks and hydrolyzed 

ceftazidime as teal sticks for the carbon backbone.  Individual atoms are colored red (oxygen), blue (nitrogen), 

and yellow (sulfur).  PDB code 1iel.  
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In terms of clinical relevance, when chromosomal AmpC-expressing E. cloacae 

acquire mutations leading to the hyperproduction of this enzyme, increased mortality and 

morbidity is observed (Cosgrove et al., 2002).  The same trend is observed in E. coli, 

Acinetobacter spp., and P. aeruginosa: mutations or insertions that affect the regulation 

and lead to overexpression of normally modestly expressed AmpC leads to heightened and 

stable resistance phenotypes (Jacoby, 2009).  AmpC overproduction coupled with 

overexpression of Resistance-Nodulation-Division (RND) efflux pumps and OprD porin 

loss can even lead to carbapenem resistance (Rodríguez-Martínez et al., 2009). 

Plasmid-borne class C enzymes are also becoming commonplace.  CMY-type β-

lactamases are most commonly found in Enterobacteriaceae are widespread internationally, 

confer similar resistance phenotypes to ESBLs, and are not inhibited by typical β-lactamase 

inhibitors (Sidjabat et al., 2009).  More worrying is the increasing frequency of CMY 

enzymes, like CTX-M, being found associated with resistance to quinolones and 

aminoglycosides (Hawkey and Jones, 2009); most alarming of all is finding them being 

associated with blaNDM-1-carrying plasmids (Kumarasamy et al., 2010). 
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Ambler class D β-lactamases 

 The class D OXA (originally named for the ability to hydrolyze oxacillin) enzymes 

are a massive and diverse family, with over 498 sequence variants described (Bush).  

Despite this variation one can still define common folds and active site motifs as in the 

class A and C β-lactamases.  OXA-type enzymes exhibit a similar fold as other SBLs, 

possessing one predominantly α domain and one α/β domain (Figure 1-15A).  The active 

site lies in between the two domains and has common sequence motifs of Ser67XaaXaaLys, 

Ser115XaaVal, and Lys205ThrGly (OXA-10 numbering) (Figure 1-15B) (Kerff et al., 

2012).  The OXA enzymes are distinguished from other SBLs by the presence of a 

carbamylated (“carboxylated”) Lys67 (Golemi et al., 2001).  This residue likely acts as 

general base in deprotonating Ser67 for attack on the β-lactam carbonyl.  In analogous 

fashion to the class A enzymes, Ser115 protonates the lactam nitrogen, leading to cleavage.  

Carbamylated Lys67 likely acts as general base by deprotonating water in the deacylation 

step as well.  This mechanism has practical implications as assays must be set up such that 

Lys67 is fully carboxylated, else biphasic kinetics can be observed (Golemi et al., 2001).  

With such structural variation it’s difficult to keep track of the molecular properties and 

significance of certain variants.  The largest group of OXA enzymes are the OXA-51-like 

β-lactamases.  Unlike the early identified OXA enzymes, which were plasmid encoded and 

found in Gram-negative bacteria (Sykes and Matthew, 1976), these enzymes are found 

chromosomally in A. baumannii, with at least 95 variants identified (Evans and Amyes, 

2014).     
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Figure 1-15.  Structure of OXA-10, a class D SBL, in complex with hydrolyzed penicillin. A)  Overall 

fold and B) active site are shown.  Active site residues are show in white sticks and hydrolyzed penicillin as 

teal sticks for the carbon backbone.  Individual atoms are colored red (oxygen), blue (nitrogen), and yellow 

(sulfur).  PDB code 1k54.  
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Here, representatives from the three Bush-Jacoby subgroups will be discussed 

(Table 1-1).  OXA-10 belongs to group 2d and like other members, has increased activity 

against methicillin and oxacillin and is poorly inhibited by clavulanic acid; these enzymes 

also possess rather narrow substrate specificity.  This enzyme, found on plasmids in P. 

aeruginosa was originally named PSE-2 (P-specific enzyme) but then renamed OXA-10 

after its discovery in Enterobacteriaceae (Hall et al., 1993).  The same publication also 

reported the discovery of OXA-11, which through two point mutations had acquired ESBL 

spectrum.  This enzyme is joined by many others in group 2de and their molecular 

epidemiology and phylogenetic groupings has been well summarized in a comprehensive 

review on OXA-type β-lactamases (Evans and Amyes, 2014).  The last functional group, 

2df, will be discussed in the context of OXA-48, a carbapenemase that was first identified 

in a strain of K. pneumoniae.  The detection of this plasmid-borne OXA-type 

carbapenemase stood in sharp contrast to the other carbapenemases in this family, which 

had remained chromosomally encoded in A. baumannii (Poirel et al., 2004).   The recent 

publication of the structure of OXA-48 also shows that it shares more in common with 

OXA-10-type β-lactamases than other OXA carbapenemases, suggesting a distinct 

evolutionary route.  In particular, the lack of a hydrophobic bridge across its active site, 

suggesting, as with most β-lactamases, that it is subtle changes in active site architecture 

that confer substrate specificity (Docquier et al., 2009). 
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Ambler class B β-lactamases 

The first class B β-lactamase, or MBL, identified was BcII from Bacillus cereus.  

Differential penicillinase and cephalosporinase activity had been observed during 

preparations of the enzyme from this organism.  The varying activity remained poorly 

understood until Kuwabara and Abraham reported the isolation of two different aptly 

named β-lactamases, BcI and BcII with penicillinase and cephalosporinase activity, 

respectively (Kuwabara and Abraham, 1967).  BcII belongs to the MBL subclass B1, to 

which other MBL families like IMP (Resistance to imipenem), NDM (New Delhi MBL), 

SPM (Sao Paolo MBL), and VIM (Verona integron-encoded MBL) also belong.  There are 

two other subclasses, B2 and B3, and these are summarized in Table 2-1 (Bush, 2013a). 

 

Table 1-2.  Ambler class B subclasses 

Subclass Substrates 
Number of Zn2+ 

active site atoms 

Zn1 coordinating 

residues 

Zn2 coordinating 

residues 

Representative 

families 

B1a All β-lactams except 2 His Asp BcII, IMP, VIM 

 monobactams  His Cys SPM, CcrA 

   His His  

B1b All β-lactams except 2 His Asp NDMa 

 monobactams  His Cys  

   His His  

B2 Carbapenems 1 N/A Asp CphA, Sfh-1 

    Cys  

    His  

B3 All β-lactams except 2 His Asp L1, FEZ-1 

 monobactams  His His CAU-1 

   His His  

a Based on low sequence homology to other class B1 enzymes  

*Adapted from (Bush, 2013a). 
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BcII has since been the model enzyme for studying MBLs but as a whole the class 

B enzymes had remained something of an academic pursuit (despite incredibly broad 

substrate hydrolysis profiles) because they were chromosomally confined and not often a 

clinical concern.  This changed in 1991 when IMP-1, a plasmid-borne MBL, was isolated 

from P. aeruginosa in Japan (Watanabe et al., 1991).  The subsequent discoveries of other 

acquired resistance determinants VIM-1  (Lauretti et al., 1999) and NDM-1 (Kumarasamy 

et al., 2010) in Gram-negative pathogens have brought us to a new era where MBLs are 

perhaps the most ominous threat to our arsenal of β-lactam antibiotics (Cornaglia et al., 

2011).  For this reason, focus here will be on subclass B1 in terms of structure, mechanism, 

and clinical relevance.   

All MBLs possess an αβ/βα fold and at the interface of the β sheets a catalytic center 

with one or two zinc ions (Figure 1-16A).  In B1 MBLs, there are two zinc binding sites, 

with the first zinc, Zn1, coordinated by three His residues and the second, Zn2, coordinated 

by Asp, Cys, and His residues (Figure 1-16B).  The active site cleft is flanked by loop 

regions that modulate the conformational shape of the cleft and this flexibility no doubt 

affords the enzymes broad substrate specificity by allowing for variable side chains 

(Bebrone et al., 2012; King and Strynadka, 2011).  The actual mechanism by which B1 

MBLs catalyze lactam ring hydrolysis is still a matter of open debate.  The single most 

confounding factor in mechanistic studies is the simple question: what is the occupancy of 

zinc-binding sites in these enzymes?   
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Figure 1-16.  Structure of NDM-1, a class B MBL, in complex with hydrolyzed benzylpenicillin. A)  

Overall fold and B) active site are shown.  Active site residues are show in white sticks and hydrolyzed 

imipenem as teal sticks for the carbon backbone.  Individual atoms are colored red (oxygen), blue (nitrogen), 

and yellow (sulfur).  PDB code 4eyf   



Ph.D. Thesis – Andrew M. King – McMaster University – Chemistry and Chemical Biology 

 
 

32 
 

 One of the earliest studies showed some critical properties of the BcII enzyme.  The 

enzyme could be substituted with different metal cofactors (Co2+, Cd2+, Mn2+, Hg2+) and 

retain activity, albeit reduced.  Furthermore, the enzyme displayed zinc-dependent activity 

profiles, with a maximum rate of hydrolysis for both benzylpenicillin and cephalosporin C 

requiring millimolar ZnSO4 concentrations (Davies and Abraham, 1974).  The variation in 

rate with respect to Zn2+ concentrations is intriguing when one considers that NDM-1 

activity is affected likewise (Thomas et al., 2011), however IMP-1 is not significantly 

affected by Zn2+ (Laraki et al., 1999).  Furthermore, the two zinc binding sites in BcII have 

been shown to have different dissociation constants: Zn1 is in the picomolar range whilst 

Zn2 is in the micromolar range (Wommer et al., 2002).  Taken together, these data suggest 

that either the IMP-1 enzyme is active as a mono-zinc variant or that the Zn2 site has a 

significantly lower dissociation constant relative to BcII or NDM enzymes.  A crystal 

structure for IMP-1 shows two zinc ions in the active site (Concha et al., 2000), however, 

the closely related SPM-1 displayed a similar kinetic profile and bound 1.5 equivalents of 

Zn2+ (Murphy et al., 2003) but then was later crystallized with a single Zn2+ in the active 

site (Murphy et al., 2006).  It comes as no surprise that the literature is replete with 

mechanisms proposing one and/or two zinc ions in catalysis, and/or the additional 

involvement of an active site Asp residue acting as general base (Badarau and Page, 2006; 

Bebrone et al., 2012; Tioni et al., 2008; Wommer et al., 2002).  Recently, the Vila group 

suggested that the evolution of a Cys ligand tunes metal binding affinity in the zinc-

deficient environment of the bacterial periplasm, asserting that the di-zinc variant is active 

(Gonzalez et al., 2012).   
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Figure 1-17.  Proposed mechanisms for class B1 MBL hydrolysis of β-lactams.  Adapted from (Simona, 

Magistrato et al. 2009)  
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Taken together, a likely mechanism for MBL hydrolysis is shown in Figure 1-17 

(Llarrull et al., 2007; Simona et al., 2009).  Zn2 participates in substrate carboxylate binding 

via a water molecule to orient the substrate optimally for binding (although the presence of 

a water molecule may vary between substrates, and could rather be direct interaction).  Zn1 

is responsible for activation of the nucleophilic water (hydroxide) in addition to acting as a 

Lewis acid coordinating to the carbonyl oxygen and lowering electron density at the 

carbonyl carbon, facilitating nucleophilic addition.  Evidence for the generation of a 

negatively charged nitrogen stabilized by Zn acting as a Lewis acid has been published, 

albeit with the resonance stabilized, chromogenic substrate, nitrocefin (Wang et al., 1999; 

Yang et al., 2012).  N-protonation, likely from the water molecule originally bound by Zn2 

(now shifted to bridge the zincs), then completes the catalytic cycle (Meini et al., 2015). 

At the time of writing there have been 52 IMP, 46 VIM, and 16 NDM variants 

reported (Bush).  A recent review provides a thorough presentation of countries and 

organisms where acquired MBL variants were first detected (Cornaglia et al., 2011); here 

a brief summary of the IMP, VIM and NDM variants will be presented.  In terms of 

molecular epidemiology, blaIMP genes have been detected in a wide range of Gram-negative 

pathogens, in particular P. aeruginosa.  These enzymes have traditionally been largely 

found in Japan and other East Asian regions, with IMP-1 being the most common variant 

(Zhao and Hu, 2011).  VIM-type enzymes were originally endemic to Europe, in particular 

Mediterranean countries where they’ve been associated with nosocomial outbreaks 

(Mazzariol et al., 2011).  The VIM variants have since spread throughout the rest of Europe, 

for instance nosocomial outbreaks of VIM-1-expressing P. aeruginosa in France (Corvec 
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et al., 2006).  The two major variants, VIM-1 and VIM-2, seem to be more commonly 

associated with Enterobacteriaceae and P. aeruginosa, respectively (Mojica et al., 2015).  

The last major subgroup of acquired MBLs is the NDM family, which was first discovered 

in Enterobacteriaceae in the Indian subcontinent (Yong et al., 2009).  Subsequent 

widespread detection in multiple strains of Enterobacteriaceae in clinical (Kumarasamy et 

al., 2010) and community (Walsh et al., 2011) settings was cause for international concern.  

Like other B1 enzymes, NDM-1 is able to hydrolyze a broad range of β-lactams, including 

carbapenems, but what was particularly striking with NDM-1 was the pan-resistant profile 

observed in isolates.  This is a consequence of its association with multiple resistance 

determinants on both narrow and broad host-range plasmids, leading to rapid dissemination 

amongst a number of Gram-negative pathogens (Poirel et al., 2011).  The lack of MBL 

inhibitors in clinical development makes the situation all the more frightening (Buynak, 

2013).  It stands to reason, however, that the development of an inhibitor effective against 

IMP, VIM, and NDM MBLs expressed in A. baumannii, P. aeruginosa, and 

Enterobacteriaceae could be combined with a carbapenem antibiotic for successful 

treatment of these extreme-drug resistant infections.  
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β-lactamase inhibitors 

The first of two strategies to counter the expression of β-lactamases has culminated 

in the impressive array of β-lactam antibiotics, as described above.  The second strategy 

involves the co-administration of a β-lactamase inhibitor (BLI) that can neutralize the 

function of β-lactamase activity.  There are currently four BLIs approved for clinical use in 

the United States (Figure 1-18).   

 

 

Figure 1-18.  Timeline of BLI development.  Circles marks the approximate dates when BLIs were first 

reported. 

 

The early inhibitors, clavulanic acid, sulbactam, and tazobactam were discovered 

and developed in very similar fashion to the β-lactam antibiotics decades before.  

Clavulanic acid was discovered at Beecham pharmaceuticals as a natural product produced 

by Streptomyces clavuligeris (Reading and Cole, 1977).  This molecule had poor 

antimicrobial activity but excellent inhibitory activity against penicillinases, displaying 

synergy with partner penicillin antibiotics (Neu and Fu, 1978).  Soon after, it was 
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formulated with amoxicillin and marketed as Augmentin and has been a success in terms 

of treating patients and commercial revenue through to the 21st century (Walsh, 2003).  The 

mechanism by which this “suicide inhibitor” irreversibly acylates its target has been 

reviewed elsewhere (Drawz and Bonomo, 2010b) but is summarized in Figure 1-20. 

 

 

Figure 1-19.  Simplified mechanism of SBL inhibition by clavulanic acid.  Adapted from (Drawz and 

Bonomo, 2010b) 

 

The success of clavulanic acid prompted the development of semisynthetic 

sulbactam and tazobactam (Figure 1-18) (Aronoff et al., 1984; English et al., 1978).  Both 

have similar inhibition profiles of SBLs as clavulanic acid, however these derivatives, in 

particular tazobactam, did display better profiles of inhibition against class C enzymes, 

perhaps at the expense of ESBL TEM inhibition (Bush et al., 1993).  Sulbactam is combined 

with ampicillin under the trade name Unasyn, which was developed in the late 1980s 

whereas tazobactam is combined with piperacillin under the trade name Zosyn in the United 

States. 

There had been a significant gap in the development of BLIs until recently, with the 

clinical approval of avibactam, formerly NXL-104 (aka AVE1330A) (Figure 1-18).  This 

BLI has modest antimicrobial activity but potent β-lactamase inhibitory properties.  The 
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aim in developing NXL-104 was to develop an inhibitor with activity against class C β-

lactamases and restore efficacy of 3rd generation cephalosporins (Pratt, 2012).  Avibactam 

was indeed able to restore efficacy of ceftazidime against a panel of class A and class C-

expressing Enterobacteriaceae (Bonnefoy et al., 2004).  Avibactam was also shown to 

inhibit its targets through a unique covalent, reversible mechanism (Figure 1-20) (Ehmann 

et al., 2012a).   

 

 

Figure 1-20.  Simplified mechanism of SBL inhibition by avibactam.  Adapted from (Ehmann et al., 

2013b) 

 

The same group at Astra Zeneca went on to characterize the inhibitory properties 

against a panel of SBLs from all three Ambler classes (Ehmann et al., 2013b).  Avibactam 

demonstrated excellent inhibition of class A enzymes, although was slowly hydrolyzed by 

KPC-2, an observation that should be kept in mind when testing this and derivative 

molecules against other SBLs.  It also displayed some good activity against class C 

enzymes, however the class D inhibition profiles were far more varied.  On- and off-rates 

for the OXA enzymes were very slow, although this lead to an overall favorable 
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dissociation constant.  Avibactam was recently approved for clinical use in combination 

with ceftazidime (Avycaz). 

 

Discovery and characterization of novel β-lactamase inhibitors 

Efforts to discover and bring to clinic novel β-lactamase inhibitors have intensified 

in recent years, highlighted by the recent approval of Avycaz (Buynak, 2013).  It’s clear 

that the rising tide of antibiotic resistance, in particular to the valuable β-lactam antibiotics, 

necessitates the discovery and optimization of new scaffolds.  For nearly a century the 

combination of microbiology, natural product and synthetic chemistry, and enzymology 

has led to the development of life-saving β-lactam antibiotics and partner BLIs.  It stands 

to reason that new inhibitor scaffolds can be discovered from natural products sources or 

from newly developed synthetic libraries.  In particular, scaffolds with activity against 

Gram-negative pathogens expressing ESBLs and MBLs that are widely disseminated are 

needed to counter new resistance phenotypes.  In this workflow new scaffolds require 

careful characterization of both in vitro enzymology and cell-based activity to inform 

subsequent derivatization.  Therefore, this thesis aims to:  

Research Aims 

1. Characterize the mechanism of SBL inhibition of avibactam (Chapter 2) 

2. Investigate synthetic derivatives of avibactam for their SBL and PBP inhibitory 

properties (Chapter 3) 

3. Discover clinically relevant inhibitors of NDM-1 and associated MBLs (Chapters 

4 and 5). 
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CHAPTER 2 

 

MOLECULAR MECHANISM OF AVIBACTAM-MEDIATED BETA-LACTAMASE 

INHIBITION 
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ABSTRACT 

Emerging β-lactamase-mediated resistance is threatening the clinical utility of the 

single most prominent class of antibacterial agents used in medicine, the β-lactams. The 

diazabicyclooctane avibactam is able to inhibit a wider range of serine-β-lactamases than 

has been previously observed with β-lactamase inhibitors such as the widely prescribed 

clavulanic acid. However, despite its broad-spectrum activity, variable levels of inhibition 

have been observed for the molecular class D β-lactamases. In order to better understand 

the molecular basis and spectrum of inhibition by avibactam we provide structural and 

mechanistic analysis of the compound in complex with important Class A and D SBLs. 

Herein, we reveal the 1.7 and 2.0Å resolution crystal structures of avibactam covalently 

bound to the class D β-lactamases OXA-10 and OXA-48. Furthermore, a kinetic analysis 

of key active site mutants for the class A β-lactamase CTX-M-15 allows us to propose a 

validated mechanism for avibactam mediated β-lactamase inhibition including a unique 

role for Ser130, which acts as a general base. This study provides molecular insights that 

will aid in the design and development of avibactam-based chemotherapeutic agents 

effective against emerging drug-resistant microorganisms  

INTRODUCTION 

The β-lactam antibiotics target the final synthetic step in peptidoglycan (PG) 

biogenesis, whereby they act as substrate analogues of the penultimate D-Ala-D-Ala on the 

PG stem peptide to inhibit the PBP-catalyzed transpeptidation of adjacent PG strands. The 

most clinically prevalent resistance mechanism to the β-lactams in Gram-negative bacteria 

is the expression of β-lactamase enzymes that hydrolyze the four membered lactam ring, 
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yielding an inactivated product. These enzymes are often encoded on readily transferable 

plasmids that facilitate their transmission throughout microbial populations (Bush, 2010).  

The β-lactamases are often grouped into four distinct classes (A-D) based upon 

sequence homology (Bush, 2013a). The class A, C and D SBLs evolved from the PBP 

transpeptidases, and are the most clinically prevalent and employ an active site serine as a 

nucleophile in β-lactam hydrolysis. In contrast, the class B MBLs utilize active site zinc 

ions to mediate lactam bond fission. SBL catalyzed β-lactam hydrolysis occurs via the 

formation and subsequent hydrolysis of a serine-bound acyl enzyme intermediate. Despite 

having low overall sequence identity, amino acid sequence comparisons and structural 

analysis has identified three common active site motifs among the SBLs: motif (i) harbors 

the nucleophilic serine required for acylation (SXXK), motif (ii) is required for protonation 

of the β-lactam N4 nitrogen leaving group upon acylation (S/Y-X-N/V), and motif (iii) is 

involved in activation of the motif ii S/Y proton donor, and in substrate recognition and 

oxyanion stabilization (K/R-T/S-G) (Bush, 2013a). The class A enzymes have a conserved 

Glu166 (thought to be the general base required for activation of the catalytic water during 

hydrolytic deacylation), located in a region known as the Ω loop (residues 161-179). In 

contrast, the class D (OXA) enzymes lack the Ω loop Glu166 and instead involve a 

carboxylated lysine (i.e. lysine is reversibly modified with CO2 at the ε amino group) in a 

SXXK motif, which is thought to play a dual role as the general base involved in both serine 

activation during acylation and in activation of the catalytic water during hydrolytic 

deacylation (Delmas et al., 2008; Golemi et al., 2001; Schneider et al., 2009). 
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To overcome SBL mediated resistance, three β-lactam-based inhibitors have been 

introduced into clinical practice in the late seventies and early eighties: clavulanic acid, 

sulbactam and tazobactam (Drawz and Bonomo, 2010b). These compounds are mechanism 

based, covalent inactivators that form a stable acyl-enzyme intermediate with the catalytic 

serine. At clinically used concentrations, the bound inhibitor hydrolytically deacylates, 

either directly or through a series of covalent intermediates, resulting in the eventual 

turnover of inactivated inhibitor and catalytically active enzyme (Helfand et al., 2003). 

Traditionally, these inhibitors target the class A β-lactamases and are clinically ineffective 

against strains harboring the emerging class C, and D SBL enzymes (Bebrone et al., 2010). 

Furthermore, there are now several class A β-lactamases that have evolved resistance to 

these compounds (e.g. inhibitor-resistant TEM and complex mutant TEM) (Cantón et al., 

2008; Drawz and Bonomo, 2010b), making the development of novel inhibitors paramount.  

 Perhaps of greatest promise for the immediate future comes from the novel class 

of non-β-lactam based β-lactamase inhibitors termed diazobicyclooctanes (DBOs). These 

were originally designed in the late 1990’s and display remarkably potent and broad-

spectrum inhibition of SBLs. The DBO compound avibactam is currently in phase III 

clinical development as part of a combination therapy in conjunction with ceftazidime to 

treat complicated urinary-tract and intra-abdominal infections (Lagacé-Wiens et al., 2014). 

Ceftazidime-avibactam is active against the majority of Enterobacteriaceae, including 

multi-drug resistant strains, and importantly is effective against P. aeruginosa (Coleman, 

2011). In animal models, avibactam-ceftazidime has been utilized to effectively treat 

ceftazidime-resistant Gram-negative bacterial septicemia, meningitis, pneumonia and 
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pyelonephritis. The avibactam-ceftazidime safety and tolerability in clinical trials has been 

outstanding, and there have been relatively few adverse drug affects documented (Coleman, 

2011). 

 

Figure 2-1.  Avibactam-mediated reversible SBL inhibition 
 

Although avibactam displays excellent inhibitory activity against the class A and C 

enzymes, more variable levels of inhibition have been observed towards the class D SBLs 

(Ehmann et al., 2013b).  Avibactam forms a unique carbamyl linkage with the catalytic 

serine, which does not decompose via a hydrolytic mechanism as is true for the β-lactam 

based SBL inhibitors (Figure 2-1).  Instead decarbamylation of avibactam occurs via 

recyclization of the DBO fused ring structure, re-forming the intact inhibitor that can then 

either re-carbamylate the same active site or be released into solution to inactivate 

subsequent SBLs (Ehmann et al., 2012b). The most common mechanism of resistance to 

ceftazidime-avibactam is the expression of β-lactamases that are unhindered by avibactam 

(for example, the MBLs and the majority of class D SBLs). Crystal structures of avibactam 

bound to the class A enzymes BlaC and CTX-M-15, the class C enzyme AmpC have 

recently been released (Lahiri et al., 2013), (Xu et al., 2012). Additionally, Lahiri and 
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colleagues recently reported the crystal structures of OXA-24 and OXA-48 bound to 

avibactam at 2.3 and 2.4Å resolution (Lahiri et al., 2014). However, the mechanism and 

roles of individual amino acids in SBLs that contribute to avibactam activity remain largely 

unresolved.  

To address the underlying molecular details of avibactam inhibition, we have 

undertaken a multifaceted structural, kinetic and mutagenesis study on known targets. We 

have utilized the class A enzyme CTX-M-15 which is the most widely distributed extended-

spectrum β-lactamase (ESBL) globally (Poirel et al., 2013) as a model enzyme. The 

universally conserved Ser130 acts both as a general acid during carbamylation and a 

general base during de-carbamylation in the avibactam recycling pathway. We further 

reveal the 2.0 and 1.7Å resolution crystal structures of avibactam covalently bound to the 

catalytic serine of the clinical variants, OXA-48 and OXA-10. The narrow spectrum 

oxacillinase OXA-10 is among the most prevalent class D enzymes in P. aeruginosa 

(Antunes et al., 2014), and the carbapenem hydrolyzing OXA-48 is prevalent in the 

emerging carbapenem resistant Enterobacteriaceae (CRE) (Ehmann et al., 2013b; Zhang et 

al., 2013). The data elucidate the active site features likely responsible for the variable 

inhibition observed for this class of SBL enzymes that uniquely relies on a post-

translationally modified (carboxylated) lysine during catalysis.  
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MATERIALS AND METHODS 

DNA manipulations and plasmid construction.  

Primers used for polymerase chain reaction (PCR) DNA amplification and site-

directed mutagenesis were purchased from MOBIX lab (McMaster University, Hamilton, 

ON, Canada) or Integrated DNA Technologies (IDT; Coralville, IA).  The list of primer 

sequences used can be found in Supplemental Table 2-2.  pET-28b(CTX-M-15), encoding 

mature CTX-M-15 (Q26-L288) was constructed by amplifying the blaCTX-M-15 gene from 

K. pneumoniae strain H0142423 (Mt. Sinai hospital, New York, NY) using CTX-M-15 F 

and CTX-M-15 R primers and cloning into pET-28b.  pET-28b(KPC-2) and pET-

28b(OXA-48) were constructed by cloning the mature genes into pET-28b.  Genes were 

synthesized by IDT. 

Site-directed mutagenesis of CTX-M-15.  

A two-primer, two-stage PCR method36 was used to engineer CTX-M-15 variants 

harboring the following point mutations (Lys73Ala, ASAsn104AlaLA, Ser130Ala, 

Asn132Ala, Glu166Gln, Lys234Ala).  pET-28b(CTX-M-15) was used as template in 

mutagenesis experiments to generate the listed pET-28b(CTX-M-15) variants for protein 

expression and purification.  

Protein expression and purification.  

For kinetics studies, an E. coli BL21(DE3) colony transformed with its respective 

β-lactamase construct, CTX-M-15 (wild type (WT), Lys73Ala, Asn104Ala, Ser130Ala, 

Asn132Ala, Glu166Gln, Lys234Ala), KPC-2 or OXA-48, was inoculated into LB medium 

containing 50 µg/mL kanamycin and grown at 37°C.  Protein expression was induced with 
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1 mM IPTG at OD600 0.7 and cultures were incubated overnight at 16°C.  Cells were 

harvested by centrifugation and cell paste from 1 L of culture expressing β-lactamase was 

washed with 8 mL 0.85 % NaCl, resuspended in buffer containing 50 mM HEPES pH 7.5, 

350 mM NaCl, and 20 mM imidazole then lysed by cell disruption at 20,000 PSI.  Lysate 

was centrifuged using a Beckman JA 25.50 rotor at 20 000 RPM (48 254 x g) for 45 min 

at 4°C.  The supernatant was applied to a 5-mL HiTrap Ni-NTA column (GE Lifesciences) 

at a constant flow rate of 3 mL/min.  The column was washed with 5 column volumes of 

the same buffer and step gradients of increasing imidazole were used for wash and elution 

steps.  Fractions containing purified β-lactamase, based on SDS-PAGE, were pooled and 

dialyzed overnight at 4°C in buffer containing 50 mM HEPES pH 7.5, 150 mM NaCl, and 

20% glycerol.  All purified enzymes were verified to be >95% pure as assessed by SDS-

PAGE and stored at -20°C. 

CTX-M-15 enzyme assays.  

Nitrocefin was synthesized as reported previously (Lee et al., 2005b).  Kinetic 

parameters of purified mutant CTX-M-15 β-lactamase hydrolysis of nitrocefin were 

determined at 30°C in 50 mM HEPES buffer (pH 7.5).  Rates of hydrolysis were measured 

in 96-well microplate format at 490 nm using a Spectramax reader (Molecular Dynamics).  

Enzyme concentrations were adjusted so as to yield the following concentrations in 200 

µL: WT (0.5 nM), Lys73Ala (5 nM), Asn104Ala (0.1 nM), Ser130Ala (0.1 nM), 

Asn132Ala (0.5 nM), Glu166Gln (100 nM), Lys234Ala (20 nM).  All enzyme dilutions 

were done in 100 ng/µl bovine serum albumin (BSA).  Nitrocefin concentrations ranged 

from 320 µM to 2.5 µM. 
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WT, Asn104Ala, and Asn132Ala carbamylation experiments were carried out using 

a Bio-Logic SFM-4 Stopped-Flow/Quench-Flow instrument using a cuvette with 2 mm 

path length.  A four-syringe method was used to give a constant final concentration of 20 

nM enzyme and 200 µM nitrocefin in 50 mM HEPES pH 7.5 with 0.01% Tween20.  The 

maximum concentration of avibactam used was 10 µM.  Total flow rate was adjusted to 3 

mL/s.  Absorbance was read continuously at 490 nm.  For data analysis, the offset between 

reaction initiation and the first absorbance read was 700 ms. For Glu166Gln and Lys234Ala 

acylation experiments were carried out in 96-well microplate format monitored 

continuously at 490 nm using a Spectramax reader (Molecular Dynamics).  Enzyme 

concentrations were adjusted so as to yield the following final concentrations in 200 µL 

wells: 200 nM Glu166Gln, 10 nM Lys234Ala.  For Glu166Gln on-rate assays the maximum 

concentration of avibactam used was 1 µM with 100 µM nitrocefin as reporter substrate.  

For Lys234Ala on-rate assays the maximum concentration of avibactam used was 256 µM 

with 200 µM nitrocefin as reporter substrate. 

 Data were fit to a two-step reversible inhibition model as described previously 

(Ehmann et al., 2013a), 

 

where 

𝐾i =  
𝑘−1

𝑘1
 

and 
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𝐾i
∗ =  

𝐾i𝑘−2

𝑘2 + 𝑘−2
 

Time courses were fit to Equation 4 to obtain the pseudo first-order rate constant for 

enzyme inactivation, kobs (Morrison and Walsh, 1988).   

P = vst + (v0  −  vs)
(1 −  e−𝑘t)

𝑘
 

Where P, vs, v0, and t are the amount of product formed, the steady state rate (approximated 

by a no enzyme control), the initial rate (approximated by a no inhibitor control), and time.  

Equation 5 was used to derive k2/Ki, the second-order rate constant for enzyme 

carbamylation, 

𝑘obs =  𝑘−2 +  
𝑘2

𝐾i

[I]

(1 +  
[S]
𝐾m

)
 

where [I], [S], and Km are the concentration of avibactam, nitrocefin, and the Km value of 

each enzyme for nitrocefin (see Supplemental Table 2-3).  Error values reported are the 

standard errors of the fit. 

 For Lys73Ala and Ser130Ala on-rate assays, discontinuous sampling was employed 

from samples incubated at 30°C for 120 and 20 hours, respectively.  Enzyme concentrations 

were adjusted so as to yield 5 nM Lys73Ala and 0.5 nM Ser130Ala final.  The maximum 

concentration of avibactam used was 320 µM and 64 µM for Lys73Ala and Ser130Ala, 

respectively.  Rates were measured periodically as above by adding 180 µL of the above 

and adding 20 µL of nitrocefin (final concentration 50 µM) and fit to Equation 6 to obtain 
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the pseudo first-order rate constant for enzyme inactivation, kobs (Morrison and Walsh, 

1988).   

v =  vs + (v0 −  vs) ∗ e−𝑘t 

where v is the rate of sample taken at time, t.  Equation 5 was used to derive k2/Ki, the 

second-order rate constant for enzyme carbamylation as above.  Since the samples were 

incubated in the absence of nitrocefin, the concentration of substrate used in calculations 

was 0.   

 WT, Asn104Ala, and Asn132Ala decarbamylation experiments were performed 

using the jump dilution method (Copeland et al., 2011).  Enzyme (1 µM) was incubated 

with avibactam (10 µM) for 20 minutes at 30°C and diluted 1/400 in buffer and 20 µL was 

added to 180 µL of nitrocefin for final concentrations of enzyme (0.25 nM), avibactam (5 

nM) and nitrocefin (400 µM).  For Glu166Gln and Lys234Ala, decarbamylation 

experiments were performed using a PD-10 desalting column (GE Healthcare) according 

to the manufacturer’s gravity protocol.  Glu166Gln (200 nM) or Lys234Ala (20 nM) were 

incubated with avibactam (5 µM) at 30°C for 0.5 and 2 hours, respectively.  After desalting 

via PD-10 column (1.4x dilution), 180 µL was added to 20 µL nitrocefin (final 

concentration 400 µM for Lys234Ala and 200 µM for Glu166Gln).  For WT, Asn104Ala, 

Asn132Ala, Glu166Gln, and Lys234Ala experiments were carried out in 96-well 

microplate format monitored continuously at 490 nm using a Spectramax reader (Molecular 

Dynamics).  Data were fit to Equation 4 to obtain koff.  In the off-rate experiment, vs was 

approximated by a no inhibitor control and v0 by a no enzyme control.  Error values reported 

are the standard deviation of three technical replicates.  
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 For Lys73Ala and Ser130Ala, decarbamylation experiments were performed using 

a PD-10 spin column as above.  Lys73Ala (5 nM) or Ser130Ala (1 nM) were incubated 

with avibactam (256 µM and 128 µM, respectively) at 30°C for 60 hours (Lys73Ala) or 3 

hours (Ser130Ala).  After removal of excess avibactam via PD-10 column (1.4x dilution), 

discontinuous sampling of the mixtures was done by taking 90 µL of the above into 10 µL 

of nitrocefin (final concentration 100 µM).  Data were fit to Equation 6 to obtain koff 

(Morrison and Walsh, 1988).  In the off-rate experiment, vs was approximated by a no 

inhibitor control and v0 by a no enzyme control.  Error values reported are the standard 

deviation of three technical replicates. 

 

Crystallization, data collection, and structure determination.  

Avibactam bound CTX-M-15, OXA-10 (Paetzel et al., 2000) and OXA-48 crystals 

were grown using the sitting drop vapor diffusion method at 25 °C. For CTX-M-15, drops 

contained 2μL of 30mg/mL CTX-M-15 in an equal volume of precipitant (0.2M 

ammonium sulphate, 0.1M MES pH 6.5, 30% PEG 5K MME, 5mM avibactam). For OXA-

10, drops contained 3μL of 10 mg/mL protein in an equal volume of precipitant (1.8 M 

(NH4)2SO4, 0.1 M MES pH 6.5, 10 mM CoCl2, 2mM avibactam). For the OXA-48 crystal 

structures, drops contained 2uL of 50 mg/mL protein in an equal volume of precipitant [(i) 

OXA-48-AVI6.5: 0.1M sodium cacodylate pH 6.5, 40% v/v MPD, 5% wt/v PEG 8K, 2mM 

avibactam, (ii) OXA-48-AVI7.5: 200 mM Tris pH 7.5, 0.1M ammonium chloride, 40% 

MPD, 5% PEG 8K, 100 mM NaCl, 2 mM avibactam, (iii) Native OXA-48: The OXA-48-

AVI7.5 precipitant minus avibactam, and (iv) and OXA-48-AVI8.5: 0.1M TRIS pH 8.5, 
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20% ethanol, 2mM avibactam]. Crystallization mother liquor plus 25% glycerol was used 

as a cryo-protectant and the crystals were flash frozen in liquid nitrogen. The CTX-M-15-

AVI, OXA-48-AVI7.5, OXA-48-AVI8.5, native OXA-48 and OXA-10-AVI crystals 

diffracted to 1.6, 2.1, 2.0, 1.7, and 2.0Å at beamline CMCF-2 at the Canadian Light Source 

(CLS). The OXA-48-AVI6.5 crystals diffracted to 2.5Å at our in house x-ray machine. At 

the CLS and x-ray home source, data was collected at a wavelength of 1.0 and 1.54Å, at a 

temperature of 100K.  

Data were processed using iMOSFLM (Battye et al., 2011), and the CCP4(Winn et 

al., 2011) program suite. For cross-validation purposes, a total of 5% of reflections were 

set aside.  The avibactam bound CTX-M-15, OXA-48 and OXA-10 structures were solved 

by molecular replacement using the program Phaser (McCoy et al., 2007), with chain A of 

the native (CTX-M-14, OXA-48 and OXA-10) crystal structures as starting models [PDB 

ID: 1YLT (Chen et al., 2005a), 3HBR (Docquier et al., 2009), 1FOF (Paetzel et al., 2000)]. 

Several cycles of manual rebuilding in coot (Emsley et al., 2010), followed by refinement 

using REFMAC (CCP4) (Winn et al., 2011) were carried out.  All structures were refined 

with isotropic B-factors. Water and avibactam were added manually by examination of the 

Fo-Fc and 2Fo-Fc electron density maps. Coordinates and structure factors were deposited 

in the PDB with accession codes (4S2I, 4S2J, 4S2K, 4S2N, 4S2P, 4S2O) for CTX-M-15-

AVI, OXA-48-AVI6.5, OXA-48-AVI7.5, OXA-48-AVI8.5, native OXA-48, OXA-10-

AVI crystal structures.  Figures 2, 3, S1, S2, S5, and S7 were designed using PyMol 

(Schrodinger, 2015) and figures S1 and S4 were created using LIGPLOT+ (Laskowski and 

Swindells, 2011). 
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RESULTS 

Inhibition of CTX-M-15 by Avibactam.  

We have solved the co-crystal structure of avibactam complexed with the CTX-M-

15 class A SBL in spacegroup, P21, at 1.6Å resolution, with two protein chains in the 

asymmetric unit (ASU) [see Supplemental Table 2-1 in the Supporting Information (SI) for 

a full list of data collection and refinement statistics]. Recently, Docquier et al. presented a 

1.1Å resolution x-ray co-crystal structure of the avibactam-CTX-M-15 carbamyl-enzyme 

complex, which crystallized in space-group P212121 with a single protein monomer in the 

ASU (PDB ID: 4HBU). However, a close electrostatic interaction between the bound 

avibactam sulfate group and R42 on an adjacent monomer was observed as a 

crystallographic artifact (avibactam N6 sulfate to R42 guanadino η1 distance= 3.0Å) 

(Lahiri et al., 2013). Despite this difference in avibactam binding we find that the 

compound itself takes on a nearly identical conformation between the two crystal forms 

and resulting structures (see Supplemental Figure 2-1a in the SI). 
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Figure 2-2. Inhibition of CTX-M-15 by avibactam. Stereoview active site close-up of carbamyl-avibactam 

bound CTX-M-15. The carbon atoms of avibactam are pink and all other atoms are colored by type (N, blue; 

O, red; S, yellow). The avibactam bound CTX-M-15 protein backbone is displayed as a green cartoon. The 

catalytic water (W1) is shown as a green sphere. Hydrogen bonding and electrostatic interactions are depicted 

as black dashes.   

From our co-crystal structure, we see that upon carbamylation by the SXXK Ser70, 

the avibactam C7-N6 amide bond is liberated rather than the C7-N1 bond (Figure 2). The 

avibactam sulfate projects into an electropositive pocket formed by Lys234 and is stabilized 

by interactions with T235 and Lys234 on motif iii. The R1 carboxamide is oriented away 

from the active site core and is within hydrogen bonding distance (3.0Å and 2.7Å) away 

from the side chain amide nitrogens of N104 and Asn132 (Figure 2, and Supplemental 

Figure 2-1).  

Water (W1), the nucleophile responsible for hydrolytic deacylation of the β-

lactams, occupies the typical catalytic position, oriented by hydrogen bonds to the side 

chains of Glu166 and N170 protruding from the CTX-M-15 Ω-loop motif.  We suggest that 

a major contributing factor to the avoidance of the carbamyl-enzyme to hydrolytic 

decarbamylation is that the carbamyl carbon is less susceptible to nucleophilic attack than 
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its ester (acyl-enzyme) counterpart (Alexander and Cravatt, 2005), (Mileni et al., 2010). 

This stability is presumably due to a resonance effect, in which the lone pair of electrons 

on the sp2 hybridized N1 aligns with the carbonyl C=O p-orbitals, thereby increasing 

electron density at the electrophilic carbonyl carbon (Pattabiraman and Bode, 2011). 

Carbamyl bond formation is a common feature observed for inhibitors of serine hydrolases, 

some of which have also been shown to retain the catalytic water in the carbamylated state 

(Yang et al., 2008), (Mileni et al., 2010).  

 

Carbamylation/decarbamylation kinetics for CTX-M-15 active site mutants.  

To evaluate the mechanistic details governing the reversible recyclization reaction 

of avibactam inhibition, we mutagenized key active site residues within CTX-M-15 and 

measured enzyme activity using the colorimetric cephalosporin, nitrocefin, as a reporter 

substrate. We confirmed that mutants adopt a WT fold by dynamic light scattering, and that 

no hydrolysis of avibactam occurred using liquid chromatography-mass spectrometry (LC-

MS) (Supplemental Figure 2-3 and Figures S7-S16) (Ehmann et al., 2013b).   

For class A SBLs like CTX-M-15, there are alternative views on the mechanism of 

Ser70 activation during β-lactam acylation. In one perspective, the Ω-loop Glu166 activates 

Ser70 for nucleophilic attack by O-γ deprotonation through a water molecule. The second 

proposal involves Lys73 as the base responsible for Ser70 activation. Here, we find that 

Glu166Gln has a comparable avibactam carbamylation rate to WT [WT and Glu166Gln 

carbamylation rates (k2/Ki) = 1.6 ± 0.2 x 105 and 9.3 ± 1.2 x 104 M-1s-1], suggesting that 

Glu166 is not directly involved in the carbamylation mechanism. In contrast, Lys73Ala 
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was almost completely carbamylation deficient (2.8 ± 0.1 x 10-1 M-1s-1) (Table 1). These 

data support the proposition that Lys73 is the general base responsible for Ser70 activation 

during avibactam carbamylation. This may in part facilitate avibactam’s ability to inhibit 

all SBL subclasses that each bears the universally conserved SXXK lysine.   

During carbamylation, the avibactam N6 nitrogen is protonated following ring 

opening. We hypothesized that the Ser130 γ-OH is responsible for this protonation event 

due to its proximity to N6 in the carbamyl-enzyme crystal structure (2.9Å, Figure 2). We 

observed a dramatic reduction in carbamylation rate for the Ser130Ala mutant [WT and 

Ser130Ala carbamylation rates (k2/Ki) = 1.6 ± 0.2 x 105 and 3.3 ± 0.4 M-1s-1] (Table 1). 

Therefore, we propose that in an analogous fashion to its role in β-lactam N4 nitrogen 

protonation during acylation, Ser130 also acts as the general acid responsible for 

protonation of the avibactam N6 during carbamylation.   

 

Table 2-1. Kinetic values for the carbamylation and decarbamylation of avibactam against a panel of 

CTX-M-15 active site mutants.  The carbamylation and decarbamylation rates were measured using the 

colorimetric reporter substrate nitrocefin. The KD values are calculated from the carbamylation and 

decarbamylation rates. 

Parameter WT Lys73Ala Asn104Ala Ser130Ala Asn132Ala Glu166Gln Lys234Ala 

On-rate 

k2/Ki (M-1s-1) 
1.6 ± 0.2 x 105 2.8 ± 0.1 x 10-1 3.9 ± 0.2 x 104 3.3 ± 0.4 3.7 ± 0.3 x 105 9.3 ± 1.2 x 104 8.0 ± 0.9 x 102 

Off-rate 

koff (s-1) 
1.5 ± 0.1 x 10-4 2.1 ± 0.3 x 10-7 7.1 ± 0.1 x 10-5 7.7 ± 0.7 x 10-7 1.6 ± 0.1 x 10-4 1.8 ± 0.3 x 10-4 4.0 ± 0.8 x 10-5 

Off-rate 

t1/2 (min) 
76 6 x 104 160 9 x 103 74 63 292 

Kd (µM) 0.001 0.8 0.002 0.2 0.001 0.002 0.05 
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For subsequent avibactam recyclization to occur, the N6 nitrogen must be 

deprotonated to facilitate intramolecular attack of the carbamyl linkage reforming the N6-

C7 bond. Due to its proximity to the N6 nitrogen in the CTX-M-15 bound structure (2.9Å, 

Figure 2, Supplemental Figure 2-1b), Docquier et al. proposed that Ser130 may potentially 

act as the general base responsible for reversible-recyclization (Lahiri et al., 2013).  To test 

this, we analyzed the decarbamylation rate for the Ser130Ala CTX-M-15 mutant. The 

carbamyl enzyme intermediate was virtually unable to decarbamylate in the Ser130Ala 

mutant [WT and Ser130Ala decarbamylation rates (koff) = 1.5 ± 0.1 x 10-4 and 7.7 ± 0.7 x 

10-7 s-1] (Table 1) consistent with a role of Ser130 as the general base responsible for 

avibactam recyclization. Despite intensive research on SBLs over the past several decades, 

this is the first example of Ser130 acting as a general base, a feature that exemplifies the 

novelty of the avibactam inhibitor and the functional plasticity of this residue. 

In the carbamyl avibactam-CTX-M-15 crystal structure, Lys73 and Lys234 are 

directly hydrogen bonded, 2.8Å away, from the side chain O-γ of Ser130, suggesting that 

they may be responsible for regulating the protonation state of Ser130 during 

carbamylation/decarbamylation (Figure 2, Supplemental Figure 2-1b). The Lys73Ala 

mutant mimic’s the effect of Ser130 whereby it is almost completely deficient in 

decarbamylation (koff = 2.1 ± 0.3 x 10-7 s-1). However, Lys234 only displays a moderate 

reduction in decarbamylation rate as compared to the WT enzyme (Table 1). We therefore 

suggest that Lys73 may potentially be the base responsible for Ser130 activation during 

recyclization with Lys234 playing an additional electrostatic role in modulating the pKa 

depression of Ser130 to facilitate its necessary oxyanion state. 
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Class A SBL catalyzed hydrolytic deacylation of β-lactams is thought to proceed 

through Glu166 catalyzed hydrolysis of the acyl-enzyme intermediate, and subsequent 

protonation of the Ser70 O-γ via an Glu166 coordinated water molecule (Lamotte-Brasseur 

et al., 1991). However, for avibactam re-cyclization, we find that the Glu166Gln 

decarbamylation rate is virtually identical to WT suggesting that Glu166 is not required for 

Ser70 protonation (Table 1). Due to the close proximity of the Lys73 N-ζ to the Ser70 O-γ 

in the unbound CTX-M-15 crystal structure (2.7 Å) (Lahiri et al., 2013), and the apparent 

decarbamylation deficiency of the Lys73Ala mutant (t1/2= ~1000 hours), we suggest that 

Lys73 acts as part of a concerted proton shuttle pathway for Ser70 regeneration during 

avibactam decarbamylation.  

In the carbamyl avibactam-CTX-M-15 crystal structure, the side chain amide 

nitrogen atoms of Asn132 and N104 are within hydrogen bonding distance 2.7 and 3.0 Å 

away from the avibactam C2 carboxamide oxygen (Figure 2, Supplemental Figure 2-1b). 

We found that mutant Asn104Ala, but not Asn132Ala, had a 4-fold reduction in 

carbamylation rate as compared to the WT enzyme but minimal effect on decarbamylation 

(Table 1). Previous structural and kinetic analysis suggests that the N104 side chain amide 

nitrogen is also important for the stabilization of the acylamide R1 group of the β-lactam 

antibiotics in the class A SBLs (Pérez-Llarena et al., 2011; Shimamura et al., 2002). Thus, 

the role of N104 in class A β-lactamases is likely to contribute to Michaelis complex 

formation by interacting with the avibactam C2 carboxamide in an analogous fashion to the 

R1 side chain of β-lactams. Future drug design efforts should seek to maintain a hydrogen 

bond acceptor at the avibactam C2 carboxamide oxygen position. 
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Inhibition of the class D SBLs by avibactam. 

To understand the structural basis for DBO-mediated inhibition of the class D β-

lactamases, we determined co-crystal structures of avibactam bound to OXA-10, and OXA-

48 at three different pH values (6.5, 7.5 and 8.5; hereafter called OXA-48-AVI6.5, OXA-

48-AVI7.5 and OXA-48-AVI8.5) to 1.7, 2.5, 2.1 and 2.0Å resolution, respectively 

(Supplemental Table 2-1). Generally, all protein monomers within the ASU contain high 

structural similarity [with root-mean-square deviations (r.m.s.d.) of <0.2Å for all common 

alpha-carbon (CA) atoms in all chains in the ASU]. Therefore, we limit our analysis to 

chain A for each product complex. For simplicity, we further limit our analysis to OXA-

48-AVI7.5 unless otherwise stated. All avibactam-bound complexes display clear, and 

unambiguous ligand omit map Fo-Fc electron density for avibactam within the active site 

of each protein chain in the ASU (Supplemental Figure 2-2). The carbamyl avibactam 

molecules were refined at full occupancy, with the exception of the OXA-48-AVI8.5 

(Chains A and B), which were refined at an occupancy of 0.7 (Supplemental Table 2-1). 
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Figure 2-3. Inhibition of OXA-48 and OXA-10 by avibactam. (a) Active site close-up of carbamyl-

avibactam OXA-48. The carbon atoms of avibactam are pink with all other non-carbon atoms colored by 

atom type. The avibactam bound OXA-48 protein chain is displayed in orange cartoon representation, and 

key active site residues are shown as sticks with atoms colored by type. (b) Active site overlay of carbamyl-

avibactam and uncomplexed OXA-10. The avibactam bound and unbound OXA-10 protein chains are 

illustrated in cyan and white cartoon representation, and key active site residues are depicted as sticks with 

atoms colored by type (OXA-10 numbering). (c) Active site overlay of carbamyl-avibactam and uncomplexed 

OXA-48. The carbamyl-avibactam and OXA-48 protein chain are displayed as in A. The unbound OXA-48 

protein chain is illustrated in grey cartoon representation, and key active site residues are depicted as sticks 

with atoms colored by type. (d) Active site overlay of carbamyl-avibactam OXA-48 and OXA-10. The OXA-

48 and OXA-10 protein chains, active site residues and bound avibactam are displayed as in a, and b. (e) 

Structure of oxacillin.  (f) Active site overlay of carbamyl-avibactam bound OXA-48 and acyl-oxacillin 

bound K84D OXA-24 (PDB ID: 4F94). The carbamyl-avibactam bound structure is displayed as in a. The 

OXA-24 protein backbone is illustrated as a white cartoon, and key active site residues are shown in stick 

representation with atoms colored by type. The acyl-oxacillin carbon atoms are grey and all other atoms are 

colored by type.  In a, b, c, d and f, all hydrogen bonding and electrostatic interactions are depicted as black 

dashes.   

 

The high resolution of the models allows us to make detailed observations about 

key active site interactions. For clarity, we use OXA-48 residue numbering throughout the 

text when describing both OXA-48 and OXA-10, except in figure 3b whereby we use 

OXA-10 numbering for consistency with the PDB file. The average temperature-factors for 

the refined avibactam in the OXA-48 and OXA-10 bound structures are 29.7 and 17.5Å2 
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(similar to the average protein B-factors of 27.8 and 22.6Å2), indicating that the inhibitor 

is bound in a rigid fashion with little conformational variation and flexibility (Supplemental 

Table 2-1). In the complexes, the bound avibactam forms a carbamyl bond between the 

active site Ser70 O-γ and its C7 carbon, as evidenced by the continuous Fo-Fc ligand omit 

map electron density in this region (Supplemental Figure 2-2). Like the class A and C 

enzymes (CTX-M-15 and AmpC) (Lahiri et al., 2013), the C7-N6 bond breaks rather the 

C7-N1 bond upon class D SBL mediated carbamylation. We attribute the C7-N6 bond 

fission in part to the fact that the N6-OSO3- is a better leaving group than the corresponding 

RR’N1-. From a structural standpoint, the location of S118 (equivalent to Ser130 in the 

class A enzymes), likely also contributes to the observed bond fission as it is ideally 

positioned to protonate an N6 rather than N1 leaving group (Figures 3a, and 3b).  

In the OXA-48 and OXA-10 carbamylated form, the six membered piperidine ring 

of avibactam adopts a chair-type conformation, with the C4 and N1 atoms located above 

and below the plane (Figures 3a, and 3b). The C7 carbonyl oxygen of the newly formed 

carbamyl linkage is located in the oxyanion hole of the enzyme, and is bound by the 

backbone amide protons of Ser70 and Y211 at 2.7 and 2.8Å, respectively. The avibactam 

sulfate group projects into a positively charged cavity consisting of R250, T209 and K208, 

which binds the analogous C3/C4 carboxylate of β-lactams (Figures 3a, 3b and 

Supplemental Figure 2-4) (Yasuyuki, 2003). OXA-48 and OXA-10 display a strong 

electrostatic interaction between the avibactam sulfate oxygen’s (O62 and O63) and the 

R250 guanidino group η1 and η2 at 2.8 and 3.2Å, an interaction that is not observed in the 

class A and C SBL-avibactam complexes. In the OXA-48 and OXA-10 bound structures, 
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the avibactam C2 carbamate is not stabilized by hydrogen bonding with asparagine residues 

as observed in the class A and C carbamyl avibactam bound CTX-M-15 and PAO1 AmpC 

crystal structures (Lahiri et al., 2013). 

 When aligning the native and avibactam bound OXA-10 and OXA-48 crystal 

structures, we observe that the protein chains are nearly identical (r.m.s.d. on all common 

Cα atoms=0.4Å and 0.4Å), with a remarkably similar juxtaposition of active site residues 

(Figures 3b and 3c). Thus, the class D SBL active site is poised for interaction with 

avibactam without the need for complicated conformational rearrangements that can 

substantially slow acylation, as observed for S. aureus PBP2a (Eisenmesser et al., 2005; 

Lim and Strynadka, 2002). 

 

Comparison of carbamyl-avibactam in the class D SBLs OXA-10 and OXA-48.  

The OXA-10 and OXA-48 enzymes differ by 2 orders of magnitude in their 

avibactam carbamylation rates (1.1  ± 0.1 x 101 and 1.4 ± 0.1 x 103 M-1s-1), despite having 

a virtually identical arrangement of catalytic residues (Figure 3d) (Ehmann et al., 2013b).  

Although carboxylation of Lys73 may be important to the observed carbamylation rates 

(see discussion below), structural differences between enzymes may also play a role. When 

overlaying the avibactam bound OXA-48 and OXA-10 crystal structures (49% amino acid 

sequence identity), we see that the two protein chains align very well (r.m.s.d on 112 

common CA atoms= 0.97Å). The only substantial difference between the two proteins is 

the β-hairpin connecting strands β5 and β6 (Figure 3d), which flanks the active site and is 

an important feature defining carbapenemase activity via interaction with the carbapenem 
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hydroxyethyl moiety (De Luca et al., 2011). For OXA-48, the β-hairpin residue R214 

interacts electrostatically with D159 on the Ω loop (R214 1 to D159 O distance= 3.0Å), 

bringing the β-hairpin closer to the catalytic core than observed for the elongated OXA-10 

β5-β6 hairpin (Figure 3d). From the OXA-48-bound avibactam structure in two out of 4 

monomers in the ASU we see that there is a hydrogen bond between the R214 η2 guanidino 

nitrogen and a water molecule (W2, refined at full occupancy) at 2.9Å, which in turn 

hydrogen bonds to the amide nitrogen of the avibactam C2 carboxamide at 3.0Å (Figure 

3d). Therefore, the β5-β6 hairpin may be important for stabilizing the avibactam C2 

carboxamide, and thus future structure-based drug designed efforts should aim to maintain 

this water-mediated interaction.  

 

Comparison of avibactam and β-lactam binding in the class D SBLs.  

When overlaying avibactam-bound OXA-48 onto the 2.4Å resolution crystal 

structure of acyl-oxacillin bound Lys84Asp OXA-24 (PDB ID: 4F94, unpublished data), 

we see that the two protein chains align well (r.m.s.d=1.1Å on 80 common CA atoms). 

Furthermore, the oxacillin and avibactam ligands display analogous overall orientations 

despite their chemical differences (Figure 3f). In both structures, the acyl/carbamyl 

carbonyl oxygen interacts with the backbone amides of the oxyanion hole residues Ser70 

and Y211 on strand β5 (OXA-48 residue numbering). The electronegative substituent (the 

avibactam N6 sulfate and penicillin C3 carboxylate) both project toward the basic patch 

defined by Arg250, Lys208 and Thr209. Additionally, the avibactam C2 carboxamide and 

the analogous β-lactam R1 functional group orient away from the catalytic core, toward 
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bulk solvent in both structures (Figure 3f). Taken together, the observed similarities 

between DBO and β-lactam binding, in part help to explain the broad-spectrum SBL target 

profile for avibactam, which clearly acts as a substrate analogue. The DBO C2 carboxamide 

group may be a key site for chemical modification in future drug design efforts, as has been 

the case for the β-lactam R1 moiety (Chen et al., 2005b).   

β-Lactams hydrolytically deacylate from the SBL catalytic serine rather than 

recyclize to the active antibiotic (Majiduddin et al., 2002). However, both the avibactam 

N6 and the analogous oxacillin N4 atoms are within hydrogen bonding distance (3.1Å and 

3.3Å) from the recyclization general base Ser118 (Figure 3f). We propose that recyclization 

is prohibited in the β-lactams due to an intrinsically high-energy barrier to cyclize the 

strained 4-membered lactam ring, as opposed to the 5-membered ring that is formed upon 

avibactam re-cyclization. 

 

Carboxylation state of lysine 73 in the avibactam carbamyl-enzyme complexes.  

The N-carboxylation state of Lys73 is sensitive to pH, with carboxylation increasing 

at higher pH values presumably due to an increased reactivity of Lys73 to carbon dioxide 

in more basic solutions, and the greater stability of carbamic acid in the anionic form at 

higher pH (Golemi et al., 2001).  OXA-48 with no avibactam present was crystallized at 

pH 7.5 and displays clear, unambiguous Lys73 omit map Fo-Fc electron density for 

carboxylated lysine, which was refined at full occupancy for both monomers within the 

ASU (Supplemental Figure 2-5a). Interestingly, in the avibactam bound OXA-48 structures 

at both pH 6.5 and 7.5, all monomers display no evidence for carboxylation at Lys73 upon 
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inspection of the Fo-Fc Lys73 omit electron density maps (Figures S5b and S5c). Therefore, 

the presence of the bound avibactam appears to disfavor Lys73 carboxylation in the 

carbamyl-enzyme complexes.  

Only in the pH 8.5 structure, OXA-48-AVI8.5, do 2 out of 4 monomers in the ASU 

(chains A and B) display partial occupancy for N-carboxylated Lys73 (Supplemental Table 

2-1, and Supplemental Figure 2-5d). At the same time, these are the only chains from all 

OXA-48 structures that display partial rather than full occupancy for avibactam 

(Supplemental Table 2-1). However, it should be noted, at pH 8.5 avibactam was shown to 

degrade when free in solution by LC-MS (Supplemental Figure 2-16), providing an 

alternative or additional reason for the observed partial occupancy. As an interesting aside, 

to our knowledge, this is the first report showing that avibactam is not stable at high pH. 

Recently, Ehmann et al. have shown by monitoring OXA-10 carbamyl exchange 

with TEM-1, that OXA-10, like the majority of SBLs tested, undergoes a reversible, rather 

than hydrolytic route to avibactam decarbamylation (Ehmann et al., 2013b). Taken 

together, the absence of Lys73 N-carboxylation clearly disfavors hydrolytic 

decarbamylation of avibactam for the class D enzymes. The acyl enzyme crystal structure 

of OXA-24 bound to tazobactam (which undergoes hydrolytic deacylation rather than 

decarbamylation), displays a carboxylated Lys73 (PDB ID: 3ZNT, unpublished), further 

corroborating the notion that motif i lysine carboxylation is a key feature governing 

hydrolysis in the class D enzymes. However, it is currently unclear whether or not 

carboxylated-Lys73 is the general base responsible for Ser70 activation during 
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carbamylation and how this modification affects avibactam carbamylation rates for the 

class D SBLs.  

 In the avibactam-bound OXA-48 structure, the de-carboxylated Lys73 is oriented 

toward S118, rather than W57 as observed in the unbound, carboxylated state (Figure 3c). 

In the avibactam bound form, the de-carboxylated Lys73 hydrogen bonds to Ser118 at a 

distance of 2.9Å, which in turn hydrogen bonds to the N6 proton on avibactam at 3.1Å 

(Figures 3a, and 3c).  This conformational switch is reminiscent of the CTX-M-15 

avibactam bound structure whereby Lys73 is hydrogen bonded to Ser130 (equivalent to the 

OXA-48 S118) (Figure 2), yet this interaction is not present in the unbound CTX-M-15 

structure (Lahiri et al., 2013). We propose that upon avibactam recyclization, this hydrogen 

bonding network results in Lys73 mediated deprotonation of Ser118, which in turn removes 

the avibactam N6 hydrogen facilitating attack on the carbamyl bond and subsequent re-

cyclization.  
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Figure 2-4. Proposed general catalytic mechanism for avibactam mediated SBL inhibition. 
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Universal mechanism for avibactam mediated SBL inhibition 

Analysis of the avibactam-bound carbamyl enzyme crystal structures of the class 

A, C and D β-lactamases (CTX-M-15, P. aeruginosa PA01 AmpC (Lahiri et al., 2013), and 

OXA-10) reveals that the DBO core takes on a similar orientation with respect to the 

conserved SBL active site motifs in all three structures (Supplemental Figure 2-6). Taken 

together, these crystal structures along with the CTX-M-15 mutant kinetic data allows us 

to propose a universal mechanism for SBL inhibition. Electrostatic stabilization of the N6 

sulfate likely helps to orient the bound avibactam in the pre-catalytic Michaelis complex, 

whereby the sulfate occupies the electropositive pocket formed by the SBL motif iii. The 

catalytic serine is activated via general base mediated deprotonation (SXXK, Figure 4), 

likely by Lys73 for the class A SBLs, Lys67 for the class C SBLs and Lys73 for the class 

D enzymes. The subsequent attack of the activated serine O-γ on the avibactam C7 carbonyl 

results in the formation of a transient tetrahedral intermediate that is stabilized by the 

oxyanion hole of the enzyme (consisting of the backbone amides of the catalytic serine and 

residue X from the K-T/S-G-X motif iii). The lone pair of electrons on the C7 oxygen drive 

back into carbonyl formation expelling the negatively charged N6 nitrogen, which is 

concomitantly protonated by the motif ii serine (or tyrosine for the class C enzymes), 

resulting in the formation of a stable carbamyl enzyme complex. The complex resists 

decomposition by hydrolysis likely due in part to the inherent stability of the carbamyl 

bond, and/or by removal of the general base involved in β-lactam hydrolytic deacylation 

(as proposed for the de-carboxylation of the SXXK carboxy-lysine in the class D enzymes). 

Upon eventual avibactam decarbamylation, a reversible mechanism of recyclization 
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generally occurs, whereby the SXXK lysine takes part in a concerted acid-base shuffling 

of protons from the motif ii serine (for class A and D), or tyrosine (for class C), which 

deprotonates the N6 nitrogen facilitating an intramolecular nucleophilic attack on the 

electrophilic C7 carbamyl carbon.  The decarbamylation results in departure of the catalytic 

serine-leaving group, which likely abstracts a proton from the N-ζ of the now protonated 

SXXK lysine to regenerate the active site (Figure 4).  

Avibactam binds to the three major classes of SBLs (Class A, C and D) in an overall 

similar fashion. However, subtle differences in active site hydrogen bonding networks and 

electrostatic interactions lead to substantial discrepancies in carbamylation rates both 

between and within these enzyme subclasses. Using CTX-M-15 as a model enzyme we 

show that the motif ii serine is the likely base required for avibactam’s characteristic re-

cyclization. The crystal structures of OXA-48 and OXA-10 bound to avibactam uncovers 

unique binding features that should help to guide prospective synthetic efforts targeted at 

inhibition of the class D SBLs. It is our hope that this study will serve as a valuable tool for 

the future design and development of this exciting new class of inhibitors. 
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SUPPLEMENTAL INFORMATION 

Supplemental Methods  

Dynamic light scattering.  

Dynamic light scattering was performed using a Zetasizer NanoS (Malvern 

Instruments). All measurements were taken using a 12 µL quartz cell (ZEN2112) at 25°C. 

Size distribution of the samples was calculated based on the correlation function provided 

by the Zetasizer Nano S software. 

LC-MS analysis of avibactam-CTX-M-15 mutants.  

LC-ESI-MS data were obtained by using an Agilent 1100 Series LC system 

(Agilent Technologies Canada, Inc.) and a QTRAP LC/MS/MS System (Applied 

Biosystems). The reverse phase HPLC was performed using C18 column (SunFire C18 5 

μm, 4.6x50 mm, Waters) with Agilent 1100 LC binary pump at a flow rate of 1 mL/min, 

under the following conditions: isocratic 5% solvent B (0.05% formic acid in acetonitrile) 

and 95% solvent A (0.05% formic acid in water) for 1 min, followed by a linear gradient 

to 97% B over 10 min.  CTX-M-15 WT, Lys73Ala, Asn104Ala, Ser130Ala, Asn132Ala, 

Glu166Gln, Lys234Ala; and KPC-2 (7 µM) were incubated with 14 µM avibactam in 

buffer containing 30 mM HEPES pH 7.5, 300 mM NaCl, and 20 % v/v glycerol and 

analyzed at both 0 h and 24 h. 

Protein expression and purification for crystallographic studies.  

The P. aeruginosa OXA-10 protein (UniProt ID: P14489) corresponding to the 

mature sequence (20-266) was cloned, overexpressed and purified as previously described 

(Paetzel et al., 2000).  
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The E. coli CTX-M-15 and Klebsiella pneumoniae OXA-48 expression vectors 

were constructed as described above. The expression vectors were then transformed into E. 

coli BL21 DE3 cells. The cells were grown in Lauria Bertani (LB) broth at 37°C until an 

OD600 of 0.7 was reached at which point the culture was cooled to room temperature. 

Protein expression was induced by addition of 1mM isopropyl β-D-1-

thiogalactopyranoside (IPTG) and the cultures were grown at 22°C for 12-16 hours. The 

cells (~20g) were then harvested and resuspended in 50mL lysis buffer (50 mM Tris, pH 

7.5, 350 mM NaCl, and one complete, EDTA-free protease inhibitor tablet from Roche). 

The cells were lysed by two passes on a French Press at ~12,000 p.s.i., and the lysate was 

centrifuged (45,000 rpm in a Beckman 70 Ti rotor) for 35 minutes. The supernatant was 

then filtered using a 0.22 μM syringe filter and passed through a 1mL Hi-Trap HP His 

column, which was pre-equilibrated in lysis buffer. Elution buffer (50 mM Tris, pH 7.5, 

350mM NaCl, 1M imidazole) was used to elute the His-tagged proteins from the column 

with a gradient of imidazole from 0 to 500mM in 50 minutes. Fractions enriched in the 

protein of interest were pooled and 1U/mL of bovine α-thrombin (Roche) was added and 

the samples were incubated overnight at 4°C. Samples were then exchanged via a 10 kDa 

cut-off Amicon centrifugation concentrator into crystallization buffer (20mM Tris, pH 7.5, 

100mM NaCl). Samples were passed over a Superdex 200 column using crystallization 

buffer, as running buffer and pooled fractions were concentrated to 30 mg/mL for CTX-M-

15, 50 mg/mL for OXA-48 and 10mg/mL for OXA-10. 
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Supplemental Tables 

 

Supplementary Table 2-1.  Data collection and refinement statistics. 
 

 CTX-M-15-

AVI 

OXA-10-

AVI 

OXA-48-

AVI8.5 

OXA-48-

AVI7.5 

OXA-48-

AVI6.5 

OXA-48-

Native 

Data collection       

Space group P21 P212121 P32 P32 P212121 P22121 

Cell dimensions       

    a, b, c (Å) 62.0, 60.6, 

71.5 

48.6, 96.5, 

125.7 

142.0, 

142.0, 52.4 

142.8, 

142.8, 52.4 

64.1, 108.1, 

162.8 

43.4, 102.9, 

124.7 

c ()  90, 104, 90 90, 90, 90 90, 90, 120 90, 90, 120 90, 90, 90 90, 90, 90 

Resolution (Å) 34.7-1.6 

(1.69-1.60) 

52.66-1.70 

(1.73-1.70) 

46.64-2.00 

(2.11-2.00) 

52.42-2.10 

(2.21-2.10) 

65.03-2.54 

(2.65-2.54) 

41.6-1.70 

(1.73-1.70) 

Rmerge 0.052(0.296) 0.040(0.290

) 

0.090(0.295

) 

0.096(0.457

) 

0.065(0.150

) 

0.055(0.424

) 

I / I 13.7(3.5) 24.5(5.2) 6.1(2.9) 8.5(2.9) 12.7(6.1) 12.1(2.3) 

Completeness (%) 96.7(95.2) 98.0(99.9) 99.2(99.4) 99.8(100.0) 91.2(91.4) 99.7(99.9) 

Redundancy 3.9(3.9) 4.8(4.9) 2.5(2.5) 3.4(3.4) 4.0(3.8) 5.0(4.9) 

       

Refinement       

Resolution (Å) 34.7-1.60 52.66-1.70  46.64-2.00 52.42-2.10 65.03-2.54 41.6-1.70 

No. reflections 65645(9368) 64493(3478

) 

76256(1116

7) 

69650(1020

0) 

34471(4158

) 

62226(3297

) 

Rwork / Rfree 0.165/0.198 0.185/0.230 0.171%/0.2

05 

0.172/0.205 0.184/0.222 0.192/0.226 

Avibactam 

occupancy chainA, 

chainB, etc. 

1.00, 1.00 1.00, 1.00 

 

0.70, 0.70, 

1.00, 1.00 

1.00, 1.00, 

1.00, 1.00 

1.00, 1.00, 

1.00, 1.00 

N/A, N/A 

No. atoms       

    Protein 3930 3957 8000 8043 7972 3963 

    Ligand/ion 34 38 68 68 68 N/A 

    Water 546 438 385 537 185 438 

B-factors       

    Protein 17.8 22.6 40.2 30.3 34.1 27.2 

    Ligand/ion 17.8 17.5 36.7 22.4 35.4 N/A 

    Water 27.4 28.7 37.6 32.3 29.2 35.4 

R.m.s. deviations       

    Bond lengths (Å) 0.012 0.012 0.014 0.012 0.011 0.014 

    Bond angles () 1.62 1.70 1.72 1.68 1.49 1.53 

Favored/allowed/ 

disallowed (%)+ 
98.2, 1.4, 0.4 

97.8, 2.0, 

0.2 

97.6, 2.4, 

0.0 

97.2, 2.8, 

0.0 

97.9, 2.1, 

0.0 

97.7, 2.3, 

0.0 

*All datasets correspond to diffraction data collected from a single crystal.  

*Values in parentheses are for highest-resolution shell. 

*Avibactam (AVI) 
+phenix.ramalyze; “allowed” is the percentage remaining after “favored” and “outlier” residues are subtracted. 
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Supplemental Table 2-2. Primers used in this study.  Underline shows restriction sites. 

 

Primer Sequence (5’-3’) 

CTX-M-15 F AATATCATATGCAAACGGCGGACGTACAGCA 

CTX-M-15 R TATTAGAATTCTTACCGTCGGTGACGATTTTAGCC 

OXA-48 F GCTTCATATGGAATGGCAAGAAAACAAAAGTTGGAATGCT 

OXA-48 R CGTACTCGAGCTAGGGAATAATTTTTTCCTGTTTGAGCAC 

Lys73Ala F GCGATGTGCAGCACCAGTGCGGTGATGG 

Lys73Ala R CGCTACACGTCGTGGTCACGCCACTACC 

Asn104Ala F CGAGTTGAGATCAAAAAATCTGACCTTGTTGCGTATAATCCGATTGC 

Asn104Ala R GCTCAACTCTAGTTTTTTAGACTGGAACAACGCATATTAGGCTAACG 

Ser130Ala F CGCTACAGTACGCGGATAACGTGGCGATGAATAAGC 

Ser130Ala R GCGATGTCATGCGCCTATTGCACCGCTACTTATTCG 

Asn132Ala F GCTACAGTACAGCGATGCGGTGGCGATGAATAAGC 

Asn132Ala R CGATGTCATGTCGCTACGCCACCGCTACTTATTCG 

Glu166Gln F GCTGGGAGACGAAACGTTCCGTCTCGACC 

Glu166Gln R CGACCCTCTGCTTTGCAAGGCAGAGCTGG 

Lys234Ala F GGTTGTGGGGGATGCGACCGGCAGC 

Lys234Ala R CCAACACCCCCTACGCTGGCCGTCG 

T7 terminator GCTAGTTATTGCTCAGCGG 
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Supplemental Table 2-3.  Kinetic values for the hydrolysis of nitrocefin by CTX-M-15 mutants.  

Parameter WT Lys73Ala Asn104Ala Ser130Ala Asn132Ala Glu166Gln Lys234Ala 

Km (µM) 9.9 13 11 33 6.2 8.3 2.6 

kcat (s-1) 57 4.1 85 270 55 0.06 4.0 

kcat/Km 

(M-1 s-1) 
5.8 x 106 3.1 x 105 8.2 x 106 8.2 x 106 8.8 x 106 7.9 x 103 1.6 x 106 
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Supplemental Figures 

 

 

Supplemental Figure 2-1. Carbamyl-avibactam bound CTX-M-15 active site details. (a) Active site 

overlay of carbamyl-avibactam CTX-M-15 complexes in spacegroups P212121 (PDB ID: 4HBU) 2, and P21 

(PDB ID: 4S2I). Carbon atoms for the 4HBU and 4S2I active site residues and avibactam are displayed in 

grey and green, with all other non-carbon atoms colored by type (N, blue; O, red; S, yellow). The 4HBU and 

4S2I CTX-M-15 protein backbones are displayed as grey and green cartoons. (b) Protein-ligand interactions 

between CTX-M-15 and avibactam depicted in monomer A using LigPlot+ 3. Avibactam and CTX-M-15 are 

displayed as purple and orange sticks with atoms colored by type. Hydrogen bonding and electrostatic 

interactions are shown as green dashes. Ligand-protein hydrophobic contacts are shown as curved red combs. 
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Supplemental Figure 2-2. Avibactam electron density for carbamylated CTX-M-15, OXA-48 and 

OXA-10 crystal structures. In a-c, the Fo-Fc ligand omit maps are contoured at 3.0, 4.0 and 5.0 σ and are 

shown as pink, cyan and red transparent surfaces. (a) Carbamyl-avibactam CTX-M-15 ligand omit Fo-Fc 

electron density. The CTX-M-15 cartoon is shown in white with selected active site residues displayed in 

stick representation and non-carbon atoms are colored by type. (b) and (c), Carbamyl-avibactam OXA-48-

AVI7.5 and OXA-10 ligand omit Fo-Fc electron density. In B and C, the OXA-48-AVI7.5 and OXA-10 

protein backbones are shown in white cartoon representation with selected active site residues displayed as 

white sticks with non-carbon atoms colored by type. In all panels, the carbamyl-avibactam is represented as 

pink sticks with atoms colored by type. (d) Carbamyl-avibactam OXA-48-AVI7.5 final refined 2Fo-Fc 

electron density. The OXA-48-AVI7.5 protein and bound avibactam are displayed as in b. The 2Fo-Fc electron 

density map is contoured at 1.0σ and is displayed as a grey mesh.  
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Supplemental Figure 2-3. CTX-M-15 variants are stable in solution.  Characterization of the particle size 

distribution for CTX-M-15 variants using dynamic light scattering. 
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Supplemental Figure 2-4. Interactions between avibactam and active site residues in OXA-48 and 

OXA-10. (a) and (b), Chain A-avibactam interactions in OXA-48-AVI-7.5 and OXA-10-AVI crystal 

complexes designed using LigPlot+ 3. In all panels, the carbamyl-avibactam and active site residues are 

displayed as purple and orange sticks with atoms colored by type. Hydrogen bonding and electrostatic 

interactions are shown as green dashes. Ligand-protein hydrophobic contacts are displayed as curved red 

combs. 
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Supplemental Figure 2-5. Carboxylation state of the SXXK lysine in OXA-48 and OXA-10. (a) Native 

OXA-48 (pH 7.5), chain A Lys73 omit Fo-Fc electron density. The OXA-48 protein backbone is displayed as 

an orange cartoon with selected active site residues shown as sticks with all non-carbon atoms colored by 

type. The Fo-Fc Lys73 omit electron density map is contoured at 3.0σ and is shown as a green mesh. (b), (c) 

and (d) OXA-48-AVI6.5 (pH 6.5), OXA-48-AVI7.5 (pH 7.5) and OXA-48-AVI8.5 (pH 8.5), chain A Lys73 

omit Fo-Fc electron density. The OXA-48 protein backbone, active site residues and Fo-Fc Lys73 omit electron 

density maps are shown as in A. The carbamyl-avibactam is represented as pink sticks with all non-carbon 

atoms colored by type.  (e) OXA-10-AVI (pH 6.5) chain A K70 omit Fo-Fc electron density map. The OXA-

10 protein backbone is displayed in cyan cartoon representation with selected active site residues shown as 

sticks with all non-carbon atoms colored by type. The Fo-Fc K70 omit electron density map is represented as 

in a. The carbamyl-avibactam is represented as in b.  
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Supplemental Figure 2-6. Comparison of carbamyl-avibactam CTX-M-15, OXA-48 and AmpC co-

crystal structures.  (a) Active site close-up of carbamyl-avibactam CTX-M-15. The carbon atoms of 

avibactam are pink with non-carbon atoms colored by atom type. The avibactam bound CTX-M-15 protein 

chain is represented as a green cartoon, with key active site residues shown as sticks with atoms colored by 

type. (b) and (c) Active site overlay of carbamyl-avibactam OXA-48, and AmpC (PDB ID: 4HEF) 2. In b and 

c, the bound avibactam is represented as in a. The OXA-48 and AmpC protein chains are illustrated as orange 

and grey cartoons, and active site residues are depicted as sticks with non-carbon atoms colored by type. In 

a-c, hydrogen bonding and electrostatic interactions are shown as black dashes. (d) Overlay of carbamyl-

avibactam from the CTX-M-15, OXA-48 and AmpC co-crystal structures (PDB ID’s: 4S2I, 4S2K, 4HEF) 2. 

Carbamyl-avibactam from the CTX-M-15, OXA-48 and AmpC structures are displayed as green, orange and 

white sticks with all non-carbon atoms colored by type. The carbamyl-avibactam C7 carbon, carbonyl oxygen 

and N1 atoms were fixed in the exact same positions. 
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Supplemental Figures 2-7 to 2-16.  ESI-LC-MS trace overlays of avibactam incubated with β-lactamase 

as noted at pH 7.5 (Figs S7-S15).  Samples were analyzed at 0 hours (red trace) and 24 hours (blue trace).  

Avibactam remains intact in all samples with the exception of KPC-2 and no enzyme pH 8.5. 

 
Supplemental Figure 2-7.  No enzyme 
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Supplemental Figure 2-8.  CTX-M-15 
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Supplemental Figure 2-9.  KPC-2 
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Supplemental Figure 2-10.  CTX-M-15 Lys73Ala 
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Supplemental Figure 2-11.  CTX-M-15 Asn104Ala 
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Supplemental Figure 2-12.  CTX-M-15 Ser130Ala 
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Supplemental Figure 2-13.  CTX-M-15 Asn132Ala 
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Supplemental Figure 2-14.  CTX-M-15 Glu166Gln 
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Supplemental Figure 2-15.  CTX-M-15 Lys234Ala 
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Supplemental Figure 2-16.  No enzyme (pH 8.5) 
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CHAPTER 3 

 

STRUCTURAL AND KINETIC CHARACTERIZATION OF 

DIAZABICYCLOOCTANES AS DUAL INHIBITORS OF BOTH SERINE-ΒETA-

LACTAMASES AND PENICILLIN-BINDING PROTEINS 
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ABSTRACT 

Avibactam is a DBO BLI possessing outstanding but incomplete efficacy against 

multidrug-resistant Gram-negative pathogens in combination with β-lactam antibiotics.  

Significant pharmaceutical investment in generating derivatives of avibactam warrants a 

thorough characterization of their activity.  We show here through structural and kinetic 

analysis that select diazabicyclooctane derivatives display effective but varied inhibition of 

two clinically important β-lactamases (CTX-M-15, and OXA-48).  Furthermore, these 

derivatives exhibit considerable antimicrobial activity (minimum inhibitory concentration 

(MIC) ≤ 2μg/mL) against clinical isolates of P. aeruginosa, Escherichia coli (E. coli), and 

Enterobacter spp.  Imaging of cell phenotype along with structural and biochemical 

experiments unambiguously demonstrate that this activity, in E. coli, is a result of targeting 

PBP 2.  Our results suggest that structure-activity relationship studies for the purpose of 

drug discovery must consider both β-lactamases and PBPs as targets.  We believe that this 

approach will yield next-generation combination or monotherapies with an expanded 

spectrum of activity against currently untreatable Gram-negative pathogens. 
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INTRODUCTION 

The discovery and semisynthetic modification of the prototypical β-lactam 

antibiotic, penicillin, revolutionized modern medicine with its unprecedented ability to 

combat bacterial infection (Kardos and Demain, 2011).  β-lactams target the final step in 

bacterial peptidoglycan biogenesis, wherein they inactivate the transpeptidase activity of 

PBPs (Waxman and Strominger, 1983).  However, the evolution and dissemination of 

bacterial resistance to β-lactams, primarily mediated by β-lactamase expression, has 

emerged in response to the selective pressure due in-part to widespread clinical use (Fisher 

et al., 2005).  β-Lactamases are grouped into four classes: the class B enzymes are MBLs 

that use active site zinc ion(s) during bond cleavage, whereas the more clinically prevalent 

class A, C and D enzymes are SBLs that employ a serine nucleophile to catalyze hydrolysis 

(Bush, 2013a).   

Two therapeutic strategies have emerged in response to β-lactamase-mediated β-

lactam resistance: 1) discovery of additional β-lactam scaffolds and subsequent medicinal 

chemistry efforts towards evading β-lactamase resistance (Dalhoff and Thomson, 2003) 

and 2) development of β-lactamase inhibitors (Drawz and Bonomo, 2010a).  Avibactam is 

a reversible, covalent inhibitor possessing a novel DBO core scaffold recently approved by 

the U.S. Food and Drug Administration in combination with ceftazidime (Avycaz) to treat 

patients for which there are limited or no alternative therapeutic options (Figure 1a) (Rubin, 

2015).  Avibactam forms a long-lived carbamyl-linkage with the SBL active site serine. 

This complex does not dissociate by hydrolysis as do the β-lactam based inhibitors, yet 

undergoes a reversible recyclization mechanism that reforms intact avibactam (Ehmann et 
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al., 2012b).  Avibactam displays unprecedented inhibitory activity against the class A and 

C β-lactamases. However, avibactam does not inhibit the MBLs and variable levels of 

inhibition are observed for the class D SBLs.  

Semisynthetic modification of the acyl side-chain of penicillin led to the 

development of derivatives with a broader spectrum of activity and resistance to β-

lactamases, amongst other favorable properties (Rolinson, 1998).  Here, we adopt a similar 

strategy and derivatize the DBO scaffold and thoroughly investigate the inhibitory 

properties of these novel compounds.   

 

 

 

Figure 3-1.  (A), Chemical structures of avibactam derivatives used in this study. (B, C) Overlays of 

carbamyl-avibactam derivatives bound to the class A β-lactamase CTX-M-15 (B) and the class D β-lactamase 

OXA-48 (C) (rmsd= 0.1Å on all CA atoms).  
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MATERIALS AND METHODS 

Reagents   

All chemicals of analytical grade were purchased from Sigma-Aldrich, unless 

otherwise stated.  Nitrocefin was synthesized as described previously (Lee et al., 2005a). 

 

 β-Lactamase Protein Expression and Purification 

The E. coli CTX-M-15 and Klebsiella pneumonia OXA-48 constructs include the 

mature sequences (Q26-L288, and W25-P265) with the signal peptide removed and were 

prepared as previously described (King et al., 2015).  Purified CTX-M-15 (with His-tag 

cleaved) and OXA-48 (with un-cleaved His-tag) were dialyzed into fresh crystallization 

buffer (CTX-M-15 buffer: 10mM Tris pH 7.5, 100mM NaCl, 250uM 2-mercaptoethanol, 

and OXA-48 Buffer: 20mM Tris pH 7.5, 100mM NaCl) and concentrated to ~30mg/mL.  

For kinetics studies CTX-M-15 and OXA-48 were purified as previously described (King 

et al., 2014). 

 

PBP Plasmid Construction, Protein Expression, and Purification  

The E. coli PBP1a, PBP1b, PBP2, and PBP3 DNA corresponding to amino acid 

residues 1-855, 58-804, 60-633, and 57-577 were amplified from E. coli K12 genomic 

DNA. Restriction free cloning was used to produce pET-41b expression vectors containing 

each of the PBPs with a thrombin cleavable C-terminal 8XHis tag (van den Ent and Löwe, 

2006).  
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Vectors containing the E. coli PBP1b, and PBP1a membrane proteins were 

transformed into E. coli BL21(DE3), and E. coli C43(DE3) host cells. The transformed 

cells were grown at 37°C until an OD600 of 0.6 was reached, and the samples were cooled 

to room temperature for 30 min.  Protein expression was induced by addition of 1mM 

isopropyl β-D-1-thiogalactopyranoside (IPTG) and the cultures were incubated at 25 °C 

overnight. Cell pellets were resuspended in lysis buffer (PBP1a: 25mM Tris pH 7.5, 10mM 

MgCl2, 300mM NaCl, 1 EDTA free protease inhibitor tablet from Roche, PBP1b: 20mM 

Tris pH 8.0, 300 mM NaCl, 1 EDTA free protease inhibitor tablet from Roche) and lysed 

by 2 passes on a French press at a pressure of 1500 p.s.i. The cell lysate was then 

centrifuged twice at 14, 600 g for 15 minutes to remove unbroken cells and inclusion 

bodies. The supernatant was then centrifuged at 200, 000 g for 1 hour in order to pellet the 

membranes.  Membranes were homogenized and incubated for 4 hours in the presence of 

extraction buffer (lysis buffer + 20mM n-Dodecyl-β-D-maltopyranoside, DDM; Anatrace). 

The solubilized protein was then purified using nickel chelation chromatography.  The 

column was pre-incubated in the presence of equilibration buffer (PBP1a: 25mM Tris pH 

7.5, 300mM NaCl, 1mM DDM, PBP1b: 20mM Tris pH 8.0, 300mM NaCl, 1mM DDM) 

and eluted using a linear gradient of imidazole from 0-500mM. Fractions containing 

purified protein were exchanged using a 100 kDa cut-off concentrator into assay buffer 

[PBP1a: equilibration buffer, PBP1b: 20mM Tris pH 8.0, 300mM NaCl, 4.5 mM n-Decyl-

β-D-maltopyranoside (DM), Anatrace]. 

E. coli BL21(DE3) host cells transformed with the E. coli PBP2 and PBP3 

expression vectors were grown at 37°C until an OD600 of 0.7 was attained.  Protein 
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expression was induced by addition of 1mM IPTG and the cultures (typically 9L) were 

incubated at 30°C for 16 hrs. Cell pellets were resuspended in lysis buffer [PBP2: 50mM 

Tris pH 8.0, 300mM NaCl, 1 EDTA free protease inhibitor table from Roche, PBP3: 20mM 

Tris pH 8.0, 10% glycerol, 300 mM NaCl, 10 mM MgCl2, 40mM 3-[(3-

cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS), 1 EDTA free protease 

inhibitor tablet from Roche] and lysed by 2 passes on a French press at a pressure of 1500 

p.s.i. The cell lysate was then centrifuged at 20,000 g for 1 hour. The supernatant was 

purified using nickel chelation chromatography.  The column was pre-incubated in the 

presence of equilibration buffer (50 mM Tris pH 8.0, 300 mM NaCl, 5% glycerol) and 

eluted using a linear gradient of imidazole from 0-600mM. Peak fractions containing 

purified protein were pooled and exchanged into assay buffer (equilibration buffer), using 

a 50 KDa cutoff Amicon centrifugal concentrator. 

 

Crystallization, Data Collection and Structure Determination 

FPI-1465, FPI-1523, and FPI-1602 carbamyl-enzyme complex CTX-M-15 crystals 

were grown using the sitting drop vapor diffusion method at 24°C. The drops consisted of 

1 μL (30mg/mL protein + 2mM FPI-1465, FPI-1523 or FPI-1602), combined with an equal 

volume of precipitant [0.2M ammonium sulfate, 0.1M 2-(N-morpholino)ethanesulfonic 

acid (MES) pH6.5, 30% PEG5K monomethyl ether]. Crystals were soaked in 

cryoprotectant solution for 30s (mother liquor + 25% glycerol), and flash vitrified in liquid 

nitrogen. The FPI-1465, FPI-1523 and FPI-1602 crystals diffracted to 3.0, 1.67 and 2.70 Å 
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at beamline CMCF-08B1-1 of the Canadian Light Source in Saskatoon Saskatchewan 

(CLS).  

FPI-1465 and FPI-1523 carbamyl-enzyme complex OXA-48 crystals were grown 

using the sitting drop vapor diffusion method at 24°C. The drops consisted of 1 μL (30 

mg/mL protein + 3.6 mM FPI-1465 or 3.9 mM FPI-1523), combined with an equal volume 

of precipitant (0.005 M CoCl2, 0.005 M CdCl2, 0.005 M MgCl2, 0.005 M NiCl2, 0.1 M 

HEPES pH 7.5, 12% w/v PEG 3350). Co-crystallization attempts with FPI-1602 and OXA-

48 failed to yield suitable crystals so apo crystals were grown as above but without ligand 

and soaked in 9.0 mM FPI-1602 for 2 days. Crystals were soaked in cryoprotectant solution 

for 30s (mother liquor + 29 to 33% (v/v) glycerol, and 3mM inhibitor), and flash vitrified 

in liquid nitrogen. The FPI-1465, FPI-1523, and FPI-1602 bound OXA-48 crystals 

diffracted to 1.96, 1.74 and 2.09Å at beamline CMCF 08B1-1 of the CLS. 

FPI-1465 carbamyl-enzyme PBP1b crystals were grown using the sitting drop 

vapor diffusion method at 24°C. Drops contained 1μL (10mg/mL protein + 5mM FPI-

1465), combined with an equal volume of precipitant (20% w/v PEG 3350, 0.2M 

potassium/sodium tartrate, 0.1M Bis Tris pH 8.5). Crystals were soaked in cryoprotectant 

solution for 4 min (mother liquor + 40% glycerol), and flash vitrified in liquid nitrogen. 

The FPI-1465-PBP1b crystals diffracted to 2.85Å resolution at beamline CMCF-08B1-1 of 

the CLS. All crystallographic data in this study was collected at a temperature of 100K and 

wavelength of 1.00Å. 

Data were processed using Xia2.(Winter et al., 2013) During refinement, 5% of 

reflections were set aside for cross validation. All structures of CTX-M-15, OXA-48, and 
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PBP1b were solved by molecular replacement using the program Phaser (McCoy et al., 

2007), with chain A of the native crystal structures as starting models (PDB ID’s, CTX-M-

15; 4HBT, OXA-48; 3HBR, PBP1b; 3VMA). Several iterations of manual rebuilding in 

Coot.(Emsley et al., 2010) followed by refinement using Phenix (Adams et al., 2010) were 

carried out. All structures were refined using isotropic B-factors, with the notable exception 

of FPI-1523-CTX-M-15, which was refined using anisotropic B-factors. Water and the 

appropriate ligands were added manually by examination of the Fo-Fc and 2Fo-Fc electron 

density maps. Ligand CIF dictionaries were created using PRODRG.(Schüttelkopf and van 

Aalten, 2004) In all structures, all ligands were refined at full occupancy. Figs 1b-c, Figure 

4-2d, and Supplementary Figure 2-1,2-2 and 2-7 were made using PyMol (Schrodinger, 

2015). 

 

Enzyme Assays  

For all enzyme assays the buffer consisted of 50 mM HEPES pH 7.5 and Tween20 

0.01%.  OXA-48 experiments were performed with the addition of 50 mM NaHCO3.  

Enzyme dilutions were made in BSA to 100 ng/µL.  Acylation and deacylation experiments 

were performed as described previously (Ehmann et al., 2013a; King et al., 2015). For all 

compounds described, on-rates were determined using a continuous assay with nitrocefin 

as reporter substrate.  For CTX-M-15, 100 µL enzyme (0.2 nM [final]) was added to 100 

µL nitrocefin (50 µM [final]; Km = 10 µM) and inhibitor.  The maximum concentration of 

inhibitor used for CTX-M-15 on-rates was: avibactam, 0.8 µM; FPI-1465, 9 µM; FPI-1523, 

4 µM; FPI-1602, 9 µM.   The same methods were applied for OXA-48 (0.03 nM [final]) 
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with nitrocefin (100 µM [final]; Km = 50 µM). For OXA-48, the maximum concentration 

of inhibitor used was: avibactam, 50 µM; FPI-1465, 100 µM; FPI-1523, 100 µM; FPI-

1602, 100 µM. 

CTX-M-15 off-rates were determined continuously using the jump dilution method 

(Ehmann et al., 2013b) where 1 µM enzyme was incubated with 10 µM inhibitor at 37°C 

for 30 minutes and then diluted 1/400 before adding 20 µL to 180 µL of nitrocefin (400 

µM) in assay buffer.  For OXA-48 7 µM enzyme was incubated with 10 µM inhibitor and 

incubated for 1 hour before 1/16000 dilution and addition to substrate (200 µM) as above.  

For OXA-48, discontinuous sampling was applied for all inhibitors other than FPI-1465. 

Concentration-response experiments assay buffer was used as above.  All enzymes 

(1 nM) were incubated with inhibitor for 30 minutes at 37°C before dilution in nitrocefin 

(20 µM).  Metalloenzymes were supplemented with 10 µM ZnSO4.  The maximum 

concentration of avibactam used was 20 µM. 

 

Antimicrobial Susceptibility Testing 

MIC testing was done according to the Clinical Laboratory Standards Institute 

(CLSI, 2012).  All experiments were performed in duplicate and strains were grown at 37°C 

for 18 hours. pGDP constructs were made with the noted gene under control of a bla 

promoter for high-level constitutive expression.   
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PBP Binding Assays   

For bacterial membrane preparation, an overnight culture of E. coli K-12 (MG1665) 

in BHI broth was diluted in a fresh medium and was further incubated at 37°C under 

agitation to reach an OD600 of ~0.6-0.7.  The cells were harvested by centrifugation at 3,000 

g for 15 min at 4°C, washed and suspended in KPN (20 mM potassium phosphate - 140 

mM NaCl, pH 7.5). Cells were first treated with lysozyme (500 µg/mL) for 1h at 37°C, 

before addition of a protease inhibitor cocktail (Sigma Aldrich Canada, Oakville, ON), 

deoxyribonuclease (6 µg/mL) and ribonuclease (6 µg/mL).  After 30 minutes of treatment, 

cells were disrupted by a French press and the bacterial lysate was centrifuged at 12,000 g 

for 10 min to remove unbroken cells. The supernatant was then centrifuged at 150,000 g 

for 40 min at 4°C using a fixed-angle rotor to collect the membranes.  The membranes were 

suspended in a minimal volume of KPN buffer and stored at -86°C. Protein concentration 

was estimated by the method of Bradford with the BCA kit (Pierce) using BSA as a 

standard. 

The relative binding affinity of test molecules for bacterial PBPs were assayed in a 

competition assay with the fluorescent penicillin BOCILLIN FL (Invitrogen, Carlsbad, 

CA) as the reporter molecule. Increasing concentrations of the test compounds were added 

to aliquots of the reaction mixture containing 30 μg of bacterial membrane preparation for 

10 min at 37°C prior to the addition of BOCILLIN FL (100 µM) for an additional 20 min. 

Membrane-containing samples were then heated to 95°C for 3 min in electrophoretic 

loading buffer containing SDS before electrophoresis and separation of proteins on a SDS-

polyacrylamide discontinuous gel system (5% stacking and 10% separating gels). After 
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electrophoresis, the gels were quickly rinsed in water and incubated for 30 min in a fixing 

solution (50% methanol - 7% acetic acid). Gels were scanned with a Molecular Imager FX 

Pro instrument (Bio-Rad Laboratories Canada, Mississauga, ON) using the excitation and 

emission wavelengths of 488 nm and 530 nm, respectively, to collect the image of the PBP 

profile.  The concentration of the test compound needed to block 50% of the subsequent 

binding of BOCILLIN FL to each PBP represented the IC50 value. 

 

BOCILLIN FL Competition Assays using Purified E. coli PBPs  

To assess the relative inhibition of E. coli PBPs by the avibactam derivatives, SDS-

PAGE based concentration response experiments were performed in triplicate using 

BOCILLIN FL as a reporter molecule. All reagents were diluted in assay buffer prior to 

use. To start the reaction, various concentrations of unlabeled compound and 27.8 μM 

BOCILLIN FL were simultaneously added to 4.7μM of purified PBP in a final reaction 

volume of 36 μL. The reaction was incubated at 25°C for 20 min prior to addition of 10X 

SDS-PAGE loading dye. In contrast, for pre-incubation experiments various amounts of 

inhibitor compound was pre-incubated with 4.7μM E. coli PBP1b for 48 hours prior to an 

additional 20 min incubation in the presence of 27.8 μM BOCILLIN FL (Supplemental 

Figure 3-6).  The samples were then boiled for 2 min prior to loading 10μL on a 12% SDS-

PAGE precast gel (Bio-Rad). Following electrophoresis, gels were imaged under UV light 

using a Syngene ChemiGenius2 bio imaging System. Densitometry analysis was performed 

using ImageJ as previously described (Schneider et al., 2012).  The individual data points 

were normalized to the maximum value of the fluorescence intensity, which represents total 
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saturation of protein by BOCILLIN FL in the absence of unlabeled compound. Benzyl 

penicillin, and Kanamycin were used as positive and negative controls, respectively. The 

IC50 values are defined as the compound concentration required to reduce the residual 

binding of BOCILLIN FL by 50% and were calculated using SigmaPlot. 

 

Microscopy  

Cells were cultured in a standard MIC curve, then fixed and imaged according to 

the methods of Czarny et al (Czarny et al., 2014).   In brief, after culture densities were 

recorded using a spectrophotometer, cultures were diluted 1:10 in 2% glutaraldehyde 

buffered with 25 mM HEPES (pH 6.8) for one hour.  Then, 15 uL of this solution was 

transferred to a 0.17 mm glass-bottom 384-well microplate, along with 5 uL of 1.5% filter-

sterilized nigrosin stain.  Plates were gently flushed with nitrogen gas, then heat-fixed at 

50°C in a humidity-controlled incubator.  Finally, plates were imaged under brightfield 

using a Nikon Eclipse Ti-E inverted microscope.  Cell features were quantified with ImageJ 

(Schneider et al., 2012), using the analysis pipeline in Czarny et al. (Czarny et al., 2014).  

These image features were used to cluster drug treatments using Ward's least variance, as 

well as compute a correlation map and Pearson correlation values for treatments. 

Accession Codes  

Coordinates and structure factors for FPI-1465-CTX-M-15, FPI-1523-CTX-M-15, 

FPI-1602-CTX-M-15, FPI-1465-OXA-48, FPI-1523-OXA-48, FPI-1602-OXA-48 and 

FPI-1465-PBP1b were deposited in the PDB with accession codes (5FAO, 5FA7, 5FAP, 

5FAQ, 5FAS, 5FAT, 5FGZ). 
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RESULTS AND DISCUSSION 

Modification of the avibactam C2 carboxamide yielded three derivatives (FPI-1465, 

FPI-1523, and FPI-1602, Figure 3-1a), which were synthesized by Fedora Pharmaceuticals 

as previously described (Maiti et al., 2013).  We first characterized interactions of the FPI 

compounds with the class A β-lactamase CTX-M-15, which is among the most widely 

disseminated extended-spectrum β-lactamases (ESBLs) worldwide, (Bush, 2013c) and 

OXA-48, a class D carbapenemase found increasingly in carbapenem-resistant 

Enterobacteriaceae (CRE) (Evans and Amyes, 2014). Structural analysis of enzyme-

derivative interactions was done by solving the x-ray co-crystal structures of FPI-1465, 

FPI-1523 and FPI-1602 bound to the CTX-M-15 active site to a resolution of 3.00, 1.67 

and 2.70Å.  Similarly, the crystal structures of FPI-1465, FPI-1523, and FPI-1602 bound 

to OXA-48 were solved to 1.96, 1.74 and 2.09Å resolution (Supplemental Table 3-1 and 3-

2). The CTX-M-15 and OXA-48 proteins crystallized with two protein monomers within 

the asymmetric unit (ASU). Generally, all chains within the ASU contained high structural 

similarity [root-mean-square deviations (rmsd’s) of ≤ 0.2Å for all α-carbon atoms (CA) in 

both chains within the ASU]. For simplicity, we limit our analysis to chain A for each 

complex.  We previously determined the co-crystal structures of both CTX-M-15 and 

OXA-48 bound to avibactam (King et al., 2015), allowing for comparison with the 

corresponding derivative bound enzyme complexes. 

All OXA-48 and CTX-M-15 derivative bound structures display clear and 

unambiguous Fo-Fc ligand omit map electron density corresponding to a C7-Ser70 O-γ 

linked carbamyl-enzyme intermediate (Supplemental Figures 3-1 and 3-2), which is 
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directly analogous to the carbamyl-avibactam complexes (King et al., 2015).  An analysis 

of the overall binding conformation of the DBO core amongst the various derivative 

complexes reveals a striking resemblance to avibactam (Figure 1b-c). Additionally, these 

structures have a nearly identical juxtaposition of catalytic residues (Supplemental Figures 

3-1 and 3-2).   

To evaluate the relative β-lactamase inhibitory activity of the FPI compounds, we 

kinetically characterized them as previously reported (Ehmann et al., 2013b; Ehmann et al., 

2012b).  For CTX-M-15, slightly reduced on-rates were observed, likely a consequence of 

carboxamide modification leading to a lower affinity pre-covalent complex.  However, off-

rates were also lower, resulting in an overall balance in the dissociation constant (Kd) for 

these compounds (Table 3-1). The reduced off-rates are likely due in part to stabilization of 

the carbamyl-enzyme intermediate by hydrogen bonds between the various FPI C2 

functional groups and conserved active site residues (Supplemental Figures 3-1D and E).  

For OXA-48, all FPI derivatives displayed roughly an order of magnitude slower 

on-rates as well as faster off-rates, leading to significantly increased Kd values (Table 1).  

In particular, the FPI-1465-OXA-48 carbamyl-enzyme displayed a very short half-life (off-

rate t1/2 for avibactam vs. FPI-1465: 1500 ±200 min vs. 22 ±1 min). In the OXA-48 bound 

FPI co-crystal structures we observe numerous direct and water-mediated hydrogen bonds 

between the various C2 functional groups and conserved active site residues (Supplemental 

Figure 3-2D and S2E). The observed higher Kd values may be due in part to an entropic 

cost associated with ordering the C2 side chain of the derivatives via these hydrogen bonds. 
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Taken together, the above-mentioned structural and kinetic results demonstrate that C2 

avibactam derivatives retain β-lactamase inhibitory properties.   

 

Table 3-1.  Kinetic values for the carbamylation and decarbamylation of DBOs compounds against 

CTX-M-15 and OXA-48.   

 

Enzyme Parameter Avibactam FPI-1465 FPI-1523 FPI-1602 

CTX-M-15 On-rate k2/Ki (M-1s-1) 2.5 ± 0.1 x 105 1.3 ± 0.1 x 104 3.9 ± 0.1 x 104 1.1 ± 0.1 x 104 

 Off-rate koff (s-1) 5.4 ± 0.7 x 10-4 1.4 ± 0.1 x 10-4 1.6 ± 0.1 x 10-4 1.1 ± 0.1 x 10-4 

 Off-rate t1/2 (min) 22 ± 3 84 ± 6 72 ± 5 102 ± 5 

 Kd (µM) 0.002 0.011 0.004 0.010 

OXA-48 On-rate k2/Ki (M-1s-1) 2.5 ± 0.2 x 103 1.0 ± 0.1 x 102 7.0 ± 0.2 x 102 2.0 ± 0.1 x 102 

 Off-rate koff (s-1) 7.7 ± 0.9 x 10-6 5.3 ± 0.3 x 10-4 2.4 ± 1 x 10-5 2.1 ± 0.2 x 10-5 

 Off-rate t1/2 (min) 1500 ± 200 22 ± 1 480 ± 80 560 ± 50 

 Kd (µM) 0.003 5.3 0.034 0.11 

 

 

Previously, FPI-1465 displayed remarkable synergy in combination with β-lactams 

against MBL-expressing strains (Mendes et al., 2013).  We used FPI-1465 as a model DBO 

compound, and assessed its ability to inhibit a panel of pGDP-2 transformants either with 

empty vector or expressing different β-lactamases (King et al., 2014).  All compounds 

displayed consistently low MICs irrespective of β-lactamase expression (Supplemental 

Table 3-3). FPI-1602 demonstrated a remarkably low MIC value of < 0.5 µg/mL and was 

therefore selected for further MIC experiments against a panel of NDM-1 positive clinical 

isolates.  FPI-1602 displayed marked antimicrobial activity against P. aeruginosa, E. coli, 

and Enterobacter spp. (Supplemental Table 3-4).  The activity against P. aeruginosa is 

particularly interesting as a recent publication has described a similar compound (OP0595) 

that does not exhibit antimicrobial activity against P. aeruginosa (MIC > 32 µg/mL) 
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(Morinaka et al., 2015) This data clearly demonstrates that avibactam derivatives act as 

direct antimicrobial agents, and that their activity is not thwarted by β-lactamase 

expression. 

SBLs and the PBP transpeptidases are thought to have evolved from a common 

ancestor, and both belong to the penicilloyl serine transferase superfamily and share 

common active site sequence motifs and an analogous reaction path that proceeds through 

formation of a covalent acyl-enzyme intermediate (Knox et al., 1996).  Previously, the BLIs 

clavulanic acid and sulbactam were shown to have antibacterial activity due to targeting 

PBPs in various Gram-negative pathogens including: E. coli, Proteus mirabilis, 

Enterobacter cloacae, and Acinetobacter spp (Moosdeen et al., 1988; Obana and Nishino, 

1990). Therefore, we hypothesized that the observed antimicrobial activity of the FPIs may 

be due to direct inhibition of PBPs in much the same way as β-lactams. We performed gel-

based competition assays to assess the relative ability of the derivatives to block binding of 

the fluorescent penicillin (BOCILLIN FL) to endogenously expressed E. coli PBPs using 

purified membrane extracts. All FPI derivatives tested displayed preferential inhibition of 

PBP2 in these in-vitro binding assays (Figure 3-2a, Supplemental Figure 3-4).  BOCILLIN 

FL competition assays were then performed using purified E. coli PBPs (PBP1a, PBP1b, 

PBP2, and PBP3). The avibactam derivatives specifically inhibit binding of BOCILLIN FL 

to purified E. coli PBP2 (Supplemental Table 3-5). The relative potency of PBP2 inhibition 

by the derivatives closely mirrors their MIC values against E. coli BW25113 pGDP-2 β-

lactamase transformants (Supplemental Table 3-3), with FPI-1523 and FPI-1602 displaying 

more potent inhibition (IC50 = 3.2 ± 0.4μM and 3.6 ± 0.3μM), than FPI-1465 and avibactam 



Ph.D. Thesis – Andrew M. King – McMaster University – Chemistry and Chemical Biology 

 
 

110 
 

(IC50 = 15 ± 1μM and 63 ± 6μM, Supplemental Table 3-5). In E. coli, PBP2 is intimately 

involved in cell elongation and consequently its inhibition leads to cell rounding and loss 

of rod-shaped growth, while inhibition of the cell division specific PBP3 leads to long 

chains of filamentous cells unable to form septa (Tipper, 1985).  Microscopy studies 

performed on cells treated with sub-MIC concentrations of mecillinam (PBP2 targeting), 

and ceftazidime (PBP3 targeting) confirmed the expected cell morphology phenotypes 

(Figure 2b).  All FPI derivatives exactly phenocopied the cell rounding effects of 

mecillinam, further supporting the notion that PBP2 is the cellular target of these 

compounds (Figure 2b, and Supplemental Figure 3-5). Furthermore, we observed synergy 

(all fractional inhibitory concentrations < 0.4) when aztreonam (PBP3 targeting) (Hayes 

and Orr, 1983) was used in combination with FPI-1602 against E. coli (Figure 3-2c), similar 

to a previous report (Sumita and Fukasawa, 1995).  Importantly, this combination retained 

synergy in the presence of any β-lactamase tested.  Taken together, these data strongly 

suggest that PBP2 is the antibacterial target for the FPI compounds in E. coli.   

In competition experiments in which BOCILLIN FL and the FPIs were added to E. 

coli PBP1b at the same time to start the reaction, no inhibition was observed up to 2mM of 

the FPIs (Supplemental Table 3-5). However, an extensive 48 hour pre-incubation of FPI-

1602 with the purified E. coli PBP1b membrane protein prior to addition of BOCILLIN FL 

resulted in a concentration-dependent inhibition of BOCILLIN FL binding (Supplemental 

Figure 3-6), indicating that at high concentrations the derivatives can act as slow binding 

inhibitors of PBP1b. Therefore, due to difficulties in crystallizing E. coli PBP2, we 

reasoned that co-crystallization of E. coli PBP1b with the avibactam derivatives would lend 
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insight into the structural basis of PBP inhibition by these compounds. The co-crystal 

structure of the single pass bitopic membrane protein E. coli PBP1b covalently inhibited 

by FPI-1465 was solved to 2.85Å resolution in spacegroup P22121 with a single protein 

monomer in the ASU (for ligand electron density maps and crystallographic data statistics 

see Supplemental Table 3-6). The overall orientation of FPI-1465 in the PBP1b active site 

is directly analogous to the carbamyl-SBL bound complexes (Figures 3-2d and 3-1b-c). 

The FPI-1465 N6 sulfate projects toward the conserved motif iii and makes hydrogen 

bonding contacts with the O-γ of Thr699 and Thr701. Also, the FPI-1465 C7 carbonyl 

oxygen occupies the canonical oxyanion hole constituted by the backbone amide nitrogens 

of Thr701 and Ser510. Finally, the C2 side chain projects away from the catalytic core 

(Figure 2d). This structure represents the first glimpse into DBO-mediated PBP inhibition 

and demonstrates the ability of avibactam derivatives to interact directly with the conserved 

active site motifs of PBPs, providing a molecular basis for structure-based drug design 

efforts.  
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Figure 3-2. PBP2 is the primary cellular target of avibactam derivatives in E. coli. (A)  E. coli PBP 

banding profile and PBP binding competition assay for compound FPI-1465 (PBP2 IC50 = 1.0 ± 0.6 μg/mL). 

(B) Brightfield microscopy images of E. coli, treated with antibiotics alongside FPI compounds. (C) 

Microdilution checkerboard analysis demonstrates antimicrobial synergy between aztreonam and FPI-1602 

against E. coli expressing clinically relevant β-lactamases from class A (CTX-M-15), B (NDM-1), and D 

(OXA-48).  (D) Active site close-up of carbamyl-FPI-1465-E. coli PBP1b co-crystal structure. The bound 

protein backbone is displayed as a blue cartoon with key active site residues shown in stick representation 

with non-carbon atoms colored by type. Selected hydrogen bonds and electrostatic interactions are depicted 

as black dashes.    
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In the FPI-1465-E. coli PBP1b crystal structure, the N6 nitrogen is 4.4Å from the 

S572 O-γ (Figure 2d). In contrast, in the FPI-1465 bound CTX-M-15 and OXA-48 

structures, the N6 nitrogen is much closer to the equivalent motif II serine O-γ  (3.3Å, and 

3.0Å Figures 1b and 1c). The motif II serine has an essential role as the general acid for 

protonation of the β-lactam or DBO nitrogen leaving group upon formation of the acyl-

enzyme covalent intermediate (King et al., 2015).  Therefore, we propose that the relatively 

poor inhibition of E. coli PBP1b by the DBO’s is likely due to the suboptimal positioning 

of the general acid required for acylation. 

The demonstration that DBO derivatives are potent antibiotics as well as BLIs has 

far-reaching implications for antibacterial drug discovery.  Early DBOs were considered to 

be poor antibiotics, and were therefore pursued as BLIs and this mindset has continued with 

the development of avibactam. (Hayes and Orr, 1983) However, there is now significant 

pharmaceutical investment in this scaffold and it is crucial that any medicinal chemistry 

efforts acknowledge their potent antimicrobial activity. 
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SUPPLEMENTAL INFORMATION 

Supplemental Tables 

 
Supplemental Table 3-1. Data collection and refinement statistics for CTX-M-15 co-crystal structures  

 

 FPI-1465 FPI-1523 FPI-1602 

Data collection    

Space group P212121 P1211 P1211 

Cell dimensions    

    a, b, c (Å) 43.9, 62.7, 175.5 62.7, 60.3, 76.0 63.1, 61.8, 73.1 

    α, β, γ ()  90.0, 90.0, 90.0 90.0, 112.8, 90.0 90.0, 104.0, 90.0 

Resolution (Å) 33.28-3.00 (3.16-

3.00)* 

70.1-1.67 (1.71-

1.67) 

30.97-2.70 (2.77- 

2.70) 

Rsym  0.10 (0.34) 0.053(0.42) 0.06(0.21) 

I/σI 7.8(2.4) 12.2(1.9) 11.7(3.4) 

Completeness (%) 98.3(97.4) 98.4(99.7) 95.4(92.1) 

Redundancy 4.4(4.3) 2.9(2.9) 2.5(2.4) 

    

Refinement    

Resolution (Å) 33.28-3.00 70.1-1.67 30.97-2.70 

No. reflections 10061(715) 59836(4407) 14478(1010) 

Rwork/ Rfree 0.223, 0.271 0.166, 0.197 0.187, 0.227 

No. atoms    

    Protein 3934 3946 3926 

    Ligand 46 70 48 

    Water 34 520 85 

B-factors (Å2)    

    Protein 30.4 15.3 27.8 

    Ligand 52.2 14.7 31.1 

    Water 21.2 27.6 18.1 

R.m.s deviations    

    Bond lengths (Å)  0.009 0.015 0.011 

    Bond angles (º) 1.43 1.73 1.48 

Favored/allowed/disallowed 

(%)+ 
94.9, 4.3, 0.8 97.2, 1.6, 1.2 96.1, 3.1, 0.8 

Data corresponds to diffraction from a single crystal for each structure.  

*Highest resolution shell is shown in parenthesis.  

+phenix.ramalyze; “allowed” is the percentage remaining after “favoured” and “outlier” residues are subtracted. 
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Supplemental Table 3-2.  Data collection and refinement statistics for OXA-48 co-crystal structures 

 

 FPI-1465 FPI-1523 FPI-1602 

Data collection    

Space group P212121 P212121 P212121 

Cell dimensions    

    a, b, c (Å) 72.8, 75.5, 107.0 73.0, 75.8, 106.7 73.1, 75.8, 106.7 

    α, β, γ ()  90, 90, 90 90, 90, 90 90, 90, 90 

Resolution (Å) 
43.64-1.96 (2.01-1.96) 

43.62-1.74 (1.79-

1.74) 

47.18-2.09 (2.14-

2.09) 

Rmerge 0.071(0.467) 0.04(0.440) 0.072(0.540) 

I/σI 22.6(4.3) 30.6(4.1) 21.2(3.4) 

Completeness (%) 99.7(99.9) 99.9(99.3) 99.7(99.9) 

Redundancy 7.3(7.4) 7.4(7.4) 7.3(7.5) 

    

Refinement    

Resolution (Å) 43.64-1.96 43.62-1.74 47.18-2.09 

No. reflections 42805(3145) 61458(4464) 35720(2595) 

Rwork/ Rfree 0.168/0.210 0.157/0.178 0.167/0.216 

No. atoms    

    Protein 3988 4336 4026       

    Ligand 46 42 48 

    Ion 13 13 11 

    Water 422 457 293 

B-factors (Å2)    

    Protein 25.6 25.9 35.5 

    Ligand 32.7 32.7 51.3 

    Ion 27.1 26.2 42.6 

    Water 32.8 34.6 40.6 

R.m.s deviations    

    Bond lengths (Å)  0.017 0.013 0.010 

    Bond angles (º) 1.78 1.56 1.59 

Favored/allowed/disallowed (%)+ 97.9, 2.1, 0.0 98.0, 2.0, 0.0 98.3, 1.7, 0.0 

Data corresponds to diffraction from a single crystal for each structure.  

*Highest resolution shell is shown in parenthesis.  

+phenix.ramalyze; “allowed” is the percentage remaining after “favored” and “outlier” residues are subtracted. 
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Supplemental Table 3-3.  Antimicrobial susceptibility patterns of E. coli BW25113 pGDP-2 

transformants expressing β-lactamase 

 

   MIC (µg/mL)   

Antibiotic CTX-M-15 KPC-2 NDM-1 OXA-48 control 

Ampicillin 32 >512 >512 16 4 

Avibactam 32 16 16 16 16 

FPI-1465 4 4 2 2 2 

FPI-1523 2 2 2 1 1 

FPI-1602 <0.5 <0.5 <0.5 <0.5 <0.5 
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Supplemental Table 3-4.  Antimicrobial susceptibility patterns of NDM-1-positive clinical isolates to 

FPI-1602 alone. 

 

 

Strain MIC (µg/mL) 

E. coli GN688 0.5 

E. coli GN610 2 

E. cloacae GN574 1 

E. cloacae GN579 2 

P. aeruginosa PAO1* 2 

E. cloacae GN687 8 

K. oxytoca GN942 32 

C. freundii GN978 64 

A. baumanii ATCC 17978* >128 

K. pneumoniae GN629 >128 

K. pneumoniae GN529 >128 

M. morganii GN575 >128 

P. rettgeri GN570 >128 

P. stuartii GN576 >128 

  

*Non-NDM-1-expressing strains 
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Supplemental Table 3-5.  Gel based BOCILLIN FL competition assaysa.  

 

   IC50
b (µM)  

Antibiotic PBP2 PBP1b PBP1a PBP3 

Avibactam  63 ± 5.5 NI NI NI 

FPI-1465 14.8 ± 1.1 NI NI NI 

FPI-1523 3.2 ± 0.4 NI NI NI 

FPI-1602 3.6 ± 0.3 NI NI NI 

Benzyl penicillin 318.1 ± 32.3 161.72 ± 8.6 196.9 ± 26.3  35.5 ± 3.27 

Mecillinam 0.3 ± 0.1 NI NI NI 

Kanamycin NI NI NI NI 

 

a The avibactam derivatives were analyzed for the ability to inhibit binding of BOCILLIN FL to purified E. coli 

PBPs. BOCILLIN FL and competitor compound were added at the same time to start the reaction. 

NI, no observable inhibition up to 2000 µM competitor compound. 

b IC50 values are taken as averages from three separate experiments and represent the concentration of unlabeled 

compound required to reduce the residual binding of BOCILLIN FL by 50% 
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Supplemental Table 3-6.  Data collection and refinement statistics for FPI-1465-E. coli PBP1b co-

crystal structure 

 

 FPI-1465 

Data collection  

Space group P22121 

Cell dimensions  

    a, b, c (Å) 62.48, 63.22, 293.9 

    α, β, γ ()  90, 90, 90 

Resolution (Å) 63.22-2.85(2.93-2.85) 

Rmerge 0.040(0.238) 

I/σI 23.4(4.0) 

Completeness (%) 95.1(90.7) 

Redundancy 3.9(2.5) 

  

Refinement  

Resolution (Å) 63.22-2.85 

No. reflections 26383(1797) 

Rwork/ Rfree 23.7/29.0 

No. atoms  

    Protein 5461 

    Moenomycin 77 

     FPI-1465 23 

    Water 59 

B-factors (Å2)  

    Protein 63.6 

    Moenomycin 109.5 

    FPI-1465 87.0 

    Water 36.2 

R.m.s deviations  

    Bond lengths (Å)  0.013 

    Bond angles (º) 1.65 

Favored/allowed/disallowed (%)+ 93.9, 6.0, 0.1 

Data corresponds to diffraction from a single crystal for each structure.  

*Highest resolution shell is shown in parenthesis.  

+phenix.ramalyze; “allowed” is the percentage remaining after “favoured” and “outlier” residues are subtracted. 
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Supplemental Figures 

 

Supplemental Figure 3-1. Avibactam derivative electron density maps and ligand protein interactions 

for CTX-M-15 co-crystal complexes. a, Carbamyl FPI-1465-CTX-M-15 ligand electron density maps. b, 

Carbamyl FPI-1523-CTX-M-15 ligand electron density maps.  c, Carbamyl FPI-1602-CTX-M-15 ligand electron 

density maps. In (a-c), the carbamyl-avibactam derivative is represented as pink sticks with atoms colored by type. 

The left panel for (a-c) shows Fo-Fc ligand omit maps contoured at 3.0, 4.0 and 5.0 σ displayed as pink, cyan and 

red transparent surfaces. The right panel in (a-c) shows final refined 2Fo-Fc electron density maps for each ligand 

contoured at 1.0σ. d, Active site overlay of FPI-1523 and FPI-1602 bound to CTX-M-15 (rmsd= 0.2Å on all CA 

atoms). The carbamyl -FPI-1523 and -FPI-1602 are displayed in cyan and grey stick representation with non-carbon 

atoms colored by atom type. e, Active site close-up of FPI-1465 bound to CTX-M-15. The bound FPI-1465 is 

displayed as green sticks with non-carbon atoms colored by type. In all panels, the CTX-M-15 cartoon is shown in 

white with selected active site residues displayed in stick representation with all non-carbon atoms colored by type. 
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Supplemental Figure 3-2. Avibactam derivative electron density maps and ligand protein interactions 

for OXA-48 co-crystal complexes. a, Carbamyl FPI-1465-OXA-48 ligand electron density maps. b, Carbamyl 

FPI-1523-OXA-48 ligand electron density maps.  c, Carbamyl FPI-1602-OXA-48 ligand electron density maps. In 

(a-c), the carbamyl-avibactam derivative is represented as pink sticks with atoms colored by type. The left panel 

for (a-c) shows Fo-Fc ligand omit maps contoured at 3.0, 4.0 and 5.0 σ and illustrated as pink, cyan and red 

transparent surfaces. The right panel in (a-c) shows final refined 2Fo-Fc electron density maps for each ligand 

contoured at 1.0σ. d, Active site overlay of FPI-1523 and FPI-1602 bound to OXA-48 (rmsd= 0.2Å on all CA 

atoms). The carbamyl -FPI-1523 and -FPI-1602 are displayed in stick representation with non-carbon atoms 

colored by atom type. e, Active site close-up of FPI-1465 bound to the OXA-48 active site. The bound FPI-1465 

is displayed as green sticks with atoms colored by type. In all panels, the OXA-48 cartoon is shown in white with 

selected active site residues displayed in stick representation with all non-carbon atoms colored by type. 
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Supplemental Figure 3-3. FPI compounds inhibit SBLs but not MBLs.  Concentration-response plots show 

the SBLs CTX-M-15 and KPC-2 are effectively inhibited by FPI-1465 but not the MBLs IMP-7, NDM-1, or VIM-

2. 
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Supplemental Figure 3-4. Avibactam and derivatives specifically bind PBP2. E. coli PBP banding profile 

and PBP binding competition assay for a, avibactam and b, FPI-1523. The banding profile was generated using 

BOCILLIN FL and the test compound was used at increasing concentrations during the assay. Binding of 

BOCILLIN FL to PBP2 was specifically decreased by the presence of all DBOs tested.  c, MICs and PBP2 IC50 of 

avibactam and derivatives for E. coli K12. Note that the PBP binding competition assay for FPI-1465 is shown in 

Figure 3-2. 

 

a)

b)

c) MIC (µg/ml)
for E. coli K12

K12
cell shape at
1/2 or 1/4 MIC

K12 PBP2 IC50

(µg/ml)

Avibactam 32 Round 2.0 ± 1.2
FPI-1465 4 Round 1.0 ± 0.6
FPI-1523 4 Round 0.4 ± 0.2
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Supplemental Figure 3-5. Pearson correlation map for morphological defects in the presence of select 

antibiotics. a, The correlation is based on ImageJ features shown in b, which were normalized for comparative 

purposes.  It shows clear correlations between derivatives and known drugs avibactam and mecillinam, and a strong 

negative correlation with ceftazidime. 
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Supplemental Figure 3-6. Gel based BOCILLIN FL competition assays to analyze the ability of 

unlabeled competitor compounds to bind purified E. coli PBP1b. In a, b, and c, various amounts of 

unlabeled FPI-1602, benzyl-penicillin, or kanamycin were pre-incubated with E. coli PBP1b for 48 hours prior to 

addition of BOCILLIN-FL. Error bars represent standard deviations from two separate technical replicates.   
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Supplemental Figure 3-7. Avibactam derivative electron density for carbamyl-FPI-1465-E. coli PBP1b. 
a, Carbamyl-FPI-1465 PBP1b ligand omit Fo-Fc electron density. The Fo-Fc ligand omit maps are contoured at 3.0, 

4.0 and 5.0 σ and are shown as pink, cyan and red transparent surfaces. b, Carbamyl-FPI-1523 final refined 2Fo-Fc 

electron density map contoured at 1.0σ. In both panels, the PBP1b cartoon is shown in white with selected active 

site residues displayed as sticks with all non-carbon atoms colored by type. In all panels, the carbamyl-FPI-1465 is 

represented as pink sticks with atoms colored by type.  
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CHAPTER 4 

 

A SYNTHETIC SMALL MOLECULE SCREEN FOR INHIBITORS OF NDM-1 
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CHAPTER 4 PREFACE 
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INTRODUCTION 

The β-lactam antibiotics are the most valuable assets available to medicine in the 

treatment of bacterial infection, as evidenced by global consumption (Van Boeckel et al., 

2014).  In Gram-negative bacteria, the primary mechanism of resistance to β-lactam 

antibiotics is the evolution and dissemination of β-lactamases, enzymes capable of 

hydrolyzing the β-lactam bond necessary for antimicrobial activity (Fisher et al., 2005).  

While SBLs have long been prevalent in clinical settings, it is only recently that MBLs 

have come to the fore, in particular due to their excellent carbapenemase activity (Bush, 

2013b).  There is a longstanding history of small molecule inhibitors effective against 

various SBLs but, to date, there are no clinically used inhibitors of MBLs (Bush, 2013c).  

This is due to the notable absence of MBLs in clinical settings and the difficulty in 

discovering broad-spectrum MBL inhibitors with cell-based efficacy (Palzkill, 2013).  The 

emergence and rapid global spread of New Delhi metallo-β-lactamase-1 (NDM-1) 

propelled MBLs into the spotlight, something that the other clinically relevant subclasses 

(VIM, IMP) had not done before (Cornaglia et al., 2011; Kumarasamy et al., 2010).  

Notwithstanding the absence of a clinical inhibitor of MBLs, the rationale for combination 

therapy of β-lactam antibiotic and BLI is sound and actively being investigated (Buynak, 

2013).   

High-throughput screening (HTS) is a powerful method for interrogating large 

chemical collections for any given activity.  The development and implementation of any 

screening process is technically only limited by resources and imagination (Macarron et 

al., 2011) but most screens can be largely divided between target-based screens, whereby 
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one screens against purified, recombinant enzyme often monitoring chemical 

transformations via spectroscopic methods; or cell-based screens, where one screens 

against whole cells and monitors cell life or death.  Another group recently conducted a 

small target-based screen against purified VIM-2 using the colorimetric cephalosporin, 

nitrocefin, and found two molecules with activity against both purified enzyme and the 

ability to restore imipenem sensitivity to VIM-2-expressing laboratory strains of E. coli 

(Minond et al., 2009). We report here a similar target-based screen against NDM-1 and 

summarize some of the best hits.   

 

MATERIALS AND METHODS 

Reagents  

All enzymes and chemicals of analytical grade were purchased from Sigma-

Aldrich, unless otherwise stated.   

DNA manipulations, plasmid construction and protein purification 

NDM-1 and CTX-M-15 were cloned, expressed and purified as reported previously 

(Chapter 5) (King et al., 2014). 
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Synthesis of nitrocefin 

Nitrocefin was synthesized following a published procedure (Scheme 4-1) (Lee et 

al., 2005b).  

   

Scheme 4-1.   

 

 

Synthesis of p-Methoxybenzyl (6R,7R)-3-Chloromethyl-7β-(2-thienylacetamido)-3-

cephem-4-carboxylate (compound 2) 

Potassium trimethylsilanolate (4.275 g) in acetonitrile (45 mL) and 2-

thiopheneacetyl chloride (1.95 mL) were added simultaneously to a suspension of 

compound 1 (6 g) in dichloromethane (DCM) (75 mL) over 1.5 hours in an ice-water bath 

in a 500mL round-bottom flask.  The resulting suspension was stirred at room 

temperature for 1.5 hours.  Reaction was monitored by LC-MS (Supplemental Figure 4-6, 

4.7).  Solvent was evaporated under reduced pressure to give 6.9 g of compound 2. 
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Synthesis of p-Methoxybenzyl (6R,7R)-3-(2,4-Dinitrostyryl)-7β-(2-

thienylacetamido)-3-cephem-4-carboxylate (compound 4) 

Compound 2 (6.9 g), sodium iodide (10.5 g), and triphenylphosphine (PPh3) (6.8 

g) were mixed in 2-butanone (105 mL) and stirred overnight in the dark at room 

temperature.  Reaction was monitored by LC-MS (Supplemental Figure 4-8, 4.9).  

Solvent was evaporated under reduced pressure and purified by normal-phased FLASH 

chromatography using a gradient of DCM:methanol to give 9 g compound 3 (90% yield) .  

Compound 3 (9 g) was taken up into DCM (100 mL) and Potassium trimethylsilanolate 

(1.35 g) in acetonitrile (25 mL) was added at -10°C.  Reaction was stirred in the dark for 

1 hour.   2,4-dinitrobenzaldehyde (2.1 g) in DCM (50mL) was added drop-wise over 20 

minutes then the reaction mixture was brought to room temperature after 2 hours and 

stirred for an additional 3 hours.  Reaction was monitored by LC-MS and solvent was 

evaporated under reduced pressure.  Normal-phased FLASH chromatography purified 

using a gradient of hexanes:ethyl acetate to give 2.23 g of compound 4 (28% yield). 

Synthesis of (6R,7R)-3-Chloromethyl-7β-(2-thienylacetamido)-3-cephem-4-

carboxylate (compound 5) 

Compound 4 (2.23 g) was taken up in anhydrous DCM (23 mL) and to this was 

added trifluoroacetic acid (11 mL) and anisole (2.3 mL) for 15 min at ice-water 

temperature in the dark under inert atmosphere.  Aliquots were run on LC-MS to monitor 

reaction progress.  Volatiles were removed rapidly under reduced pressure and residue 
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was taken up into toluene (10 mL x 4) and again evaporated under reduced pressure.  The 

residue was triturated with cold diethyl ether (15 mL) and filtered to give 1.7 g compound 

5 (94% yield).  150 mg compound 5 was taken up in 6 mL of 10% dimethyl sulfoxide 

(DMSO) in chloroform and stirred at room temperature for 24 hours.  Reaction was 

monitored by 1H NMR.  Pure compound 5 (Supplemental Figure 4-6) was obtained using 

HPLC with a gradient of 40-75% acetonitrile in water over 7 minutes.  1H NMR (700 

MHz, DMSO-d6) δ 3.75, 4.02 (2d, 2H, J = 17.5 Hz, H2), 3.78 (dd, 2H, J = 15.3 Hz, J = 

20.2 Hz, thiophene-CH2), 5.23 (d, 1H, J = 4.9 Hz, H6), 5.77 (dd, 1H, J = 4.9 Hz, J = 8.2 

Hz, H7), 6.94-6.97 (m, 2H, thiophene-H), 7.26 (d, 1H, J = 16.0, C=CH), 7.38 (dd, 1H, J = 

1.19 Hz, J = 5.1 Hz, thiophene-H), 7.55 (d, 1H, J = 16.0 Hz, C=CH), 7.99 (d, 1H, J = 8.8 

Hz, ArH), 8.50 (dd, 1H, J = 2.31 Hz, J = 8.7 Hz, ArH), 8.74 (d, 1H, J = 2.4 Hz, ArH), 

9.22 (d, 1H, J = 8.3 Hz, NH). 

In vitro screen against purified NDM-1 

Enzymatic screening was conducted in 384-well format using a fully automated 

Beckman/Coulter Core Robotics system.  The assay was run under control of SAMI 

software and all transfers were executed by a Biomek FXP liquid handler.  Each well 

contained 1 nM NDM-1 and 20 μM nitrocefin in 50 mM HEPES pH 7.5, 0.01% Tween20, 

50 μM ZnSO4.  Compounds were added at an estimated concentration of 12.5 µM for a 

final DMSO concentration of ~ 2% and absorbance at 480 nm was measured in 1 minute 

intervals for an 8 minute period.  Slopes were calculated by taking points 2 and 8 then % 

residual activity was determined by comparing to controls. 
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FIC index determinations  

Fractional inhibitory concentration (FIC) values were determined by standard 

methods (Pillai et al., 2005) setting up checkerboards with 8 concentrations of each 

meropenem and compound in serial ½ dilutions.  Experiments were done in duplicate and 

the mean used for calculation.  The MIC for each compound was the lowest [compound] 

showing no growth.  The FIC for each compound was calculated as the [compound in the 

presence of co-compound] for a well showing no growth, divided by the MIC for that 

compound.  The FIC index is the sum of the two FICs. 

Zinc-dependence in dantrolene concentration-response profiles 

Enzyme (NDM-1, 2 nM; CTX-M-15, 1 nM) was mixed with either 40 µM 

meropenem or nitrocefin after a 60 minute preincubation with dantrolene in serial 2/3 

dilutions from 60 µM and the indicated concentration of ZnSO4 at 30°C in 50 mM HEPES 

pH 7.5.  Enzyme dilutions were made with 20 ng/µL BSA.  Linear portions of curves were 

used to analyze data.  Assays were read in 96-well microplate format at 490 nm using a 

Spectramax reader (Molecular Devices) at 30°C. 

Spectral characteristics of zinc and dantrolene interaction 

Dantrolene (30 µM serial 2/3 dilutions) was incubated with varying concentrations 

of ZnSO4 in 50 mM HEPES pH 7.5and wavelengths in the range of 260-700 nm were 

scanned at 0, 10, 30, and 60 minutes.   
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Benserazide incubation experiments and concentration-response profiles 

Benserazide (4mM) was incubated for 24 hours at 4°C in 50 mM HEPES pH 7.5 

and 25% DMSO.  Aliquots were removed for analysis by LC-MS and to test inhibitory 

properties.  Enzyme (NDM-1, 5 nM; CTX-M-15, 1 nM) was pre-incubated with 

benserazide in serial ½ dilutions from 100 µM and 50 µM ZnSO4 for 10 minutes at 30°C 

then mixed with nitrocefin at a final concentration of 20 µM.  Enzyme dilutions were made 

with 20 ng/µL BSA.  Linear portions of curves were used to analyze data.  Assays were 

read in 96-well microplate format at 490 nm using a Spectramax reader (Molecular 

Devices) at 30°C. 

For the no HEPES experiments, enzyme (NDM-1 10 µM) was mixed as above but 

with no buffer present.  

HNA concentration-response profiles 

Enzyme (NDM-1, 5 nM) was mixed with 20 µM nitrocefin after a 15 minute 

preincubation with HNA in serial 1/2 dilutions as indicated in 10 µM ZnSO4 at 30°C in 50 

mM HEPES pH 7.5.  Enzyme dilutions were made with 20 ng/µL BSA.  Linear portions of 

curves were used to analyze data.  Assays were read in 96-well microplate format at 490 

nm using a Spectramax reader (Molecular Devices) at 30°C. 

LC-MS analysis of compounds 

LC-ESI-MS data were obtained by using either an Agilent 1100 Series LC system 

(Agilent Technologies Canada, Inc.) and a QTRAP LC/MS/MS System (Applied 

Biosystems). The reversed-phase HPLC was performed using C18 column (SunFire C18 5 
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μm, 4.6x50 mm, Waters) with Agilent 1100 LC binary pump at a flow rate of 1 mL/min, 

under the following conditions: isocratic 5% solvent B (0.05% formic acid in acetonitrile) 

and 95% solvent A (0.05% formic acid in water) for 1 min, followed by a linear gradient 

to 97% B over 13 minutes. 

 

RESULTS AND DISCUSSION 

Synthesis of nitrocefin 

 A previously published method was used to synthesize nitrocefin from the cheap 

and commercially available precursor, 7-ACA (Scheme 4-1).  According to this 

procedure, the last step following deprotection of the para-methoxybenzoate (PMB) 

moiety is isomerization of the double bond generated after the Wittig reaction of 4.  

Supplemental Figure 4-1 shows the 1H spectrum obtained after leaving the reaction 

mixture in 10% DMSO in chloroform for 24 hours.  Peaks at δ 7.1 and δ 6.9 were initially 

believed to correspond to the Z isomer based on a coupling constant of 8 Hz, however 

these peaks did not disappear as described previously (Supplemental Figure 4-1) (Lee et 

al., 2005b).  It’s more likely that these peaks and additional peaks around δ 3.5 were due 

to the presence of an impurity resulting from anisole scavenging PMB, which was 

incompletely removed by trituration with diethyl ether.  Triturated material was estimated 

to be ~ 85% pure.  HPLC purified material yielded 1H spectrum identical to commercially 

available nitrocefin, however (Supplemental Figures 4-6, 4-7).  Both HPLC purified and 

triturated material demonstrated identical behavior in kinetic assays when concentration 

was normalized (data not shown) and therefore triturated material was used in screening. 
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Screening of the Canadian Compound Collection 

 The Canadian Compound Collection (CCC) was chosen to screen against NDM-1 

because of the diversity and bioactivity contained within (Supplemental Table 4-1).  It is 

made up of compounds sourced from commercial vendors as well as natural products and 

synthetic molecules obtained from collaborators.  Approximately 1200 of the molecules 

are off-patent drugs and this is considered to be a privileged subset of the library as these 

molecules are presumably bioactive and drug-like.  A total of 30 205 compounds were 

screened in duplicate (Figure 4-1A) with good reproducibility.  Compounds showing <80% 

residual activity were then chosen for concentration-response assays (Supplemental Figure 

4-8).  Based on potency and shape of dose response curves, dantrolene, benserazide, and 

L-histidine β-naphthylamide (HNA) (Figure 4-1B) were selected for further study. 
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Figure 4-1.  HTS of the Canadian Compound Collection yields several hits.  (A)  Replica plot of % 

residual enzyme activity in the presence of screened compound.  (B)  Concentration-response plots for the 

top hits from screen, left to right:  Dantrolene, Benserazide, L-Histidine β-naphthylamide (HNA). 
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Dantrolene displays Zn-dependent activity and does not synergize with meropenem 

in cells 

 After having generated dose-response curves, efforts were made to determine an 

inhibitor constant (Ki).  Dantrolene displayed non-reversible behavior and so a number of 

reaction conditions were varied, including incubation time (assay for slow-binding 

(Morrison and Walsh, 1988)) and the effects of varying zinc concentration.  It has been 

well-documented that NDM-1 has significantly varying kinetic parameters depending on 

the concentration of zinc (Thomas et al., 2011).  Surprisingly, when the assay was 

conducted with no zinc supplementation, dantrolene lost inhibitory activity and therefore a 

titration experiment was done to determine the contribution of zinc to dantrolene inhibitor 

efficacy (Figure 4-2A-C).  Dantrolene shows significant inhibition of NDM-1 at 50 µM 

ZnSO4, as expected since this is the same concentration used in screening and follow-up 

concentration-response.  However, increasing the concentration of ZnSO4 lead to even 

greater reductions in residual activity and the reverse held true when decreasing 

concentration.  This could be seen visually by the generation of color and slight turbidity 

in wells.  As expected, increased concentrations of ZnSO4 led to more significant and rapid 

spectral shifts when incubated with the same concentration of dantrolene (Figure 4-2D, E).  

This activity was also shown to be nonspecific, as evidenced by increased activity against 

the SBL, CTX-M-15, as a function of zinc concentration (Supplemental Figure 4-9).  There 

is another example of a conjugated imine probe that had been developed to detect zinc (Li 

et al., 2011) and it is likely that a similar binding event and intramolecular charge transfer 

may occur in dantrolene.  The development of turbidity upon increasing zinc addition to 
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dantrolene may also be indicative of precipitate colloid formation, which can sequester 

enzyme and show false inhibition profiles (Feng et al., 2005; Feng and Shoichet, 2006).  

Furthermore, dantrolene did not synergize with meropenem in a cell-based assay targeting 

NDM-1 in an engineered strain of E. coli (King et al., 2014) (Figure 4-2F). 

 
 
 

Figure 4-2.  Dantrolene is a zinc-dependent inhibitor of NDM-1 that does not synergize with 

meropenem.  (A)  Microdilution checkerboard assay demonstrates that dantrolene does not synergize with 

meropenem in E. coli BW25113ΔbamBΔtolCΔaraDAB::pLac(blaNDM-1).  (B-D)  Concentration-response plot 

demonstrating the zinc-dependent inhibitory activity of dantrolene against NDM-1.  (B) 200 µM, (C) 50 µM, 

(D) 10 µM ZnSO4.  (E-F)  Time- and concentration-dependent changes in the UV-vis absorption spectra of 

dantrolene incubated with ZnSO4.  (E) 0 minutes, (F) 30 minutes. 
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Benserazide is unstable in buffered solution, generating breakdown products able to 

selectively inhibit NDM-1 

 In similar fashion to dantrolene, benserazide did not yield Ki curves indicative of a 

classical reversible inhibitor.  Furthermore, there was a significant increase in background 

absorbance over time during enzyme assays in inhibitor alone controls.  This increase was 

present in a number of buffers (HEPES pH 7.5, MOPS pH 7.5, Phosphate pH 7.0, TAPS 

pH 8.0, TES pH 7.5, Tricine pH 7.5, Tris pH 7.6) but not in unbuffered solution.  Indeed, 

overnight incubation in unbuffered water led to no color development while buffered 

solutions led to colored solution being developed.  Interestingly, the unbuffered benserazide 

solution was unable to inhibit NDM-1 (Figure 4-3A) while benserazide incubated overnight 

was able to selectively inhibit NDM-1 and not CTX-M-15 (Figure 4-3B, C).  The 

degradation of benserazide over time was confirmed by LC-MS (Supplemental Figure 4-

10).  Benserazide has been previously shown to be sensitive to oxidation with the 

generation of a quinone preceding the generation of colorless compounds (Coello et al., 

2000), but these conditions were different from those reported here.  The exact mechanism 

was not investigated any further since benserazide was not active in cells (data not shown) 

and the reactivity observed here led to its deprioritization in the face of natural product hits 

ongoing at the same time. 
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Figure 4-3.  Benserazide is unstable in solution and generates breakdown products able to selectively 

inhibit NDM-1.  (A-C)  Concentration-response plot demonstrating the zinc-dependent inhibitory activity of 

benserazide against selected β-lactamases.  (A) NDM-1 with benserazide and no buffer, (B) NDM-1 with 

benserazide in HEPES after 24 hours, (C) CTX-M-15 with benserazide in HEPES after 24 hours. 

 

 

HNA is not a potent inhibitor of NDM-1 and does not synergize with meropenem 

 Given the reactivity of dantrolene and benserazide, one more compound from the 

CCC screen was investigated for its activity against NDM-1.  HNA showed a decent IC50 

value and the shape of the curve was ideal (aside from what must be assumed to be pipetting 

error at lower concentrations).  The structure of HNA also reflects a common trend that has 

been observed in MBL inhibitors whereby the molecule contains a bulky aromatic group 

(naphthyl), electrostatic interacting group (amide, free amine), and a metal coordinating 

group (imidazole) (Oelschlaeger et al., 2010).  Unfortunately, HNA did not synergize with 

meropenem (Figure 4-4A) and, upon reordering the compound from a commercial source, 

it was found that the activity was significantly reduced (Figure 4-4B,C, Supplemental 

Figure 4-11, 4-12).  Together, these results led to the deprioritization of this molecule. 

 



Ph.D. Thesis – Andrew M. King – McMaster University – Chemistry and Chemical Biology 

 
 

143 
 

 
 

Figure 4-4.  HNA is not a potent inhibitor of NDM-1 and does not synergize with meropenem.  (A)  

Microdilution checkerboard assay demonstrates that HNA does not synergize with meropenem in E. coli 

BW25113ΔbamBΔtolCΔaraDAB::pLac(blaNDM-1).  (B, C)  Concentration-response plot demonstrating the 

activity of (B) HTS stock HNA and (C) re-ordered HNA. 

 

Trends and future directions 

 The best hits from a 30 000-strong screen against purified enzyme yielded reactive 

molecules with no activity in cells.  Dantrolene is used clinically as a skeletal muscle 

relaxant in the treatment of human malignant hyperthermia, thought to be a result of 

inhibiting the ryanodine receptor as is well-summarized by Krause et. al (Krause et al., 

2004).  Here, we have shown that dantrolene binds to zinc, eliciting changes in the UV-vis 

spectrum and solubility properties of the molecule.  It is interesting to note that the exact 

mechanism of action of dantrolene is unknown but understood to modulate calcium balance 

either directly or indirectly (Krause et al., 2004), suggesting that its physiological role in 

mitigating disease may be linked to its metal-binding properties.  Such experiments are 

beyond the scope of this thesis, however. 

 Benserazide is clinically used as an aromatic L-amino acid decarboxylase (AADC) 

inhibitor in combination with L-3,4-dihydroxyphenylalanine (L-DOPA) for the treatment 
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of Parkinson’s disease (Shen et al., 2003).  AADC is a pyridoxal 5'-phosphate (PLP)-

dependent enzyme, with no apparent requirement for zinc in its catalytic mechanism (Ishii 

et al., 1998).  While it is possible that benserazide acts on NDM-1 with some specificity, 

the data to the contrary are compelling enough to dismiss this notion.  The loss of activity 

in slightly acidic conditions (unbuffered, pH ~ 6.5) is alarming but equally alarming is the 

fact that, after extended incubations and complete degradation of benserazide, significant 

inhibitory activity is observed (Figure 4-3, Supplemental Figure 4-10).  Coupled with a 

lack of specific activity in cells, this is not a promising candidate for a clinical inhibitor of 

MBLs or a useful probe for further study. 

 HNA, on the other hand, may present an interesting candidate for further study from 

these experiments.  It has not shown strange reactivity but having a low IC50 value upon 

retesting (> 300 µM) and no specific activity in cells led to its dismissal for further study.  

However, this and other molecules from secondary concentration-response assays may be 

useful probes and candidates for medicinal chemistry approaches coupled with structure-

activity response assays against purified MBLs.  In particular, targeting IMP enzymes is 

particularly appealing for this approach as they are recalcitrant to inhibition from 

aspergillomarasmine A (AMA) (King et al., 2014; Koteva et al., 2015).  It seems likely that 

a molecule that acts to coordinate one or both zinc ions, possibly a slow, tight-binder, is 

preferable to molecules able to remove the zinc ions. 

 Although there were no ideal hits discovered in this process, there still remains 

potential for exploration.  We have created a highly effective workflow that couples in vitro 

enzymology with cell-based inhibitory activity and judicious use of this workflow could 
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yet yield useful chemistry from these efforts.  It is reasonable to assume that any molecules 

with “real” activity against NDM-1 may share activity against IMP enzymes.  An easy filter 

would be to test the concentration-response plates already generated (Supplementary 

Figure 4-1) against a strain of E. coli expressing an IMP enzyme and look for any molecules 

able to restore carbapenem susceptibility at ¼ MIC.  Any molecules with this activity would 

be excellent candidates for further testing.  If the scaffold is amenable to medicinal 

chemistry approaches, the infrastructure exists to fine-tune activity to IMP enzymes in 

vitro.  It would also be ideal to acquire other clinically relevant enzymes that AMA does 

not inhibit, like SPM (King et al., 2014).  By using a combination of enzymology and cell-

based efficacy, one could guide any given compound series to be active against clinically-

relevant MBL classes other than NDM and VIM. 
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SUPPLEMENTAL INFORMATION 

Supplemental Tables 

Supplemental Table 4-1.  Chemical libraries available for screening.   The Canadian Compound 

Collection (highlighted in blue) was chosen for screening against NDM-. 
 

 

 

 

 

 

 

 

Library name Source #Cmds Overlap with other libraries Initial Preparation Comments

P1000 Maybridge 1,000 918 cmds (~92%) also in MA50K 2001 Used primarily for pilot screens.

MA50K (aka MA orig) Maybridge 50,000 12,631 (~25%) also in CCC 2001
Screening plates in good condition with appropriate volume 

in 1 mM set for screening.  

Chemtura Chemtura 11,616 Unknown 2002
Cmd identities are unknown.  Screened only on approval by 

GDW.

CH1 ChemBridge 46,480 1,000 cmds (~2%) also in CCC 2003

Have minimal volume of 5 mM only; some foil seals are 

becoming loose in freezer.  This set only ever screened 

against E. coli. 

CH2 ChemBridge 50,000 None 2004

Screening plates in good condition with appropriate volume 

in 1 mM set for screening.  This set only ever screened 

against DHFR.

Kinase ChemDiv 1,000 Not yet checked 2004 Screened only on approval by EDB.

Perrin Peptides Dave Perrin (UBC) 70 None 2006 Screened only on approval by EDB; only 10 uL left.

Maybridge 19 7 cmds in CCC; 12 cmds in MA50K 

Prestwick 815 100% in CCC

BioMol 15 100% in CCC

Sigma 77 100% in CCC

MicroSource 198 100% in CCC

Maybridge 16,000 12,631 cmds (~80%) also in MA50K

ChemBridge 9,989 1,000 cmds (~10%) also in CH1

Prestwick 1,120 Not yet checked

BioMol 361 Not yet checked

MicroSource 1,214 Not yet checked

Sigma 885 Not yet checked

R.T. Tlegenov 26 Unknown 2006 Plant extracts; structures unknown.

Dennis Hall 690 Not yet checked 2007 Contains lactams, lactones & piperidines.

Jim McNulty 400 Unknown 2010
Structures unknown; contains anticancer, antifungal, 

antibacterial cmds.

Johns Hopkins Clinical 

Compound Library 

(JHCCL)

Johns Hopkins 562 Not yet checked 2008

Original library was to contain 1,514 cmds, although there 

were some cmds missing; 956 of these were cherry picked 

by EDB Lab for GEEC Library.  Remaining 562 compounds 

(with 6 redundant cmds) are distributed over 37 plates.

Asinex 5,318 Not yet checked

ChemDiv 17,420 Not yet checked

ChemBridge 27,505 Not yet checked

Enamine 91,618 Not yet checked

Asinex 1,021 100% in OICR 

ChemDiv 3,950 100% in OICR 

ChemBridge 4,013 100% in OICR 

Enamine 11,176 100% in OICR 

Gerry & Eric's Excellent 

Collection (GEEC)
2006

Cmds were sourced from the cherry picking plates of the 

MA50K and CCC libraries specifically for screens for the 

EDB & GDW Labs.

OICR Diversity Set

Canadian Compound 

Collection (CCC)

2006

Bioactive subset (Prestwick, BioMol, MicroSource & Sigma 

cmds) reformatted from original layout to remove redundant 

cmds.

2010 Screened only on approval by OICR.OICR

2011
Cmds were sourced from the master plates of the OICR 

library.  Screened only on approval by OICR.
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Supplemental Figures 

 

 

 

 

Supplemental Figure 4-1.  1H NMR spectrum for compound 5.  
 

 

 

 

 

 

 



Ph.D. Thesis – Andrew M. King – McMaster University – Chemistry and Chemical Biology 

 
 

148 
 

 

 

 

 

 

Supplemental Figure 4-2.  13C NMR spectrum for compound 5.  
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Supplemental Figure 4-3.  COSY spectrum for compound 5.  
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Supplemental Figure 4-4.  HSQC spectrum for compound 5. 
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Supplemental Figure 4-5.  HMBC spectrum for compound 5. 
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Supplemental Figure 4-6.  1H spectrum for compound 5 after HPLC purification. 

 

Supplemental Figure 4-7.  1H spectrum for commercially available nitrocefin. 
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Supplemental Figure 4-8.  Chemical structure and concentration-response plots of hits from CCC 

screen.  
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Supplemental Figure 4-9.  Dantrolene loses inhibitory specificity as a function of ZnSO4 concentration.  

Concentration-response plots for (A) CTX-M-15 in the presence of 150 µM ZnSO4 and (B) CTX-M-15 in 

the presence of 50 µM ZnSO4. 
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Supplemental Figure 4-10.  Benserazide degrades over time in HEPES buffer.  Liquid chromatography 

traces after both 0, 6, and 24 hour incubation periods, a number of peaks appear, corresponding to random 

breakdown products. 
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Supplemental Figure 4-11.  HNA from HTS stock.  HNA predicted m/z 281.34 
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Supplemental Figure 4-12.  HNA from commercial source.  HNA predicted m/z 281.34 
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CHAPTER 5 

 

AMA OVERCOMES ANTIBIOTIC RESISTANCE BY NDM AND VIM METALLO-ß-

LACTAMASES 
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ABSTRACT 

The emergence and spread of carbapenem-resistant Gram-negative pathogens is a 

global public health problem.  The acquisition of MBLs such as NDM-1 is a principle 

contributor to the emergence of carbapenem-resistant Gram-negative pathogens that 

threatens the use of penicillin, cephalosporin, and carbapenem antibiotics to treat 

infections. So far a clinical inhibitor of MBLs that could reverse resistance and re-sensitize 

resistant Gram-negative pathogens to carbapenems does not exist.  Here we have identified 

a fungal natural product, aspergillomarasmine A (AMA) that is a rapid and potent inhibitor 

of the NDM-1 enzyme and another clinically relevant MBL, VIM-2.  AMA also fully 

restored the activity of meropenem against Enterobacteriaceae, Acinetobacter spp. and 

Pseudomonas spp. possessing either VIM or NDM-type alleles.  In mice infected with 

NDM-1-expressing Klebsiella pneumoniae, AMA efficiently restored meropenem activity, 

demonstrating that a combination of AMA and a carbapenem antibiotic has therapeutic 

potential to address the clinical challenge of MBL positive carbapenem-resistant Gram-

negative pathogens.   
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INTRODUCTION 

The ß-lactams (penicillins, cephalosporins, carbapenems & monobactams) are one 

of the most important and frequently used classes of antibiotics in medicine and are 

essential in the treatment of serious Gram-negative infections. Since the clinical 

introduction of penicillins and cephalosporins over 60 years ago, the emergence of β-

lactamases, enzymes that hydrolyse the ß-lactam ring that is essential for cell-killing 

activity of the antibiotics, has been an ongoing clinical problem (Frère, 2011).  Antibiotic 

resistance has intensified medicinal chemistry efforts to broaden antibacterial spectrum 

while shielding the core ß-lactam scaffold from ß-lactamase-catalyzed hydrolysis. The 

result has been multiple generations of ß-lactams with improved efficacy and tolerance to 

existing ß-lactamases. However, pathogenic bacteria have in turn evolved further resistance 

mechanisms primarily by acquiring new or modified ß-lactamases. This is typified by the 

emergence of ESBLs that inactivate many of the latest generation cephalosporins and 

penicillins (but not carbapenems) (Pitout and Laupland, 2008). Consequently, the past two 

decades have seen substantial increases in the utilization of carbapenems such as imipenem 

and meropenem.  Predictably, this increase in carbapenem consumption has been 

accompanied by the emergence of resistant Gram-negative pathogens (Centers for Disease 

and Prevention, 2013; Edelstein et al., 2013). In particular, carbapenem-resistant 

Enterobacteriaceae (CRE) is a growing crisis across the globe (Patel and Bonomo, 2013) 

as witnessed by recent outbreaks in Chicago (Frias et al., 2014) and British Columbia 

(Chang, 2013). 
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Carbapenemases, ß-lactamases that inactivate carbapenems, can be divided into two 

categories based on their mechanism of ß-lactam ring hydrolysis. The first deploy an active 

site Serine residue that covalently attacks the ß-lactam ring e.g. KPC and OXA-48 types 

(Yigit et al., 2001a). The second are MBLs that use Zn2+ atoms to activate a nucleophilic 

water molecule that opens the ring e.g. VIM and NDM types (Bush, 2013b). Several 

inhibitors of SBL are clinically available as co-drugs where the inhibitor is formulated with 

a ß-lactam antibiotic in order to overcome resistance (e.g. clavulanic acid with amoxicillin, 

tazobactam-piperacillin, sulbactam-ampicillin and the more recent SBL inhibitor 

avibactam, which is in phase III clinical trials paired with various cephalosporins) (Drawz 

and Bonomo, 2010b).  Despite ongoing efforts (Buynak, 2013; Fast and Sutton, 2013), 

there are no equivalent inhibitors for MBLs in the clinic for practical and technical reasons. 

First, until recently, MBL-derived CRE was not thought to be a major clinical problem and 

its rapid increase has outpaced MBL-inhibitor development. Second, the development of a 

single inhibitor to neutralise key clinically important MBLs (VIM and NDM) has been 

deemed too technically challenging, and overcoming in vivo toxicity associated with cross 

reactivity with human metallo-enzymes has been a concern. With the recent emergence of 

MBLs as a significant clinical threat, a potent and safe inhibitor of MBLs particularly 

against VIM and NDM would greatly benefit infectious disease management. 
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MATERIALS AND METHODS 

Methods Summary 

E. coli strain BW25113 was modified by deletion of the bamB and tolC genes so as 

to increase permeability to and reduce efflux of small molecules.  This strain was then 

further modified by the single-copy chromosomal insertion of the blaNDM-1 gene under 

control of the pLac promoter.  Microbial natural product extracts were screened against this 

strain in the presence of sublethal ¼ MIC meropenem.  AMA was purified from a hit extract 

and its structure elucidated by NMR, mass spectrometry and polarimetry.  IC50 values for 

AMA were determined using nitrocefin (for MBLs and Ser BLs) and furanacryloyl-L-

phenylalanylglycylglycine (for ACE) (Holmquist et al., 1979) as reporter substrates against 

the following purified enzymes: MBLs IMP-7, VIM-2, and NDM-1; SBLs CTX-M-15, 

KPC-2, OXA-48, and TEM-1; as well as ACE from rabbit lung.  IC50, reversibility, Zn2+ 

restoration, and inactivation enzyme assays were performed in 50 mM HEPES pH 7.5 and 

measured using a SpectraMax reader (Molecular Devices).   ICP-MS experiments were 

conducted using purified NDM-1 at 5 mg/mL and varying concentrations of AMA with 

subsequent dilution and transfer by nebulization into a NexION 3000 ICP mass 

spectrometer (Perkin Elmer).  FIC values were determined using standard methods (Pillai 

et al., 2005). Various concentrations of AMA were tested in combination with 2 mg/L 

meropenem against 200+ MBL-expressing clinical isolates including Pseudomonas spp., 

Acinetobacter spp., and Enterobacteriaceae.  A dose of 2x106 forming units (cfu) of 

Klebsiella pneumoniae N11-2218 was used for all organ bacterial load experiments and a 
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dose of 5x107cfu for all survival experiments.  For all experiments, mice were treated with 

compound 30 minutes post infection. 

Reagents  

All enzymes and chemicals of analytical grade were purchased from Sigma-

Aldrich, unless otherwise stated.  Proton and carbon NMR spectra were recorded on a 

Bruker 700 MHz spectrometer.  Nitrocefin was synthesized as reported previously (Lee et 

al., 2005b) 

DNA manipulations and plasmid construction  

Plasmid DNA purification and gel extraction were performed using the PureLink 

Quick plasmid miniprep and PureLink Quick gel extraction kits (Invitrogen), respectively.  

Restriction enzymes were purchased from Fermentas.  Primers for PCR DNA amplification 

were purchased from IDT (Coralville, Iowa).  PCR was performed using Phusion High-

Fidelity DNA polymerase (Thermo Scientific) using reaction conditions specified by the 

manufacturer.  All ligation reactions were performed using T4 DNA ligase (Thermo 

Scientific) according to manufacturer’s instructions.  All β-lactamase overexpression 

constructs were generated without the leader peptide in a pET-28b plasmid containing a N-

terminal His Tag.  Leader peptide sequences were determined using SignalP 4.0 (Petersen 

et al., 2011)  All vectors were transformed in E. coli TOP10 chemically competent cells.   

Protein purification  

VIM-2, IMP-7, CTX-M-15, TEM-1, and OXA-48:   An E. coli BL21(DE3) colony 

transformed with its respective β-lactamase construct was inoculated into LB medium 
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containing 50 µg/mL kanamycin and grown at 37°C.  Protein expression was induced with 

1 mM IPTG at OD600 0.7 and cultures were incubated overnight at 16°C.  Cells were 

harvested by centrifugation and cell paste from 1 L of culture expressing β-lactamase was 

washed with 8 mL 0.85 % NaCl, resuspended in buffer containing 20 mM HEPES pH 7.5, 

500 mM NaCl, 20 mM imidazole and 20 µM ZnSO4 (for metalloenzymes) then lysed by 

sonication.  Lysate was centrifuged using a Beckman JA 25.50 rotor at 20 000 RPM (48 

254 x g) for 45 min at 4°C.  The supernatant was applied to a 5-mL HiTrap Ni-NTA column 

(GE Lifesciences) at a constant flow rate of 3 mL/min.  The column was washed with 5 

column volumes of the same buffer and step gradients of increasing imidazole were used 

for wash and elution steps.  Fractions containing purified β-lactamase, based on SDS-

PAGE, were pooled and dialyzed overnight at 4°C in buffer containing 20 mM HEPES pH 

7.5, 150 mM NaCl, 20% glycerol and 20 µM ZnSO4 for metalloenzymes.  NDM-1 was 

purified as above with the addition of 84 µg SUMO protease.  Protease and uncleaved 

NDM-1 were removed by applying dialyzed solution to a 5-mL HiTrap Ni-NTA column 

and collecting the flow through fractions.  All purified enzymes were verified to be >95% 

pure as assessed by SDS-PAGE and stored at -20°C. 

Cell-based screen  

~500 natural product extracts were screened against E. coli 

BW25113ΔbamBΔtolCΔaraDAB::pLac(blaNDM-1) in combination with 0.125 µg/mL 

meropenem.  Screen was conducted in 96-well plates in duplicate using cation-adjusted 

Mueller-Hinton broth (CAMHB).  Low growth control was 2X MIC meropenem (1 µg/mL) 
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and growth control was ¼ MIC meropenem (0.125 µg/mL).  Z’ was determined to be 0.77, 

indicating an excellent screening window (Zhang et al., 1999). 

Purification of AMA  

WAC-138 (Aspergillus versicolor) (4L) was evaporated under reduced pressure 

with 2% (W/V) HP-20 resin (Diaion) to give a residue, WAC138-E. The crude mixture was 

applied on a HP-20 (100g) column eluting with H2O (1L), 10% MeOH (1L), 25% MeOH 

(1L), 60% MeOH (1L), and 100% MeOH (1L) to yield five fractions, WAC138-E-1~5. 

The active fraction WAC138-E-1 was applied to reverse-phase CombiFlash ISCO 

(RediSep Rf C18, Teledyne) and eluted with a Water-Acetonitrile linear gradient system 

(0-100% Acetonitrile) to give 65 fractions WAC138-E-1-1~65. The active subfractions 

WAC138-E-1-5 were passed through a Sephadex LH-20 column (100 ml), eluting with 

25% MeOH, to yield 12 subfractions. The active subfractions WAC138-E-1-5-6~8 were 

combined and recrystallized in 5 ml 1% acetic acid (V/V) to give AMA as white crystals.  

1 L of culture yielded ~ 200 mg AMA.  
9.4820 D  (previously reported value = -48°)15.  

Predicted m/z = 308.1094.  Exact m/z = 308.1094.  Optical rotations were determined on a 

Perkin-Elmer 241 polarimeter.  Mass spectrometry experiments were conducted using a 

Bruker Maxis 4G Q/TOF, ESI MS Direct infusion (3 µL/min) in positive ion mode.  

IC50 enzyme inhibition assays 

Enzyme (NDM-1, 5 nM; VIM-2, 500 pM; CTX-M-15, 500 pM; KPC-2, 5 nM; 

OXA-48, 1 nM; TEM-1, 100 pM; ACE, 50 nM) was mixed with 30 µM nitrocefin (100 

µM nitrocefin for TEM-1; 250 µM furanacryloyl-L-phenylalanylglycylglycine [FAPGG] 
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for ACE24) after a 5-10 minute preincubation with AMA and linear portions of curves were 

used to analyze data.  Metallo-β-lactamases were supplemented with 10 µM ZnSO4.  

Assays were read in 96-well microplate format at 490 nm using a Spectramax reader 

(Molecular Devices) at 30-37°C. 

Incubation of AMA with metalloenzymes 

For Supplemental Table 5-2, Enzyme (500 nM) was incubated with AMA (500 µM) 

for 10 minutes.  20 µL of the above was diluted with 180 µL nitrocefin or FAPGG substrate 

for the following final concentrations: Enzyme (50 nM), FAPGG (50 µM)/nitrocefin (20 

µM), AMA (50 µM).  Buffer (50 mM HEPES pH 7.5, 300 mM NaCl) was stirred overnight 

with 2 g/100 mL Chelex-100 (Biorad; Richmond, CA).  Assays were read in 96-well 

microplate format at 490 nm using a Spectramax reader (Molecular Devices) at 37°C. 

Reversibility assays  

5 mL NDM-1 (500 nM) was incubated either with AMA (100 µM) or without on 

ice for 1 hour.  No enzyme control was buffer alone (Chelex-treated 50 mM HEPES pH 

7.5).  2.5 mL was passed through a PD-10 spin column (GE healthcare) following column 

equilibration with buffer and centrifuged at 2,000xg for 2 minutes.  Pre-PD-10 (+ AMA, - 

AMA, - NDM-1), Post-PD-10 ((+ AMA, - AMA, - NDM-1), and nitrocefin were 

equilibrated to 30°C.  20 µL of the enzyme solution was added to 180 µL nitrocefin for 

final enzyme concentration of 50 nM, and nitrocefin of 100 µM and AMA of 10µM.  

Assays were read in 96-well microplate format at 490 nm using a Spectramax reader 

(Molecular Devices) for 1 hr at 30°C. 
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Zn2+ restoration assays 

NDM-1 (5 nM) supplemented with 10 µM ZnSO4 was incubated with 20 µM AMA 

for 15 minutes at 30°C.  Nitrocefin (30 µM) and ZnSO4 from 500 nM-40 µM were added 

to a final volume of 100 µL and absorbance at 490 nm was monitored using a Spectramax 

reader (Molecular Devices) for 30 minutes at 30°C.  Percent residual activity was calculated 

from no AMA control.  Slightly negative percent residual activity was reported as 0. 

Inactivation kinetics  

NDM-1 (50 nM) was added to 20 µM nitrocefin containing AMA in serial ½ 

dilutions from 8 µM.  Assay was performed in 50 mM HEPES pH 7.5, 200 µL final volume.  

Assay was read in 96-well microplate format at 490 nm using a Spectramax reader 

(Molecular Devices) for 10 minutes at 37°C.  VIM-2 (10 nM) was added to 20 µM 

nitrocefin containing AMA in serial ½ dilutions from 16 µM.  Assay was performed in 50 

mM HEPES pH 7.5, 200 µL final volume.  Assay was read in 96-well microplate format at 

490 nm using a Spectramax reader (Molecular Devices) for 10 minutes at 37°C.  For all 

assays experiments the offset between reaction initiation and the first read was ~ 6s. 

Rate constants characterizing the inactivation of enzyme were calculated based on 

the dependence of the pseudo-first order rate constant, ki, upon AMA concentration 

according to the following model: 
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Where E•Zn, A, E•Zn•A, and Zn•A are the active metalloenzyme, AMA, the ternary 

metalloenzyme-AMA complex, and AMA-metal complex, respectively.  Ki represents the 

dissociation constant of the ternary complex and k+2 is the rate constant for dissociation of 

ternary complex into inactivated enzyme and AMA-Zn complex.  Steady-state progress 

curves were fit to the integrated equation: 

 tk
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ie
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
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   (1)   

Where v0 is the initial rate of reporter substrate turnover and ki is the pseudo-first-order 

inactivation rate constant.   The individual values of Ki and k+2 were determined by fitting 

the value of ki to equation 2 as described previously (Hernandez Valladares et al., 1997): 
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Where [A] is the concentration of AMA and [S] and KM were the concentration and KM of 

the reporter substrate, respectively. 

ICP Mass Spectrometry  

Inductively coupled mass spectrometry (ICP-MS) was used to analyze the ability 

of AMA to chelate Zn66 from purified NDM-1 (27-270). The NDM-1 protein was purified 

as previously described (King et al., 2012) and freshly exchanged using a 15 kDa cutoff 

dialysis tubing into ICP-MS buffer (20mM HEPES, 100mM NaCl, pH 7.5) overnight at 
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4°C in order to remove any contaminating metals. The protein was concentrated to ~5 

mg/mL and varying concentrations of AMA were incubated with the protein samples in 

triplicate for 3 hours at room temperature with gentle shaking. The protein-AMA samples 

were again dialyzed overnight at 4°C into ICP-MS buffer using 12-14kDa cutoff D-tube 

dialyzer mini (EMD biosciences) microdialysis cassettes. The final protein was diluted to 

1mg/mL in ICP-MS buffer, followed by a 1/40 dilution in an internal standard (10ug/L 

Sc45, 1% nitric acid, Inorganic Ventures).  Prior to sample analysis, the ICP MS was 

calibrated using a standard solution containing the metal isotopes of interest (Inorganic 

Ventures). The protein sample was then transferred by nebulization into a NexION 3000 

ICP mass spectrometer (Perkin Elmer). Quantitative analysis was performed in triplicate 

for each sample with 60 sweeps per reading using the peak-hopping mode with a 

50ms/AMU dwell time for each element. Instrument settings were: rf power (1600 W), 

integration time (35s), collision gas (Ar40), RPQ voltage (25V) and sample flow rate (4 

rpm).  Isotope abundance was determined by integrating peak areas using the NexION 

software program, and the data was represented graphically using Microsoft Excel. 

FIC index determination  

FIC values were determined by standard methods (Pillai et al., 2005) setting up 

checkerboards with 8 concentrations of each meropenem and AMA in serial ½ dilutions.  

Experiments were done in duplicate and the mean used for calculation.  The MIC for each 

compound was the lowest [compound] showing no growth.  The FIC for each compound 

was calculated as the [compound in the presence of co-compound] for a well showing no 

growth, divided by the MIC for that compound.  The FIC index is the sum of the two FICs. 
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Clinical isolate screening  

Various concentrations of AMA were chosen in combination with 2mg/L of 

meropenem which is the EUCAST breakpoint for resistance (EUCAST, 2014)  Synergistic 

properties of the two compounds were examined in a micro-titre tray using BHI as the 

growth medium (Oxford Science Park, England) and an inoculum of 0.5 MacFarland. All 

plates contained the control strains E. coli ATCC 25922 and P. aeruginosa ATCC 27853. 

Overall, 226 non-clonal clinical isolates (Enterobacteriaceae, P. aeruginosa and 

Acinetobacter spp.) were challenged containing one of the following MBLs:  SPM-1 (n = 

17), AIM-1 (n = 8), NDM-1 (n = 67), VIM-type (n = 114) or IMP-type (n = 20). Three E. 

coli and 5 K. pneumoniae carrying VIM-1 also carried the serine carbapenemase KPC; and 

4 E. coli and one K. pneumoniae carrying NDM-1 also possessed the carbapenemase OXA-

181. Plates were incubated at 37 oC and read after 18 hrs. A sub-set of strains (48) were 

repeated to examine reproducibility and showed no deviation from the original data.           

Animal studies  

All animals were housed in specific pathogen-free unit in the Central Animal 

Facility at McMaster University. All experimental protocols were approved by, and 

performed in accordance with the McMaster Animal Research Ethics Board. Female, 7-9 

week old CD1 mice were purchased from Charles River.  Animals were randomized to 

cages of 5 per group for each experiment. Sample sizes were chosen based on empirical 

data from pilot experiments and to maximize statistical power. The preparation of 

treatments, animal infections, and tissue processing was performed by two independent 

investigators to maximize blinding. 
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Bacterial Infections 

Experiments were based on previously established murine models of infection with 

β-lactamase-expressing Enterobacteriaceae (Endimiani et al., 2011; Marra et al., 2012).  

Mice were infected intraperitoneally (ip) with a dose of 2x106 colony forming units (cfu) 

of Klebsiella pneumoniae N11-2218 for all organ bacterial load experiments, or with a dose 

of 5x107cfu for all survival experiments. For all organ bacterial load experiments, mice 

were euthanized 48 hours post infection, and spleen and liver were harvested. Organs were 

placed into 1mL sterile PBS on ice, and then homogenized (Mixer Mill 400; Retsch). Organ 

homogenates were then serially diluted in PBS, and plated on Brilliant Green agar (Oxoid) 

for cfu enumeration. For survival curves, mice were monitored for endpoint until day 4 post 

infection. For all experiments, mice were treated 30 minutes post infection with a specified 

subcutaneous dose of either PBS, meropenem, AMA inhibitor, or a combination of both 

antibiotic and inhibitor. 

 

RESULTS AND DISCUSSION 

Cell-based screen for inhibitors of NDM-1 

We initiated a cell-based screen for inhibitors of the NDM-1 MBL using our in-

house collection of DMSO-dissolved natural product extracts derived from environmental 

microorganisms.  To increase the sensitivity of the screen to MBL inhibitor discovery we 

generated a test strain of E. coli BW25113 in which the bamB and tolC genes were 

independently deleted (E. coli BW25113ΔbamBΔtolC).  BamB is essential to outer 

membrane porin assembly and disruption results in increased permeability to small 
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molecules(Ricci and Silhavy, 2012) and TolC is a key component of tripartite small 

molecule efflux systems such as AcrA-AcrB-TolC that serve to actively eliminate small 

molecules from the cell (Blair and Piddock, 2009).  Therefore, E. coli 

BW25113ΔbamBΔtolC increases the sensitivity of the screen to discovery of “hits”. This 

strain was further modified by integrating the blaNDM-1ß-lactamase gene under control of 

the pLac promoter into the chromosome (E. coli 

BW25113ΔbamBΔtolCΔaraDAB::pLac(blaNDM-1)).  We screened this strain in the 

presence of a sub-lethal concentration of meropenem (¼ of the minimum inhibitory 

concentration 0.125 µg/mL) in combination with ~500 natural product extracts.  

The screen generated one reproducible hit from an extract of a strain of Aspergillus 

versicolor (as identified by 18S rRNA gene sequence) with excellent ability to restore 

meropenem antibiotic activity against the E. coli screening strain.  The selectivity of the 

extract to neutralise NDM-1 activity in vitro was confirmed using purified enzyme and the 

colorimetric ß-lactamase substrate nitrocefin and with the carbapenem drug meropenem. 

Activity-guided purification of the active compound from the fermentation broth of A. 

versicolor and subsequent detailed chemical characterization identified the MBL inhibitor 

as aspergillomarasmine A (AMA; Figure 5-1a, Supplemental Table 5-1 and Supplemental 

Figures 5-1 to 5-5), a fungus-derived molecule that was discovered and reported in the early 

1960s for its wilting and necrotic activity on plant leaves (Haenni et al., 1965). This 

molecule was re-evaluated in the 1980s as an inhibitor of angiotensin-converting enzyme 

(ACE) (Mikami and Suzuki, 1983) and in the early 1990s as a pre-clinical candidate for the 

inhibition of activation of human endothelin (Arai et al., 1993), a peptide that modulates 
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blood vessel muscle contraction. The activation of this vasoconstricting peptide requires 

endothelin-converting enzyme, which, like angiotensin-converting enzyme, is a 

metalloproteinase that shares some mechanistic similarities with MBLs. This previous 

work demonstrated that AMA was well-tolerated and had low toxicity in mice (LD50 159.8 

mg/kg, i.v. compared to EDTA at 28.5 mg/kg) and had no effect on mean atrial blood 

pressure (Matsuura et al., 1993a). 

AMA is a potent inactivator of MBLs 

AMA showed potent in vitro dose-dependent inhibition of NDM-1 and the related 

MBL VIM-2 (Figure 5-1b), with weaker activity against the IMP-7 MBL. AMA had no 

effect on the Serine ß-lactamases TEM-1 and CTX-M-15 as well as the Serine-

carbapenemases KPC-2 and OXA-48 (Figure 5-1b and Supplemental Figure 5-6B).  The 

fact that AMA was identified as an inhibitor of unrelated mammalian metalloproteinases 

in the past suggested that the compound interacts with the MBL metal centres.  Inhibition 

of NDM-1 was shown to be irreversible after removal of AMA by gel filtration (Figure 5-

1c), but enzymatic activity could be restored by addition of excess ZnSO4 consistent with 

a metal depletion mechanism (Figure 5-1d). The inhibition of mammalian metalloenyzmes 

could be seen as a potential side effect however AMA was only able to reduce the activity 

of rabbit lung ACE by ~ 35% in concentration-response assays (Supplemental Figure 5-

6a).  Extended incubation of the metalloenzymes NDM-1, VIM-2, IMP-7, and ACE at high 

concentrations of AMA (0.5 mM) in Zn2+-depleted buffer prepared as previously described 

(Hernandez Valladares et al., 1997) led to complete inactivation of NDM-1 and VIM-2, 

and ~ 70% and ~50% inhibition of activity in IMP-7 and ACE, respectively demonstrating 
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selectivity toward NDM and VIM MBLs (Supplemental Table 5-2).  Time-dependent 

inactivation was shown to be saturable for NDM-1 (Ki = 11 nM,  k
+2 

= 0.0062 s
-1

) and VIM-

2 (Ki = 7 nM,  k
+2 

= 0.0065 s
-1

) (Figure 5-1e), consistent with an inactivation mechanism 

whereby AMA removes Zn2+ ions similar to known in vitro chelators that interact with 

subclass B1 MBLs (Docquier et al., 2003b). This mechanism of action was confirmed by 

inductively coupled mass spectrometry that showed a loss of ~ 1.8 Zn equivalents in NDM-

1 inactivated by AMA (Figure 5-1f).   

 

Figure 5-1.  AMA inactivates MBLs. (a) Chemical structure of AMA * revised according to (Koteva et al., 

2015; Liao et al., 2015).  (b) AMA inhibits NDM-1 () (IC50 4.0 ± 1.0 µM) and VIM-2 () (IC50 of 9.6 ± 

2.4 µM).  Activity of OXA-48 () was unaffected by AMA.  (c) Removal of AMA via PD10 column does 

not restore NDM-1 activity, confirming irreversible inactivation.  (d) Addition of excess ZnSO4 restores 

activity post-inactivation.  (e) The rate of inactivation of NDM-1 and VIM-2 is saturable with [AMA]. (f) 

ICP-MS confirms depletion of Zn from NDM-1.  For all experiments error bars denote standard deviation of 

three technical replicates.  
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Systematic titration of AMA and meropenem concentrations against our engineered 

E. coli and a panel of clinical CRE strains demonstrated that AMA restored meropenem 

activity consistent with NDM inhibition.  Checkerboard MIC studies confirmed the 

expected synergy between meropenem and AMA only in NDM-1 expressing CRE and not 

in carbapenem sensitive strains (Figure 5-2a, b). Fractional inhibitory concentration (FIC) 

index values were determined to be < 0.1 for a panel of 16 clinical CRE isolates tested 

against meropenem and AMA combinations (FIC values of ≤ 0.5 are defined as synergistic 

(Pillai et al., 2005)) (Supplemental Table 5-3).  Potentiation of AMA (8 µg/ml) with 

meropenem was further investigated using 229 MBL positive (SPM-1, IMP, NDM, AIM 

and VIM) non-clonal clinical isolates (Enterobacteriaceae, Acinetobacter spp. and 

Pseudomonas spp.) (Figure 5-2c). 76 isolates were also tested that possessed serine 

carbapenemases, or MBLs and serine carbapenemases. Strains were amassed over a 10 year 

period as part of a global MBL collection including isolates from Russia, India, Pakistan, 

Australia, North Africa, and South America.  AMA restored meropenem sensitivity (2 

µg/ml) in 88% of NDM positives isolates and 90% of VIM positive isolates.  Importantly, 

AMA was active in Pseudomonas spp. (mainly P. aeruginosa), which are viewed as a 

highly challenging model for new antibiotics.  AMA showed very little potentiation with 

SPM-1, IMP and AIM but these MBLs are less numerous than the “global” VIM and NDM 

MBLs and therefore deemed to be less clinically relevant.  The lack of potentiation with 

IMP-expressing strains correlates well with biochemical data showing less potent 

inactivation of purified IMP-7 compared to NDM-1 or VIM-2 (Supplemental Table 5-2). 
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Figure 5-2.  AMA potentiates the activity of meropenem against CRGNP.  (a, b)  Microdilution 

checkerboard analysis showing the combined effect of AMA and meropenem selectively against CRE (a, K. 

pneumoniae N11-2218 MIC meropenem = 32 µg/ml) but not a carbapenem sensitive strain (b, E. coli 

BW25113 MIC = 0.008-0.016 µg/ml).  Heat plots shows the average of two technical replicates.  (c)  VIM- 

and NDM-expressing Gram negative pathogens were highly susceptible to meropenem/AMA combination 

(respectively 2µg/ml and 8 µg/ml) while AIM-, IMP-, and SPM-1-expressing isolates remained resistant. 
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AMA reverses carbapenem resistance in vivo 

The resistance profile of NDM-1-positive clinical CRE and the efficacy with which 

AMA potentiated meropenem activity against NDM-1-positive clinical CRE suggested that 

AMA would reverse NDM-1-mediated resistance to meropenem in vivo and restore clinical 

efficacy of this antibiotic. To test this, CD1 mice were infected intraperitoneally with a 

lethal dose of NDM-1-positive K. pneumoniae N11-2218 to initiate a lethal systemic 

infection and the effects of meropenem or AMA monotherapy or antibiotic-inhibitor 

combination therapy was evaluated. Preliminary dosing experiments determined 

empirically that the bacterial load of NDM-1-positive K. pneumoniae in tissues was 

unaffected by treatment with AMA alone, and that this strain was resistant to meropenem 

monotherapy at doses below 50 mg/kg, leading to lethal infection (Supplemental Figure 5-

7).  However, combination therapy with AMA and meropenem significantly reduced the 

bacterial load in the spleen (Figure 5-3a) and to a lesser extent in the liver (Figure 5-3b) 

after a single intraperitoneal dose. Remarkably, while meropenem or AMA alone were 

unable to prevent lethal infection by NDM-1-positive K. pneumoniae, a single dose of 

combination therapy led to >95% survival at 5 days following infection (Figure 5-3c). 
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Figure 5-3.  AMA rescues meropenem activity in vivo.  CD-1 mice were given a sub-lethal dose of K. 

pneumoniae N11-2218 (meropenem MIC 32 µg/mL) by i.p. injection.  (a, b) Groups of mice were treated 

with a single dose of meropenem (10 mg/kg), a combination of meropenem (10 mg/kg) + AMA (10 mg/kg), 

or PBS by s.c. injection.  Bacterial load in the spleen (a) and liver (b) was determined by selective plating.  

Data are the means with standard error from two separate experiments (n=7 per group). (c) For survival 

experiments, CD-1 mice were given a lethal dose of K. pneumoniae N11-2218, and treated with a single dose 

of meropenem (10 mg/kg), a combination of meropenem (10 mg/kg) + AMA (30 mg/kg), AMA alone 

(30mg/kg), or PBS by s.c. injection. Data are the means with standard error from four separate experiments 

(n=12 per group, except AMA only treatment where n=13).  Groups were analyzed using a non-parametric 

Mann-Whitney U-test. P-values <0.05 were considered statistically significant.  
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AMA presents a non-toxic candidate for an antibiotic adjuvant that can overcome 

resistance mediated by NDM and VIM MBLs and re-sensitize carbapenem-resistant Gram-

negative pathogens to carbapenems. Active drug/inhibitor combinations continue to be 

highly successful in the clinic with inhibitors targeted to Ser-ß-lactamases (Shlaes, 2013).  

AMA presents for the first time, in vitro and in vivo, complementary activity against key 

MBLs that have become rapidly global and result in significant human morbidity 

particularly in developing countries. In combination with a ß-lactam antibiotic such as 

meropenem as we show here, resistance can be overcome and antibiotic activity fully 

restored. AMA, or semi-synthetic derivatives, is therefore an excellent lead for an antibiotic 

adjuvant co-therapy to address the recent emergence of MBLs in the clinic.  
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SUPPLEMENTAL INFORMATION 

Supplemental Tables 

 
Supplemental Table 5-1.   1H and 13C NMR Data of Aspergillomarasmine in D2O 
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Supplemental Table 5-2.  Percent Residual Activity following metalloenzyme incubation with AMA.  
Initial rates of reporter substrate hydrolysis following incubation of enzyme with AMA over time.  % residual 

activity values are calculated by using a no inhibitor and no enzyme sample as high and low controls, 

respectively.  Error values are the standard deviations of 3 technical replicates 
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Supplemental Table 5-3.  FIC indices against select clinical isolates of CRE.  Values are from single assay 

according to CLSI protocols. 
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Supplemental Figures 

 

 

Supplemental Figure 5-1.  1H NMR spectrum of AMA in D2O 
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Supplemental Data Figure 5-2.  13C NMR spectrum of AMA in D2O 
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Supplemental Data Figure 5-3.  1H-1H COSY NMR spectrum of AMA in D2O 
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Supplemental Data Figure 5-4.  1H-13C HSQC NMR spectrum of AMA in D2O 
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Supplemental Data Figure 5-5.  1H-13C HMBC NMR spectrum of AMA in D2O 
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Supplemental Data Figure 5-6.  IC50 inhibition profiles for select SBLs and ACE.   Experiments were 

done as in Figure 5-1b for (a) ACE and (b) CTX-M-15 (), KPC-2 (), and TEM-1 ().  Error bars denote 

standard deviation of at least two replicates. 
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Supplemental Data Figure 5-7.  Effects of meropenem dosage on spleen burden. CD-1 mice were infected 

with K. pneumoniae N11-2218 by i.p. injection. Mice were treated with either PBS (n=6), or various doses 

of meropenem (n=3 per group) by s.c. injection. Mice were euthanized 48 h after infection, and the bacterial 

load in the spleen was determined by selective plating. Data are the means with standard error.  
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CHAPTER 6 

 

DISCUSSION AND FUTURE DIRECTIONS 
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DISCUSSION 

 Despite impressive strides in the past decade, there is still an outstanding clinical 

need for novel BLIs (Bush, 2015a).  Thanks to global surveillance systems (i.e. SENTRY) 

(Sader et al., 2014), those studying β-lactamases are able to track the molecular 

epidemiology of frequently isolated enzymes and also discover new variants with 

concerning properties, well exemplified by the discovery and retrospective analysis of 

NDM-1-positive isolates (Castanheira et al., 2011; Kumarasamy et al., 2010).  This is 

important in dictating which β-lactamases warrant the most attention in inhibitor 

development, however the discovery of new inhibitor scaffolds remains a daunting task.  

The two most promising ‘new’ scaffolds for inhibitors of SBLs, the DBOs and boronic 

acid-based inhibitors, have actually been in varying stages of development for quite some 

time; DBOs were investigated in the 1990s as potential PBP inhibitors (but they were better 

BLIs, in fact) (Coleman, 2011) and boronic acid was reported to inhibit SBLs as early as 

the late 1970s (Kiener and Waley, 1978).   Notwithstanding the discovery of AMA and the 

recent report of a boronic acid BLI with activity against SBLs and MBLs (Hecker, 2015), 

pan-MBL inhibitors remain elusive.  Here, we have provided evidence to support the notion 

that BLI scaffold discovery via HTS relies on two main considerations: 1) the choice of 

chemical space together with biological context interrogated and 2) understanding 

mechanism of target inhibition in the context of cellular activity. 
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Chemical space, biological context, and library generation 

 The choice of chemical space from which one screens a target or selection of targets 

is restricted by whatever library is accessible.  Most compounds active against bacteria 

were discovered using the Waksman platform – systematic growth and screening of soil 

bacteria for bioactive compounds (Lewis, 2012).  This was a successful pharmaceutical 

drug discovery platform but due to factors like the dereplication problem (grappling with 

the frequent rediscovery of known compounds) and new technologies enabling high-

throughput synthesis of chemical libraries, the industry shifted their source of chemical 

space from which to screen.  Instead, they began to rely on large libraries of synthetic 

molecules and screening purified enzyme targets proposed to be essential (Brown and 

Wright, 2016).  Furthermore, these libraries eventually began to be crafted according to 

Lipinski’s Rule of 5, a computational rule set that factored in molecular mass and 

lipophilicity, amongst other variables, to improve pharmacokinetic properties in screening 

libraries (Lipinski et al., 2001).  Retrospective analyses from both GlaxoSmithKline (Payne 

et al., 2007) and AstraZeneca (Tommasi et al., 2015) have commented on the different 

chemical space that bacterial-active molecules occupy.  It should be noted that these 

reviews were considering HTS campaigns directed at essential enzyme targets for the 

development of antibiotics.  While we have not been screening for antibiotics, per se, the 

same set of rules should apply in BLI identification as we are looking for enzyme targets 

in the context of whole cells.  Since our work has focused almost exclusively on targeting 

Gram-negative pathogens, it’s also important to note the trends in physicochemical 

properties that distinguish Gram-negative-active compounds.  When compared with a set 
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of commercially available “comprehensive medicinal chemistry” set, it was found that 

antibacterials occupy significantly different regions of chemical space in terms of 

molecular weight, lipophilicity, and polar surface area (O'Shea and Moser, 2008).  Natural 

products tend to cover this space beyond the Rule of 5 much better than combinatorial 

chemistry libraries (Dobson, 2004; Harvey et al., 2015).  The simple answer to the question 

why natural products occupy a more bioactive region of chemical space could be that 

they’re products of evolution that are synthesized on chiral catalysts.  The myriad factors 

that contribute to this “privileged” chemical space are far from well understood but in the 

context of Gram-negative bacteria, permeation undoubtedly plays a large role (Tommasi et 

al., 2015). 

 Here, we screened ~ 30 000 small molecules against a purified, recombinant target 

(NDM-1) in very similar fashion to the GlaxoSmithKline and AstraZeneca screens 

mentioned above.  The few hits that were prioritized for follow-up study were found to 

have either artefactual or chemically intractable activity (Chapter 4).  Copeland has 

suggested a workflow for profiling hits from HTS and this workflow should be adhered to 

if possible (Figure 6-1) (Copeland, 2005).  A common and serious mistake is to assume 

classical reversible inhibition before properly interrogating the nature of inhibition.  Testing 

for reversibility is best done by a simple jump-dilution analysis and much information can 

be gleaned from a single experiment (Copeland et al., 2011).  Another important 

consideration is the presence of PAINS (Pan Assay INterference compoundS) (Baell and 

Holloway, 2010).  Some of these molecules can be triaged by inspection but there also now 

exists software and databases to filter out these frequent hit compounds that are 
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nonspecifically reactive.  In this case, both benserazide and dantrolene were found to be 

noncovalent inhibitors with non-ideal and nonspecific mechanisms of action.  Significant 

time and effort could have been saved by proper mechanistic investigation from the 

beginning of follow-ups.  These molecules also had no cell-based efficacy in the inhibition 

of their target, however, it’s interesting to note that the other hit, HNA, was cytotoxic before 

it reached any level of cell-based enzyme inhibition.  Given that the target resides in the 

periplasm, this is strong evidence that the molecule could penetrate cells but was simply a 

poor inhibitor.   

 

 

Figure 6-1.  A workflow for HTS compound characterization.   Adapted from (Copeland et al., 2006) 
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In contrast, ~500 natural product extracts were screened in a cell-based assay and a 

promising hit extract yielded a candidate lead with strong bioactivity and good specificity 

(Chapter 5).  It’s interesting to note that this particular hit was found in the culture 

supernatant, or spent media, extract.  Here one would expect to find compounds with high 

polar surface area and hydrophilicity, exactly the type of compound that is expected to have 

favorable bioactivity against Gram-negative pathogens (Tommasi et al., 2015).  This begs 

the question: how does one generate a natural product library that will enrich for these sorts 

of molecules?  Natural product library preparation is a massive undertaking and has, out of 

pragmatism, historically favored the fractionation of moderately hydrophobic compounds 

(i.e. those that elute from a C18 stationary phase within a percentage range of mobile phase 

(acetonitrile or comparable solvent)).  This has the advantage of eliminating highly water-

soluble and greasy fractions, which have the propensity to interfere with assays and display 

nonspecific inhibition (Wagenaar, 2008).  It’s apparent that there are significant advantages 

to pre-fractionation of natural product extracts but there is no all-encompassing strategy to 

maximize bioactivity whilst minimizing cost (Harvey et al., 2015).  It may be that labs 

invested in natural product research have to take stock of their goals and fractionate 

accordingly to enrich for certain areas of chemical space.   

 Both pharmaceutical screening campaigns mentioned above focused heavily on a 

genes-to-target approach, fueled by recent technological advances (Brown and Wright, 

2016; Payne et al., 2007; Tommasi et al., 2015).  Purified enzyme was screened against 

chemical libraries using reporter substrate in artificial conditions, a method that appears to 

have failed.  Here, we have displayed the power of combining a target-based approach with 
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a systems-based approach by engineering the expression of a target enzyme in a cell-based 

context (Chapter 5).  The literature currently divides target-based approaches from cell-

based approaches (Eder et al., 2014) but it stands to reason that, given the rapid rate at 

which technology is enabling organism/cell engineering, a combination of the two is the 

best way forward.  We anticipate that this platform will enable the discovery of resistance 

enzyme inhibitors active in the context of whole cells.  The outstanding question remains 

the best library from which to screen, however. 

 

Understanding target mechanism 

 From the above discussion, it’s clear that an understanding of mechanism is crucial 

to progress from a hit molecule to lead in HTS workflows.  This dissertation has detailed a 

significant amount of work on understanding the mechanism of inhibition for a previously 

discovered compound, avibactam, and SAR for some derivatives.  There is now recognition 

that drug-target residence time can be a powerful predictor of in vivo efficacy for a drug 

(Copeland, 2016).  This model prioritizes compounds that display slow-binding kinetics 

(Morrison and Walsh, 1988) and argues that, in vivo, classical reversible inhibitors are 

limited by their physiological distribution as a result of pharmacokinetics and 

pharmacodynamics (PK/PD).  What this means is that equilibrium measurements done in 

vitro in a closed system (IC50, for example) may not correlate well with inhibitory efficacy 

in an open system where concentrations are in flux.  The single most important kinetic 

parameter is the off-rate of drug-target complex, or the drug-target residence time.  This 

model has been applied to the discovery and series optimization of competitive inhibitors 
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of UDP-3-O-acyl-N-acetylglucosmine deacetylase (LpxC) in P. aeruginosa (Walkup et al., 

2015).  In the case of avibactam, incomplete understanding of the mechanism led to the 

report of incorrect kinetic parameters, since experimental conditions were set up under the 

assumption that avibactam was a covalent, irreversible inhibitor (Stachyra et al., 2010).  

The demonstration that avibactam is in fact a covalent, reversible inhibitor changed 

experimental design and yielded different kinetic parameters (Ehmann et al., 2012a; 

Ehmann et al., 2013b).  This experimental design has allowed us to quantify the on- and 

off-rates of acyl-enzyme formation and it is anticipated that this workflow will be an 

effective way to optimize SAR development of the DBO scaffold.  It should be noted, 

however, that off-rates are not the sole kinetic parameter that must be considered.  The 

OXA enzymes, for instance, demonstrate exceptionally slow deacylation rates but that is 

combined with very slow acylation rates (Ehmann et al., 2013b).  This translates into mixed 

efficacy against the class D enzymes in cell-based experiments (Drawz et al., 2014).  It will 

be interesting to see if SAR using these parameters as guides might lead to the discovery 

of effective derivatives against all classes of SBLs.  Lastly, it will be important to delineate 

PBP binding in any series optimization via MIC/FIC experiments since DBO derivatives 

can display potent PBP inhibition. 

 The mechanism by which AMA inactivates certain MBLs remains less clear.  The 

observation that AMA could inactivate both NDM-1 and VIM-2 in a time and 

concentration-dependent manner with saturation kinetics suggested reversible complex 

formation between enzyme and AMA (Chapter 5) (Docquier et al., 2003a; Laraki et al., 

1999).  However, as described in Chapter 1, the exact mechanism and zinc content in these 
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enzymes is still a matter of debate.  As with all compounds discussed in this thesis, the goal 

for AMA is to understand mechanism of inhibition and use that as a basis for semisynthetic 

modification.  Without a sound understanding of enzyme mechanism, however, it’s 

difficult to properly assess inhibitor efficacy in vitro and hope to see predictive correlations 

in vivo.  In this instance, selective derivatization of the molecule will hopefully lead to an 

understanding of what functional groups are required for AMA to inactivate its targets.  

With that knowledge in hand, it may be possible to prepare derivatives with higher 

specificity and favorable PK/PD properties.  As always, these experiments will require both 

in vitro enzymology and cell-based assays to properly assess the effects of SAR.   

 Lastly, we feel that AMA combined with avibactam represents an excellent 

opportunity for investigating the efficacy of triple combinations to deal with pan-drug 

resistant Gram-negative pathogens.  The two inhibitors combined with an appropriate β-

lactam antibiotic (meropenem, aztreonam, or ceftazidime, for instance) should be able to 

treat any infection caused by problematic pathogens in the clinic, with the possible 

exception of IMP-expressing bacteria (Chapter 5).  Triple combinations are a mainstay in 

other disease treatments (i.e. Complera for HIV) and given the clinical difficulties 

presented by drug-resistant organisms expressing multiple β-lactamases, it may be time to 

look into this as an option. 
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Future Directions 

1. Determine the mechanism of AMA inactivation of MBLs 

2. Conduct SAR studies with AMA 

3. Investigate triple combinations of AMA, avibactam, and β-lactam antibiotics 

4. Establish a workflow for cell-based screening of resistance determinants 

Concluding remarks 

 Antibiotic resistance has and always will be associated with our current clinical 

practice of chemotherapeutic treatment of bacterial infections.  History has shown, 

however, that nature can provide excellent new chemical scaffolds with biological 

activity; clever methodologies are what is required to tease out what is no longer “low-

hanging fruit”.  We have shown through cell-based screening of natural products for 

inhibitors of resistance that one can discover compounds with clinical potential.  

However, in order to guide subsequent derivatization of lead molecules an understanding 

of target mechanism and biological context is essential.  The longstanding paradigm of 

scaffold derivatization to evade resistance and increase efficacy of bioactive molecules is 

still valid in modern times.  Furthermore, rapid advances in technology coupled with 

retrospective analysis of both failures and successes in targeting Gram-negative 

pathogens should facilitate the discovery of chemotherapeutics to counter antibiotic 

resistance in these organisms. 
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