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Foreword 

Lay Abstract 

Antibiotics are pivotal to the success of modern medicine, but are becoming increasingly less 

effective because of antibiotic resistance. Resistance occurs when bacteria evolve ways of 

surviving exposure to antibiotics, and the overuse and misuse of antibiotics contributes to the 

spread of resistance through bacterial populations. This makes antibiotics currently used in the 

clinic less effective. Resistant strains of Staphylococcus aureus represent a major public health 

concern and are one of the most common causes of infections following joint replacement and 

medical device implantation. There are multiple approaches to prevent the rise of resistant S. 

aureus infections. In this thesis I: (1) identify a new antibiotic with activity against resistant 

species; (2) explore this antibiotic’s ability to re-sensitize resistant species to existing antibiotics; 

and (3) validate the activity of antiseptics used to prevent biofilm infections during surgery. Used 

together, these approaches help limit the spread of resistant infections.   
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Abstract  

As antimicrobial resistance proliferates, standard treatments for bacterial infections are rendered 

ineffective. There is therefore a need to both prevent infections and develop new treatment 

options. This need is especially urgent for priority pathogens like methicillin-resistant strains of 

Staphylococcus aureus (MRSA). Developing new antibiotics is difficult for a variety of reasons, 

including virulence traits like the formation of biofilms, surface-associated bacterial 

communities that are less susceptible to antibiotics. Here we used biofilms to our advantage, 

since their formation is stimulated when bacteria are exposed to sub-lethal concentrations of 

antibiotics, allowing us to screen for compounds with antimicrobial activity that would be missed 

with traditional methods. Using this approach, we identified the anti-inflammatory compound 

BAY 11-7082 as an antibiotic. We showed that it inhibits growth of priority pathogens including 

MRSA and provide evidence to suggest it has a novel (and potentially multifaceted) mechanism. 

We also found it re-sensitizes MRSA to inexpensive and readily available β-lactam antibiotics 

like penicillin G. This finding was of particular interest since using antibiotic adjuvants in 

combination with existing antibiotics provides a promising and complementary strategy to 

antibiotic discovery. We showed that wall teichoic acids, polymer chains anchored to the S. 

aureus cell wall, were required for sensitization to occur; however, unlike existing adjuvants, 

BAY 11-7082 did not appear to impact cell morphology or division, suggesting it instead targets 

a factor of β-lactam resistance that may be less well understood. Lastly, we examined the impact 

of common surgical antiseptics on bacterial growth and biofilm formation, with a goal of 

preventing infections following joint replacement. We found these solutions to be effective; 

however, it is important to define the concentrations at which they inhibit microbial growth in 
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vivo, since sub-lethal concentrations stimulate biofilm formation. Taken together, the findings in 

this thesis bolster our understanding of how to reduce and treat resistant infections.  
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Chapter One: The importance and challenges of identifying new treatments for bacterial 

infections 
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Antibiotics and Antibiotic Resistance  

Although they can usually be treated with inexpensive drugs, bacterial infections were still 

responsible for the loss of 704 million disability-adjusted life-years globally in 2019.1 These 

infections are most frequently caused by difficult-to-treat pathogens including the ESKAPE 

group (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter 

baumannii, Pseudomonas aeruginosa, and Enterobacter species), which often develop resistance 

to antibiotics.2 Antimicrobial resistance (AMR) was the direct cause of 1.27 million deaths in 

2019, and has steadily increased over past decades.3,4 AMR occurs when bacteria express or 

acquire factors that cause antibacterials to lose their activity, limiting treatment options for 

infections.  

 

There are multiple classes of antibacterials (Figure 1) that target different cellular processes.5,6 

One of the oldest and most widely used classes, β-lactams, inhibit the activity of penicillin-

binding proteins (PBPs), essential enzymes involved in the biosynthesis of the bacterial cell wall. 

Other classes of antibiotics, like glycopeptides, also inhibit key steps in peptidoglycan 

biosynthesis, while newer antibiotics like the lipopeptide daptomycin target the cell membrane. 

Ansamycins target RNA synthesis. Several classes of antibiotics inhibit protein synthesis, by 

targeting the 30S (aminoglycosides, tetracyclines) or 50S (chloramphenicol, macrolides, 

streptogramins) ribosomal subunits. These classes all include natural products, compounds 

produced by microorganisms during microbial competition. Many classes also include semi-

synthetics, synthetic compounds based on natural product scaffolds. Entirely synthetic 

antibacterials like sulfonamides, quinolones, and oxazolidinones target folate synthesis, DNA 

replication, and protein synthesis, respectively.   
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Figure 1. Major antibacterial classes. Twelve major classes of antibacterials, ordered by year of 

discovery (left to right, top to bottom). Structures are shown for one member of each class; 

antibacterial names are italicized.  Classes that originated with a synthetic compound as opposed 

to a natural product are highlighted in boxes. Information adapted from Walsh and Wencewicz 

and Brown and Wright.5,6 

 

Despite these diverse mechanisms of action, resistance has been observed for all major classes of 

antibiotics. Resistance mechanisms vary; some are general, such as the induction of genes that 

encode for efflux pumps to remove antibiotics from the cell, while others are more specific to an 

antibiotic’s mechanism of action.7 Some species mutate the antibiotic’s target, reducing affinity, 

or increase its copy number, effectively diluting the drug. Others use alternative enzymes or 

pathways to accomplish biological functions, thus bypassing the target entirely. Alternatively, 

bacteria may acquire genes that encode for enzymes that modify or degrade the antibiotic. Since 

most clinically used antibiotics are natural products, producing microbes have developed 
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mechanisms to avoid self-intoxication and competing species have developed resistance 

mechanisms over a period of millions of years.8,9 AMR is therefore an ancient phenomenon that 

predates modern antibiotic use.10 While some bacteria are naturally resistant to certain antibiotics 

through intrinsic factors, others acquire resistance genes through horizontal gene transfer.6 

Bacteria may also spontaneously develop resistance to an antibiotic. These resistant isolates can 

come to make up the entirety of a bacterial population when antibiotic use selectively inhibits the 

growth of susceptible individuals. While often associated with a fitness defect, resistance can 

become stable when compensatory mutations make the resistance phenotype sustainable.11 

Resistance genes often cluster together on mobile genetic elements, enabling pathogens to 

develop multi-drug resistance, further decreasing treatment options for infections.12 The over- 

and misuse of antibiotics therefore contributes to the proliferation of AMR, threatening the 

continued use of this valuable class of medicine. Reducing the spread of AMR requires 

appropriate stewardship to ensure existing antibiotics retain their activity, as well as the 

development of new treatment options to which resistance is not already widespread. 

 

The Cell Wall as a Historic and Valuable Antibiotic Target 

Bacterial cell wall synthesis 

The bacterial cell wall is an essential component for viability and not present in eukaryotic cells, 

making it an ideal target for antibiotics. While the exact chemical structure and thickness of the 

cell wall, composed of cross-linked strands of peptidoglycan, differs between bacterial species, 

its biosynthesis is broadly conserved.13,14 Peptidoglycan biosynthesis (Figure 2A) begins when 

fructose-6-phosphate is converted to uridine diphosphate-N-acetyglucosamine (UDP-GlcNAc), 

which is then converted to UDP-N-acetylmuramic acid (UDP-MurNAc).14 A pentapeptide stem 
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is synthesized on UDP-MurNAc, after which the MurNAc-pentapeptide is transferred to an 

undecaprenyl phosphate molecule, forming the precursor lipid I. The composition of the 

pentapeptide stem differs between species but is typically terminated by two D-alanine residues. 

GlcNAc from UDP-GlcNAc is then added to lipid I, forming lipid II. Lipid II is the 

peptidoglycan building block; it is flipped to the outer leaflet of the membrane, where lipid II 

monomers are polymerized into a growing glycan strand by PBPs and SEDS (shape, elongation, 

division, and sporulation) proteins.15 PBPs come in two flavours: aPBPs, which have a 

glycosyltransferase domain to polymerize lipid II molecules and a transpeptidase domain to 

crosslink glycan strands, and bPBPs, which only have transpeptidase function and rely on the 

glycosyltransferase activity of their cognate SEDS protein.16–18 SEDS-bPBP pairs are involved in 

cell division or elongation, while aPBPs are involved in maintaining and repairing the cell wall.19 

In S. aureus, lipid II is modified prior to its transport to the outer leaflet of the membrane. The 

enzymes FemX, FemA, and FemB sequentially add five glycine residues to the L-lysine residue 

of the pentapeptide (Figure 2B).20 This pentaglycine bridge facilitates cross-linking and is 

required for S. aureus viability.21 

 

Many Gram-positive organisms also produce wall teichoic acids (WTAs), which are anchored to 

the peptidoglycan (Figure 2C). These strands of poly(ribitol phosphate) or poly(glycerol 

phosphate) are synthesized by the tar or tag genes, respectively, using some of the same 

substrates that are used in peptidoglycan biosynthesis.22 The enzyme TarO or TagO facilitates the 

transfer of GlcNAc from UDP-GlcNAc to an undecaprenyl phosphate molecule, to which an N-

acetylmannosamine (ManNAc) molecule is then added.22 Approximately 40-60 glycerol or 

ribitol phosphates are added to complete the polymer, which is flipped to the outer leaflet of the 



Ph.D. Thesis – V. E. Coles; McMaster University – Biochemistry and Biomedical Sciences 

6 

 

membrane and anchored to a MurNAc residue in the cell wall.23 WTAs are nonessential but play 

important roles in growth, division, and virulence.23 They are involved in shape determination, 

with rod-shaped species like Bacillus subtilis becoming spherical in their absence; localization of 

enzymes involved in peptidoglycan synthesis, such as PBP4 and FmtA in S. aureus; and they 

provide protection from host immune factors like lysozymes.24–28 The role of WTAs in β-lactam 

resistance is further explored in Chapter Three. Despite their structural similarities, lipoteichoic 

acids, which are anchored to the membrane and are comprised of glycerol phosphate units, are 

synthesized via a separate pathway.29 

 

Many antibiotics target different aspects of bacterial cell wall synthesis (Figure 2A).30 For 

example, fosfomycin inhibits MurA, the first enzyme involved in generating UDP-MurNAc from 

UDP-GlcNAc.31 D-cycloserine targets the D-alanyl-D-alanine ligase and the isomerase alanine 

racemase, which are required to synthesize the pentapeptide stem.32 Tunicamycin inhibits MraY, 

which catalyzes the synthesis of lipid I from UDP-MurNAc-pentapeptide and undecaprenyl 

phosphate.33 Interestingly, it also binds TarO, blocking WTA biosynthesis.34 β-lactams, 

moenomycins, and glycopeptides represent key antibiotic classes that target peptidoglycan 

biosynthesis; the following sections describe their mechanisms. 
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Figure 2. Peptidoglycan biosynthesis. (A) Fructose-6-phosphate is converted to UDP-GlcNAc 

and UDP-MurNAc, which are attached to an undecaprenyl pyrophosphate carrier to form lipid 

II.14 Lipid II molecules are polymerized and cross-linked by a SEDS-bPBP pair (top) or an aPBP 
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(bottom) to form mature peptidoglycan.15 Names and structures of specific antibiotics or names 

of antibiotic classes that inhibit peptidoglycan biosynthesis are identified. (B) S. aureus lipid II is 

modified with a pentaglycine bridge (white circles) that plays a role in cross-linking that is 

synthesized by enzymes FemX, FemA, and FemB. (C) Comparison between the cell envelopes 

of Gram-positive (left) and Gram-negative (right) species. Gram-positive species produce wall 

teichoic acids, which are anchored to the peptidoglycan, and lipoteichoic acids, which are 

anchored to the membrane.  

 

β-lactams and β-lactam resistance 

Penicillin, a β-lactam, was among the first antibiotics discovered (Figure 1) and has had a 

massive impact on human health in the decades since. Following its discovery, many derivatives 

were isolated or synthesized, including the cephalosporins, monobactams, and carbapenems 

(Figure 3). While carbapenems resemble penicillins, they bear a dihydropyrrole instead of a 

thiazolidine ring. Cephalosporins have a characteristic dihydrothiazine ring, while in 

monobactams like aztreonam the β-lactam is not fused to another ring. Today β-lactams make up 

over half of all antibiotics prescribed in Canada and broad-spectrum β-lactams are central to 

empiric therapy.35 They covalently bind and inactivate the transpeptidase domain of PBPs, 

preventing peptidoglycan crosslinking and inducing a constant cycle of peptidoglycan synthesis 

and degradation, exhausting cellular resources.36  

 

Figure 3. Core structures of key subgroups of β-lactams.  

 

Some species are resistant to certain β-lactams due to the presence of intrinsic or acquired β-

lactamases, enzymes that hydrolyze the β-lactam ring. P. aeruginosa, for example, 
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chromosomally encodes the β-lactamase AmpC, and certain strains of S. aureus have acquired a 

plasmid encoding BlaZ, both of which hydrolyze penicillins, necessitating the development of 

less susceptible β-lactams like piperacillin and methicillin.37,38 While carbapenems and 

cephalosporins retain activity in these strains, the dissemination of carbapenemases, 

cephalosporinases, and extended-spectrum β-lactamases make β-lactams a less viable treatment 

option.39 In response, β-lactamase-inhibitors like clavulanic acid have been developed. When 

given in combination, clavulanic acid irreversibly binds certain β-lactamases, restoring the 

activity of β-lactams like amoxicillin.40  

 

Several other mechanisms of resistance against β-lactams have been characterized. Some strains 

of S. aureus have acquired mutations that result in overexpression of endogenous PBPs or reduce 

their affinity for β-lactams.41 An increasing number of strains have acquired SCCmec 

(staphylococcal cassette chromosome mec), a mobile genetic element that contains mecA, which 

encodes an exogenous bPBP, PBP2A (sometimes called PBP2’), with low affinity for β-

lactams.42 While initially identified to be methicillin-resistant, leading to the popularization of 

the term methicillin-resistant S. aureus (MRSA), PBP2A-containing strains are broadly β-lactam 

resistant. These strains also express other proteins that play a role in PBP2A-mediated resistance, 

often termed fem (factors essential for methicillin-resistance) or aux (auxiliary) factors.43 The 

dissemination of mecA-harbouring strains is a severe global health problem; in 2019, MRSA was 

responsible for 100,000 deaths globally.3   
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Moenomycins 

Moenomycins, natural products first isolated in the 1960s, target glycosyltransferase enzymes 

involved in peptidoglycan synthesis, including the glycosyltransferase domain of aPBPs. They 

also have activity against monofunctional glycosyltransferase enzymes, such as SgtA and SgtB 

(also called Mgt) in S. aureus, but lack activity against SEDS proteins.16,44,45 By inhibiting the 

essential glycosyltransferase domain of the only aPBP in S. aureus, moenomycins are acutely 

toxic alone. They also restore β-lactam activity against MRSA, making them a valuable class of 

antibiotics; however, they are not used clinically due to poor pharmacokinetic properties.46,47   

 

Glycopeptides and vancomycin resistance 

The current standard of care antibiotic for treating MRSA is vancomycin, a naturally occurring 

glycopeptide that non-covalently binds the terminal D-alanyl-D-alanine residues of the 

pentapeptide stem of lipid II, preventing transglycosylation and transpeptidation. This 

mechanism of action is conserved among other glycopeptides including the semi-synthetic 

derivatives, teicoplanin and telavancin. To avoid self-intoxication, vancomycin-producers have 

altered pentapeptide stems of either D-alanyl-D-lactate or D-alanyl-D-serine, impeding 

vancomycin-binding.48 Plasmid-borne vancomycin resistance first entered the clinic in the 

1980s.49 Like producers, these strains of vancomycin-resistant Enterococci expressed the ligase 

VanA, along with regulatory system VanSR and biosynthesis proteins VanHX, to hydrolyze D-

alanyl-D-alanine and produce D-alanyl-D-lactate.50 Vancomycin resistance is of particular 

concern in strains that are already extensively β-lactam resistant. In the late 1990s, MRSA with 

decreased susceptibility to vancomycin was first reported.51 Termed vancomycin-intermediate S. 

aureus (VISA), these strains develop mutations in a variety of genes that increase fitness in the 
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presence of vancomycin.52 More recently, MRSA strains that have acquired the vanA gene cluster 

were isolated, representing a significant threat to public health.53 Despite concerns surrounding 

rising resistance rates, vancomycin use has only increased in recent decades. While previously 

considered an antibiotic of last resort, used only in the case of drug-resistant Gram-positive 

infections, vancomycin has been used more liberally, including use in empiric therapy and 

prophylactic use during surgery to prevent Gram-positive infections.54–56  

 

While glycopeptide antibiotics are currently effective against Gram-positive species, treatment 

options are more limited for Gram-negative pathogens, which have a thinner layer of 

peptidoglycan that is shielded by an outer membrane of phospholipids and lipopolysaccharides 

that blocks the entry of large or hydrophobic molecules (Figure 2C). Antibiotics designed to 

target Gram-negative species must therefore adhere to a different set of physiochemical 

properties to ensure their uptake into the cell.57,58 

 

Biofilms Decrease Antibiotic Susceptibility and Complicate Treatment 

Virulence factors enhance bacterial fitness in vivo, further complicating treatment. In certain 

species these can include surface appendages required for motility, like flagella and type IV pili, 

secretion systems like the type III secretion system that inject toxins into host cells, and the 

ability to form protective biofilms.59 Biofilms are communities of surface-associated bacteria 

enveloped in a self-produced extracellular matrix of proteins, DNA, lipids, and 

exopolysaccharides (EPS). They provide increased antibiotic protection compared to planktonic 

growth states, making biofilm-based infections even more difficult to eradicate.60 This increased 

tolerance is due to decreased penetrance of antimicrobials and immune factors into the biofilm, 
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heterogeneous growth rates, and increased production of persister cells, resulting in tolerant 

biofilm infections even with antibiotic treatment.61 The protective environment of a biofilm can 

also provide more opportunity for the development of spontaneous mutations that further 

increase resistance. 

 

Bacterial biofilm formation  

In addition to being an ESKAPE pathogen, P. aeruginosa is a model biofilm-forming organism. 

It transitions from a planktonic to biofilm lifecycle when polar flagella reversibly adhere to a 

surface (Figure 4). Though flagellar-dependent (swimming and swarming) and type IV pili-

dependent (twitching) motility are required for the initial stages of attachment,62 the transition 

from reversible polar attachment to irreversible attachment requires repression of motility and 

increased production of EPS, which contributes to the biofilm matrix.63 These processes are in 

part regulated by changes in the levels of 3’,5’-cyclic diguanylic acid (c-di-GMP), an 

intracellular secondary messenger synthesized from two molecules of GTP by diguanylate 

cyclase enzymes.64 Microcolony formation is marked by increased EPS production, which, in P. 

aeruginosa, includes the production of alginate, Pel, and Psl, though the exact composition 

varies by strain and environment.65,66 Over time, microcolonies develop into mature biofilms that 

eventually disperse with the release of planktonic cells and aggregates when there is an increase 

in nutrient availability, such as succinate, glutamate, and glucose, and when increased 

environmental nitric oxide stimulates the activity of phosphodiesterases, which break down c-di-

GMP.67,68 Iron regulation also plays a role in biofilm formation, with low-iron environments, 

such as those induced by the addition of chelators, contributing to increased twitching motility 

and decreased biofilm formation, possibly mediated by quorum sensing.69,70 Many other priority 
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pathogens including S. aureus also form biofilms. Since it lacks surface appendages like 

flagellum and type IV pili found in P. aeruginosa, S. aureus senses and adheres to surfaces using 

adhesins, cell surface-associated proteins that bind to organic or inorganic surfaces.71,72 

 

 

Figure 4. The biofilm lifecycle. Biofilm formation begins when planktonic cells attach to a 

surface and form antibiotic tolerant, matrix-encased colonies. Cells from these colonies can 

disperse in response to environmental cues and grow planktonically. 

 

Biofilms in the clinic 

Bacteria or fungi growing as biofilms cause infections in a wide range of body sites including the 

lungs of cystic fibrosis patients, the urinary tract, chronic wounds, and on implanted medical 

devices and prosthetic joints.73 These biofilms are often polymicrobial, worsening patient 

outcomes.74 One exception is prosthetic joint infections (PJIs), which are typically caused by 

only one species, most commonly S. aureus or Staphylococcus epidermidis.75 One method to 

treat biofilm-based infections is physical removal of the biofilm, such as through irrigation.76 
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Antibiotics are often prescribed but while they can reduce microbial load and lessen symptoms, 

they may not clear the infection.77 This is typically the case for catheter-associated S. aureus 

infections, for which device removal is usually recommended.77 In the case of PJIs, surgical 

revision of the infected joint is typically required.78,79 Because of limited treatment options and 

the high morbidity resulting from surgery, preventing biofilm-based infections is crucial. 

Surgical antiseptics and prophylactic antibiotics play a major role in preventing infection in cases 

of indwelling medical devices and prosthetics; however, increased antibiotic exposure raises 

concerns about resistance.56,80 Developing specific anti-biofilm small molecules to inhibit 

biofilm formation and resensitize bacteria to traditional antibiotics represents a promising 

strategy for infection control. Many in vitro studies have identified anti-biofilm compounds, 

including those that target transcriptional regulators of quorum sensing, regulators of iron uptake, 

and diguanylate cyclase enzymes.76,81–83 Antibody therapies that target biofilm components to 

induce dispersion are also in development, including one therapeutic designed for use in PJIs, 

however, no biofilm-based treatments have made it to the clinic.84  

 

Despite their importance in establishing reservoirs for infection and impacting antimicrobial 

susceptibility, biofilms are rarely considered in antibiotic prescribing and dosing. The antibiotic 

concentrations required to eradicate biofilms can be up to 1000 times higher than the 

concentration required for planktonic cells.60 Biofilm formation is especially important to 

consider in contexts where antibiotics may not be delivered at an appropriate concentration, as 

multiple species experience increased biofilm production in response to subinhibitory 

concentrations of antibiotics.85 Biofilm production is stimulated upon exposure to multiple 

different classes of antibiotics. It does not occur in response to exogenous DNA or cell lysate, but 
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does occur in response to antibiotics that have been modified to attenuate their activity, 

suggesting the presence of an antibiotic itself, and not the presence of nearby lysed cells, may 

activate a stress response that promotes biofilm formation; however, this pathway is not yet fully 

understood.86,87 There are multiple well-described methods for measuring biofilm formation, 

such as the Calgary biofilm device; however, they are not a part of standard laboratory guidelines 

for determining antibiotic susceptibility, meaning biofilm production is typically not captured in 

a clinical context.60,77,88  

 

Approaches to Identifying New Antibiotics with Novel Targets 

One approach to treating resistant infections is developing new antibiotics to which bacteria have 

not yet become resistant; however, regulatory approvals of new antibiotics have decreased in 

recent decades for a variety of reasons, including large pharmaceutical companies largely 

abandoning the field.89 Despite several reports and calls to action published over the last 20 

years, few new treatment options are available for drug-resistant priority pathogens.3,4,89–95 

Extensive research is still being done to identify new classes of antibiotics, primarily in small 

companies and academic labs, however; limited progress has been made. Traditional methods for 

identifying antibiotics include screening soil extracts for secondary metabolite natural products 

but, although incredibly effective initially, common scaffolds were repeatedly re-identified, 

limiting the utility of this approach.6 While methods to reduce replication have been 

implemented, only one novel natural product class, the lipopeptides, has reached the clinic this 

century.96,97 Medicinal chemistry has allowed for the diversification of molecules in existing 

classes, resulting in the development of second- and third-generation antibiotics, but many of 

these have become ineffective in the face of increasing resistance.6 Modern screening approaches 
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include high-throughput in vitro target screening with a focus on synthetic small molecules, 

genomic approaches, and rational target-based drug design, which often fail to identify 

compounds with good in vivo efficacy.98,99  

 

While natural products represent the majority of currently used antibiotics, they can be difficult 

to synthesize or modify due to their structural complexity, and resistance may already be 

widespread in microbial communities as a response to interbacterial competition.100,101 Synthetic 

small molecules are easier to produce and derivatize, but are not without their drawbacks. 

Homing in on a useful scaffold from an arbitrary list of small molecules can be difficult, and the 

hit rate for promising antibacterial leads in a library of small molecules is often quite low. Many 

chemical libraries were designed to conform to common drug-like features such as Lipinski’s 

rules, which are not necessarily reflective of the properties of effective antibiotics.102,103 Very few 

currently used antibiotics are from synthetic classes, and no new synthetic classes have been 

approved since the discovery of the oxazolidinones in the 1990s (Figure 1). Machine learning 

offers an exciting new method to identify synthetic scaffolds of interest without the need to 

manually screen large numbers of compounds; however, this technology is still in its early 

stages.104–106 One way to increase the hit rate in a group of synthetic small molecules is to use 

compounds previously demonstrated to have biological, but not necessarily microbiological, 

activity since compounds active for one indication are more likely to be active in another.107,108  

 

Another way to increase hit rates is to screen compounds for activity in nutrient-limited media, 

which better mimic physiological conditions. In nutrient-limited media, a larger subset of the 

bacterial genome becomes essential for growth.109 These conditionally essential gene products 

represent possible antibiotic targets that are masked in nutrient-rich screening protocols.   
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For example, recent work from our lab has shown the antibiotics thiostrepton and vancomycin, 

previously thought to only have activity against Gram-positive species, are able to penetrate 

certain Gram-negative species under physiologically-relevant iron concentrations.110,111 

Conversely, traditional bacterial growth media may be too low in certain nutrients; bicarbonate, 

which is naturally present at high levels in the human body, potentiates the activity of certain 

antibiotics and buffers the effects of macrolide resistance.112,113 

 

Even when new antibiotics are discovered, companies struggle to get them to market, due in no 

small part to unfavourable economics.114 While expensive to develop, new antibiotics designed 

to treat relatively uncommon resistant infections rarely make it through clinical trials and, once 

approved, are infrequently prescribed. Creative economic strategies like the United Kingdom’s 

subscription-based model aim to protect the investment of companies developing new drugs, but 

programs like these remain far from widespread.115 

 

Antibiotic adjuvants 

As the supply of new antibiotics with novel mechanisms dwindles, another approach is to extend 

the usability of existing antibiotics with antibiotic adjuvants. In clinical settings, multiple 

antibiotics are often used in combination to treat infections, but combinations of antibiotics and 

non-antibiotic drugs also have the potential to increase antibacterial efficacy.116 Adjuvants can 

act through a variety of different mechanisms, including blocking antibiotic modification by 

proteins in the cell, inhibiting antibiotic efflux, or increasing antibiotic uptake.117,118 Adjuvants 

can also enhance antibacterial activity by bolstering host immune responses, or by inhibiting 

bacterial virulence factors that contribute to the pathogen’s in vivo fitness.117,118 
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A classic and clinically proven example of antibiotic adjuvants is β-lactamase inhibitors. 

Following the successful introduction of amoxicillin-clavulanic acid, ten β-lactam-β-lactamase-

inhibitor pairs have come to the market in the last 40 years. Their record of safety and efficacy 

means that β-lactam-β-lactamase inhibitor combinations make more money than any other new 

antibiotic.114 As one of the few areas in antibiotic development with minimal financial risk, new 

β-lactam-β-lactamase inhibitor combinations dominate the list of new antibiotics in the 

pipeline.119 Despite this notable success, antibiotic adjuvants for other targets are few and far 

between. While compounds to combat mecA-mediated β-lactam resistance are plentiful in the 

literature, many target the same pathways and none have progressed to commercialization. 34,120–

126  

 

Purpose and Goals of This Thesis 

The main objectives of this thesis were to identify and characterize novel antibiotics and 

antibiotic adjuvants with activity against priority pathogens, as well as explore the role of 

biofilms, both as a screening tool and as a potential complication associated with infections. 

Based on findings that P. aeruginosa biofilm formation is stimulated in response to sub-

inhibitory concentrations of antibiotics, previous work aimed to identify compounds that 

stimulate biofilm formation and thus have potential antibacterial activity.110 We reasoned that 

screening for compounds that stimulate biofilm formation, in addition to those that inhibit 

bacterial growth, would allow us to capture more hits. We aimed to further increase our hit rate 

by using a library of compounds with known bioactivity. While not necessarily potent antibiotics, 

these hits could be optimized through medicinal chemistry. Chapter Two focuses on one such hit, 

the anti-inflammatory BAY 11-7082. In this chapter, we conclude that BAY 11-7082 and its 
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synthetic analogues likely have a novel mechanism of action and show its activity extends to 

drug-resistant isolates. These findings both confirm the utility of biofilm-based screening and 

add a new scaffold to our arsenal of known compounds with antibacterial activity against priority 

pathogens. Our finding that BAY 11-7082 is a potent inhibitor of MRSA and that it potentiates β-

lactams extended our interest in the molecule as a possible adjuvant, especially since few non-β-

lactamase inhibitor adjuvants have been identified. In Chapter Three we explore the potential 

mechanism of synergy. Many known potentiators of β-lactams against MRSA act on WTA 

biosynthesis. We show that, like these other potentiators, WTA biosynthesis is required for 

synergy, but, unlike many other previously reported potentiators, it is not required for the 

compound’s activity. This compound may represent a first-in-class potentiator that restores the 

activity of an inexpensive and effective class of antibiotics. 

 

In Chapter Four, we examine biofilms not only as a screening tool, but as an important factor in 

infection treatment and prevention. We look specifically at PJIs, finding the common clinical 

antiseptics chlorhexidine (CHG) and povidone-iodine (PI) inhibit both growth and biofilm 

formation of priority pathogens, justifying their prophylactic use in joint replacement. We also 

examine the antibiotic vancomycin, which is increasingly used preventatively at surgical sites, 

confirming its activity against susceptible species. We showed that subinhibitory concentrations 

of both the antibiotic and the antiseptics stimulate P. aeruginosa biofilm production, making it 

imperative to determine effective concentration ranges for in-wound use, especially in cases 

where P. aeruginosa may be present.  
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Chapter Five discusses the importance of measuring biofilm formation. It is key to ensuring 

antibiotics and antiseptics are used at the correct concentration, since sub-inhibitory 

concentrations can have the unintended consequence of increasing the proportion of cells in this 

hard-to-treat growth state. Biofilm-based screening should continue to be used to increase hit 

rates; our efforts thus far have focused on small molecules, but this method could also be useful 

in screening natural product extracts, especially since solutions of mixed extracts are typically 

less active than fractionated samples, meaning their activity is more likely to be missed in a 

traditional screen. Optimizing this screening approach to look for small molecules or natural 

products that inhibit S. aureus biofilm formation could identify much-needed biofilm inhibitors 

for use during orthopedic surgeries, decreasing reliance on vancomycin. Lastly, many questions 

remain about the mechanism(s) of antibacterial activity and β-lactam potentiation of BAY 11-

7082 and its related analogues. This chapter discusses the importance of identifying antibiotic 

adjuvants to extend the lifespan of safe, available, and reliable antibiotics, as opposed to 

continually developing new antibiotics, and identifies potential next steps to determine where 

this scaffold fits into the existing body of antibiotic potentiators. 
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Chapter Two: Exploration of BAY 11-7082 as a potential antibiotic 
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Abstract 

Exposure of the Gram-negative pathogen Pseudomonas aeruginosa to sub-inhibitory 

concentrations of antibiotics increases formation of biofilms. We exploited this phenotype to 

identify molecules with potential antimicrobial activity in a biofilm-based high-throughput 

screen. The anti-inflammatory compound BAY 11-7082 induced dose-dependent biofilm 

stimulation, indicative of antibacterial activity. We confirmed that BAY 11-7082 inhibits growth 

of P. aeruginosa and other priority pathogens, including methicillin-resistant Staphylococcus 

aureus (MRSA). We synthesized 27 structural analogues, including a series based on the related 

scaffold 3-(phenylsulfonyl)-2-pyrazinecarbonitrile (PSPC), 10 of which displayed increased anti-

Staphylococcal activity. Because the parent molecule inhibits the NLR Family Pyrin Domain 

Containing 3 (NLRP3) inflammasome, we measured the ability of select analogues to reduce IL-

1β production in mammalian macrophages, identifying minor differences in the structure-activity 

relationship for the anti-inflammatory and antibacterial properties of this scaffold. Although we 

could evolve stably resistant MRSA mutants with cross resistance to BAY 11-7082 and PSPC, 

their lack of shared mutations suggested that the two molecules could have multiple targets. 

Finally, we showed that BAY 11-7082 and its analogues synergize with penicillin G against 

MRSA, suggesting that this scaffold may serve as an interesting starting point for the 

development of antibiotic adjuvants. 
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Methicillin-resistant Staphylococcus aureus; biofilm; antibiotics; drug discovery 

  



Ph.D. Thesis – V. E. Coles; McMaster University – Biochemistry and Biomedical Sciences 

34 

 

The overuse and misuse of antibiotics has selected for resistant bacteria, increasing the 

prevalence of drug-resistant infections. As resistance renders standard treatment options less 

effective, there is a need for the development of novel pharmaceuticals to treat those infections, 

particularly those caused by the ESKAPE (Enterococcus faecium, Staphylococcus aureus, 

Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter 

species) pathogens.1,2 Despite this urgent need, approval of new antimicrobials by the Food and 

Drug Administration (FDA) has decreased in recent decades, with only nine new antibiotics 

(rifapentine, quinupristin-dalfoprstin, moxifloxacin, gatifloxacin, linezolid, cefditoren pivoxil, 

ertapenem, gemifloxacin, and daptomycin) approved between 1998-2002.3 The rate of approval 

increased slightly within the last ten years, with eight new antibiotics or combinations 

(ceftaroline, fidaxomicin, bedaquiline, dalbavancin, tedizolid, oritavancin, ceftolozane-

tazobactam, and ceftazidime-avibactam) being approved between 2010-2015; however, of these, 

only three (ceftaroline, ceftolozane-tazobactam, and ceftazidime-avibactam) are active against 

ESKAPE pathogens and only one (bedaquiline, an adenosine triphosphate synthase inhibitor) has 

a novel mechanism of action, with the rest belonging to established antibiotic classes for which 

resistance is well characterized.4  

 

For the ESKAPE pathogens, development of novel antimicrobials with potent activity against 

methicillin-resistant S. aureus (MRSA) is crucial. Since strains of MRSA are extensively β-

lactam resistant, treatment options are scarce. They include vancomycin, daptomycin, linezolid, 

tetracyclines, and rifampin, though rifampin is given only in combination therapies due to high 

rates of resistance development.5 MRSA isolates resistant to vancomycin, daptomycin, and 

linezolid have already been observed in the clinic,6–8 and high rates of adverse reactions to 
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linezolid further complicate treatment.9 There is therefore a need for safe, orally available anti-

MRSA compounds with novel antimicrobial mechanisms for which resistance has not yet been 

observed. 

 

Traditional methods for identifying new antibiotics typically involve screening libraries of 

compounds for growth inhibition, but frequently fail to produce promising hits.10 Heavily-

exploited historic techniques including screening soil extracts for natural products rarely uncover 

novel molecules, while high-throughput screening using in vitro targets often fails to produce hits 

with significant activity in whole-cell assays.11,12 One way to increase the likelihood of 

uncovering hit compounds is by using bioactive molecules, including drugs approved for non-

antibiotic indications, since hit rates are significantly higher.13 To increase our chances of 

identifying new antimicrobials, we developed a biofilm-based assay for high-throughput 

screening of previously-approved drugs and compounds with known bioactivity. Formation of P. 

aeruginosa biofilms – surface-associated communities of bacteria encased in a self-produced 

extracellular matrix – acts as a sensitive proxy for detecting antimicrobial activity, since it is 

stimulated in a dose-dependent manner by sub-inhibitory concentrations of antibiotics.14 This 

phenotype allows us to screen compounds for growth inhibition at a low concentration of 10 µM, 

while alerting us to compounds that may have antibiotic activity above this concentration. 

Compounds with weaker antibiotic activity can then be improved through medicinal chemistry 

optimization, ensuring we miss fewer potential hits.  

 

Using the biofilm stimulation screen, we identified the anti-inflammatory BAY 11-7082 as 

having antibacterial activity against multiple species, including MRSA. BAY 11-7082 is a 
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synthetic anti-inflammatory that inhibits the nuclear factor-κB (NF-кB) pathway and the NLR 

Family Pyrin Domain Containing 3 (NLRP3)/caspase-1 inflammasome.15,16 It is proposed to act 

by blocking IкB-α phosphorylation but may have alternate cellular targets, and its exact 

mechanism remains unknown.15,17 BAY 11-7082 has also been proposed to act on mammalian 

protein tyrosine phosphatases (PTPs), which are involved in numerous cellular processes.18 We 

re-synthesized BAY 11-7082 and began a medicinal chemistry effort to optimize its anti-

Staphylococcal activity and determine the compound’s structure-activity relationship (SAR). We 

ultimately transitioned to a similar scaffold, 3-(phenylsulfonyl)-2-pyrazinecarbonitrile (PSPC) 

and identified 10 analogues with improved anti-MRSA activity, validating the utility of biofilm 

stimulation as a tool for novel antibiotic discovery. 

 

Results 

BAY 11-7082 stimulates P. aeruginosa biofilm formation and has potent anti-MRSA activity 

Using a previously described biofilm assay,19,20 we screened a library of 3,921 FDA approved or 

biologically active compounds. Compounds were screened in duplicate at 10 µM against P. 

aeruginosa PAO1 in a dilute media comprising 10% lysogeny broth (LB), 90% phosphate 

buffered saline (PBS) (hereafter 10% LB). The screen yielded 60 compounds that inhibited P. 

aeruginosa growth to less than 50% of the vehicle (DMSO) control, 8 that inhibited biofilm 

formation to less than 50% of the control, and 60 that stimulated biofilm formation above 200% 

of the control.20 One of these biofilm stimulators was the anti-inflammatory BAY 11-7082 1 

(Figure 1A), which we explored further here due to its previously unreported antibacterial 

activity. Using a dose-response assay (Figure 1B), we confirmed that BAY 11-7082 stimulated 
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biofilm formation at low concentrations and inhibited P. aeruginosa growth at higher 

concentrations.  

 

To explore its antibacterial potency and spectrum of activity more broadly, we determined the 

minimal inhibitory concentration (MIC) in 10% LB for P. aeruginosa plus six other model and 

priority pathogens: A. baumannii, Bacillus subtilis, Escherichia coli, K. pneumoniae, and two 

strains of MRSA (S. aureus 15981 and USA300) (Figure 1C). While BAY 11-7082 displayed 

modest activity against P. aeruginosa (MIC: 100 µM, 20.73 µg/mL) and other Gram-negatives, it 

was particularly potent against Gram-positives, including MRSA (MIC: 0.78 µM, 0.16 µg/mL), 

leading us to focus our efforts on developing BAY 11-7082 as an anti-Staphylococcal agent. We 

also determined the MIC in two standard nutrient-rich growth media, LB and Mueller-Hinton 

Broth (MHB) (Figure S1). Based on the MIC in MHB, we selected S. aureus 15981 over S. 

aureus USA300 as the strain of choice for comparing synthetic analogues, since the lower 

baseline MIC would allow us to see a greater range of activities. 

 

To test whether BAY 11-7082 has activity against drug-resistant strains, we exploited its modest 

activity against E. coli to use the Antibiotic Resistance Platform (ARP),21 a collection of 

hyperpermeable efflux deficient E. coli BW25113 ΔbamBΔtolC strains carrying genes that 

confer resistance to a wide variety of antibiotics. A subset of the ARP was pinned onto Mueller 

Hinton Agar (MHA) containing BAY 11-7082 at 25, 50, or 100 µM (Figure S2). None of the E. 

coli hyperpermeable strains were able to grow at concentrations as low as 25 µM (5.18 µg/mL), 

indicating BAY 11-7082 is an effective antibiotic even in the presence of common resistance 

elements.  
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Figure 1. BAY 11-7082 1 stimulates P. aeruginosa biofilm formation and has modest 

antibacterial activity against Gram-negative species and potent antibacterial activity against 

Gram-positive species. (A) Structure of BAY 11-7082. (B) BAY 11-7082 stimulates biofilm 

formation (absorbance of crystal violent at 600 nm as a percent of the DMSO control) and 

decreases planktonic growth (optical density at 600 nm as a percent of the DMSO control) of P. 

aeruginosa PAO1 in 10% LB. (C) BAY 11-7082 inhibits planktonic growth (optical density at 

600 nm as a percent of the DMSO control) of seven bacterial species in 10% LB. Heatmap 

represents an average of three independent experiments preformed in triplicate. 

 

Synthesis and antibacterial activity of analogues 

To improve potency and better understand the molecule’s SAR, we synthesized a series of 15 

informative structural analogues (Figure 2) and evaluated them for anti-MRSA activity. 

Analogues 5-18 were synthesized following General Procedure A (Supplementary Information), 

where a sodium sulfinate 2 was combined with 2,3-dibromopropane nitrile, carboxamide or 

methyl ester 3 to allow for installation of the alkene and the nitrile, or an alternate electron 

withdrawing group, on the right side of the molecule. Analogues were designed with 

modifications to the left and/or right sides, including those with alternate heterocycles or 

alternate substituents on the benzene ring on the left side (5-8, 10-16, 18, 19), to assess the effect 

of ring size and electronic properties on the compound’s affinity for its target, and those with 

alternate electron withdrawing groups on the right side (7, 9-11, 13-18), to determine if the nitrile 
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is required for antibiotic activity. Included in this group of analogues is BAY 11-7085 6 which, 

like BAY 11-7082, has reported anti-inflammatory activity.15 To determine if the alkene is 

essential for antimicrobial activity, suggesting the mechanism requires irreversible binding to a 

target at that position, we synthesized 19 through hydrogenation over palladium on carbon of the 

potent analogue 5.  

 

Only 5 and 6 had improved potency against MRSA compared to BAY 11-7082. Moving from a 

methyl group to the fluorine 5 or tert-butyl 6 increased potency, likely by increasing specificity 

for the molecular target. Similarly, 8, which lacked substituents on the benzene ring, was less 

potent than BAY 11-7082. With the surprising exception of 7, analogues with substituents larger 

than a tert-butyl group, including the bicyclic heterocycles, had reduced potency, potentially due 

to steric hinderance at the molecular target. All other analogues with a non-nitrile group on the 

right side of the molecule were also less active, leading us to conclude the nitrile is necessary for 

potent antimicrobial activity. As expected, 19 lacked antimicrobial activity up to the highest 

concentration tested of 100 µM. 
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Figure 2. Synthesis (top) and antibacterial activity (bottom) of BAY 11-7082 1 and its analogues 

5-19. Structures are arranged in order of increasing MIC values reported in µM for S. aureus 

15981 grown in MHB.  

To further explore the molecule’s SAR we transitioned to a similar scaffold with an additional 

ring, offering new sites for diversification. We selected 3-(phenylsulfonyl)-2-pyrazinecarbonitrile 

(PSPC) 20 due to its structural similarities to BAY 11-7082 and its reported in vivo activity 

against MRSA in a Caenorhabditis elegans nematode infection model.22 This scaffold also had 

the advantage of lacking the αβ-unsaturated sulfone in BAY 11-7082 that could lead to toxicity. 

We first confirmed that PSPC stimulated P. aeruginosa biofilm formation and had a similar 

spectrum of antibacterial activity, including potent activity against MRSA (Figure S3), then 

synthesized the analogues 24-34 following General Procedure B (Supplementary Information), 

where a chlorocarbonitrile pyrazine or pyridine 21 was combined with a sulfonyl chloride 22 

(Figure 3). PSPC differs from BAY 11-7082 by the addition of a pyrazine between the sulfone 

and the nitrile. While all analogues retain the nitrile group, some have a pyridine instead of a 

pyrazine (33, 34), to assess the effect of alternate heterocycles on activity. Capitalizing on our 

success with the fluorine analogue 5, we designed analogues with halogen substituents at the 

para position of the benzene (24, 25, 28, 33, 34), as well as 30 with a meta fluorine, three 
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analogues with two fluorine substituents at differing positions (27, 31, 32), and 26 with a para 

trifluoromethyl group. We also explored a nitrile group (29) as an example of a non-halogen para 

electron withdrawing substituent. 

 
 

Figure 3. Synthesis (top) and antibacterial activity (bottom) of PSPC 20 and its analogues 24-34. 

Structures are arranged in order of increasing MIC values reported in µM for S. aureus 15981 

grown in MHB. 

 

Analogues 24-31 all exhibited increased anti-MRSA activity relative to BAY 11-7082 and their 

parent compound PSPC, with MICs as low as 0.78 µM. Similar to our results with the first series 

of analogues, the addition of a halogen or other relatively small electron withdrawing substituent 

on the benzene ring increased potency, though the number or position of these groups had little 

effect. Pyridine analogues 33 and 34 lack antibacterial activity up to the highest concentration 

tested of 100 µM, indicating that while the pyrazine itself is not necessary for antibacterial 

activity – as in BAY 11-7082 and analogues 5-14 – the addition of a more basic heterocycle 

abrogates activity. 
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Evolving mutants resistant to BAY 11-7082 and PSPC  

To understand BAY 11-7082 and PSPC’s mechanism of action (MOA) and determine whether 

the two scaffolds shared a common target, we attempted to evolve resistant mutants of S. aureus 

15981. While we initially isolated colonies grown on MHA using supra-MIC (6X and 8X MIC) 

concentrations of BAY 11-7082, those colonies did not grow when re-streaked on fresh MHA 

containing the compounds. We were similarly unable to develop spontaneous resistance in E. coli 

or A. baumannii. We had more success developing resistant mutants by serially passaging S. 

aureus 15981 cultures in liquid media containing ~0.5X, ~1X MIC, or ~2X MIC concentrations 

of BAY 11-7082 or PSPC for 14 days. After purification of resistant mutants on MHA, six 

colonies were selected for further evaluation, all of which displayed a 4-fold increase in MIC 

compared to the parent strain (Figure 4A). Mutants selected using BAY 11-7082 displayed cross-

resistance to PSPC and vice versa, suggesting that these two compounds act via a conserved 

antibacterial mechanism (Figure 4B). To test whether resistance was retained in the absence of 

selective pressure, the six mutants were serially passaged in MHB for five days and the 

compounds’ MIC was recorded each day. Over five days there was no decrease in MIC, 

indicating resistance is stably inherited (Figure 4C). In growth experiments, all six mutants 

showed shorter lag times and increased final optical density over 16 hours compared to the 

unpassaged parent strain (p <0.0001) (Figure 4D), perhaps due to a general increase in fitness 

resulting from passage. To ensure these mutants did not have elevated antibiotic tolerance in 

general, we determined the MICs to tetracycline and piperacillin, and both were unchanged in 

the mutants compared to the parent strain (Figure S4). To identify the genetic changes 

responsible for these mutants’ resistance to BAY 11-7082 and PSPC, we purified and sequenced 

genomic DNA from the parent strain S. aureus 15981 and the six mutants. Unexpectedly, the 
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mutants lacked shared genetic changes that could be associated with the acquisition of resistance 

(Table S1), forcing us to pursue other strategies to better understand the antibacterial MOA. 

 

 
Figure 4. Mutants resistant to BAY 11-7082 and PSPC. (A) Planktonic growth (optical density at 

600 nm as a percent of the DMSO control) of S. aureus 15981 and BAY 11-7082- (top) or PSPC-

resistant (bottom) mutants grown with increasing concentrations of the compound used for 

selection. (B) Planktonic growth (optical density at 600 nm as a percent of the DMSO control) of 

S. aureus 15981 and BAY 11-7082- (top) or PSPC-resistant (bottom) mutants grown with 

increasing concentrations of the other compound. (C) MIC values for S. aureus 15981 or 

resistant mutants determined each day for five days during serial passage in the absence of 

compound. (D) Planktonic growth (optical density at 600 nm) of S. aureus 15981 or resistant 

mutants over 16 h. **** p<0.0001. 

 

Exploring inhibition of TAT secretion as a potential mechanism  

BAY 11-7082 was previously identified as a hit in a screen for inhibitors of the P. aeruginosa 

twin arginine translocase (TAT) system, a Sec-independent protein export system responsible for 

transporting folded proteins across the cytoplasmic membrane.23 While TAT is not essential,24,25 

we were curious whether BAY 11-7082 would inhibit the S. aureus TAT system and if this would 
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provide insight into its antibacterial mechanism. The TAT system is broadly conserved in 

prokaryotes but its protein composition varies between species, with the P. aeruginosa TAT 

system comprising three genes (tatA, tatB, and tatC) while the S. aureus system comprises two 

(tatA and tatC), with tatA and tatC essential for protein translocation in both species.26,27 We 

determined the potency of BAY 11-7082 and PSPC against tatC transposon mutants of P. 

aeruginosa PA14, from the PA14NR Set transposon mutant library,28 and S. aureus USA300, 

from the Nebraska transposon mutant library,29 and saw a 2-fold increase in sensitivity to BAY 

11-7082 and PSPC relative to wild type only for P. aeruginosa (Figure 5). This was consistent 

with the fact that we saw no genetic changes in TAT-related genes in the BAY 11-7082 and 

PSPC- resistant mutants of MRSA and allowed us to rule out involvement of the TAT system or 

proteins exported by the system in the compounds’ MOA.  

 
Figure 5. Planktonic growth (optical density at 600 nm as a percent of the DMSO control) of the 

parent strain P. aeruginosa PA14 and a tatC transposon mutant grown in 10% LB (top) or the 

parent strain S. aureus USA300 and a tatC transposon mutant grown in MHB (bottom) in the 

presence of increasing concentrations of BAY 11-7082. 
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Insight into BAY 11-7082’s uptake and effect on the proton motive force  

Given the challenges of isolating BAY 11-7082- and PSPC-resistant mutants and our inability to 

isolate mutants with greater than a 4-fold increase in MIC, plus the lack of consistent genetic 

changes in the mutants isolated, we wondered if BAY 11-7082 and PSPC had a more general 

MOA, such as inhibition of the proton motive force (PMF). The PMF has two components, a 

proton gradient (ΔpH) and an electric potential (Δψ), which the cell coordinates to control the 

electrochemical gradient across the membrane.30 To test this idea, we determined the MIC of 

BAY 11-7082 and PSPC against S. aureus 15981 in pH adjusted MHB (Figure 6A). Both BAY 

11-7082 and PSPC displayed reduced potency in more basic conditions and increased potency in 

more acidic conditions, similar to tetracycline, which is taken up via the ΔpH component,31 

suggesting that BAY 11-7082 and PSPC may also experience ΔpH-dependent uptake across the 

cytoplasmic membrane. 

 

To determine if BAY 11-7082 and PSPC affected the PMF, we used 3,3'-

dipropylthiadicarbocyanine iodide (DiSC3(5)), a fluorescent dye sensitive to changes in the PMF 

(Figure 6B). The dye is taken up and transported to the cytoplasm via the Δψ component, where 

it accumulates and self-quenches fluorescence. If Δψ is inhibited, dye does not accumulate, 

resulting in increased fluorescence, while if ΔpH is inhibited, the cell compensates by increasing 

flux through Δψ, resulting in decreased fluorescence. Valinomycin, nigericin, and carbonyl 

cyanide m-chlorophenyl hydrazine (CCCP) all dissipate the PMF and were used as positive 

controls. Unlike the controls (p<0.0001), neither BAY 11-7082 nor PSPC significantly altered 

DiSC3(5) fluorescence (p>0.9999), confirming that while their uptake is PMF-dependent, they 

themselves do not destabilize the PMF. 
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Figure 6. (A) Planktonic growth (optical density at 600 nm as a percent of the DMSO control) of 

S. aureus 15981 grown in pH adjusted MHB with increasing concentrations of BAY 11-7082 

(left), PSPC (center), or tetracycline (right). Y-axis indicates pH of the media. (B) DiSC3(5) 

fluorescence in relative fluorescence units of S. aureus USA300 in the presence of the vehicle 

DMSO, BAY 11-7082, PSPC, or the membrane active controls nigericin, CCCP, or valinomycin. 

**** p<0.0001. 

 

BAY 11-7082 synergizes with multiple classes of antibiotics  

We next looked at whether BAY 11-7082 and its analogues could act as adjuvants to potentiate 

the activity of other antibiotics. We conducted checkerboard experiments using the clinically-

relevant MRSA strain S. aureus USA300. It should be noted here that the MIC for BAY 11-7082 

and its analogues were ~4-fold higher for S. aureus USA300 than the MICs for S. aureus 15981 

reported in Figures 2 and 3. Using the fractional inhibitory concentration index (FICI), where 

values < 0.5 represent synergy and values > 4 represent antagonism,32 we determined that BAY 

11-7082 synergized with the β-lactam antibiotics penicillin G and piperacillin, the RNA 
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polymerase inhibitor rifampin, and the translation inhibitor thiostrepton (Figure 7A). BAY 11-

7082 did not affect the activity of antibiotics dependent on the PMF for uptake, including 

tetracycline (ΔpH-dependent) and gentamicin (Δψ-dependent) (Figure 7A), consistent with our 

observations that it does not alter the PMF. BAY 11-7082 did not synergize with the glycopeptide 

cell wall synthesis inhibitor vancomycin or the β-lactam methicillin, to which S. aureus USA300 

is intrinsically resistant (Figure 7A). Given that we saw the strongest synergy between BAY 11-

7082 and penicillin G, we tested some of our more potent analogues in combination with that β-

lactam. We selected the BAY 11-7082 para-fluorine analogue 5 (MIC for S. aureus USA300: 

12.5 µM) and the para-bromine and para-trifluoromethyl PSPC analogues 25 and 26 (MICs for 

S. aureus USA300: 6.25 µM); both potentiated penicillin G activity to the same degree as BAY 

11-7082 (FICI: 0.19) (Figure 7B). 

 
Figure 7. Checkerboards of S. aureus USA300 planktonic growth (optical density at 600 nm as a 

percent of the DMSO control) grown in MHB with increasing concentrations of BAY 11-7082 
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(A) or its analogues 5, 25, or 26 (B) with antibiotics of different classes. Synergy (FICI<0.5) is 

represented in blue text while indifference (FICI>0.5) is represented in red. Checkerboards 

represent an average of at least three independent experiments. 

 

Anti-inflammatory properties of BAY 11-7082 and its analogues 

Since the original BAY 11-7082 compound has anti-inflammatory activity, we tested whether 

alterations made to the scaffold would allow us to separate its anti-inflammatory and 

antimicrobial properties. We treated mouse bone marrow-derived macrophages with E. coli 

O111:B4 lipopolysaccharide (LPS) and nigericin and measured IL-1β production, as a key 

effector cytokine produced by priming and activating the NLRP3/caspase-1 inflammasome, in 

the presence or absence of BAY 11-7082 and four analogues (5, 12, 17, and 19) (Figure 8). As 

expected, treatment with BAY 11-7082 at 1 and 2.5 µM significantly reduced (p<0.0001) IL-1β 

production compared to the no-treatment control. The potent antimicrobial 5 caused a similar 

reduction in IL-1β production at both 1 (p=0.0057) and 2.5 (p<0.0001) µM, as did the weaker 

antimicrobials 12 (p<0.0001) and 17 (p<0.0001). As expected, there was no significant 

difference in IL-1β production between treatment with 19, which lacks antimicrobial activity due 

to the reduction of the alkene, at 2.5 µM and the no treatment control (p=0.5600), while 

treatment with 1 µM actually resulted in a significant increase in IL-1β production (p=0.0061), 

supporting our notion that covalent binding is required for the scaffold’s anti-inflammatory 

activity. Surprisingly, treatment with 17, which has an MIC 4-fold higher than that of BAY 11-

7082, resulted in a greater, though not significant (p>0.9999), reduction in IL-1β production at 

2.5 µM compared to BAY 11-7082, indicating the terminal nitrile is not required for anti-

inflammatory potency. This result suggests that while it may not be possible to develop a potent 

antimicrobial that does not also target the inflammasome, there may be room to develop a potent 

anti-inflammatory compound with a reduced impact on the microbiome. 
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Figure 8. Production of IL-1β by bone marrow-derived macrophages stimulated with 200 ng/mL 

LPS and 10 µM nigericin in the presence or absence of BAY 11-7082, or the analogue 5, 12, 17, 

or 19 at 1 or 2.5 µM. Control cells did not receive stimulation with LPS and nigericin. ND (not 

detected) indicates IL-1β levels for that condition were below the level of detection based on a 

standard curve generated for IL-1β concentration. ** p<0.01, **** p<0.0001 

 

Discussion 

Biofilm stimulation occurs in response to exposure to sub-inhibitory concentrations of 

antibiotics, independent of their MOA,14,33 making it a useful tool with advantages over 

traditional growth assays. The biofilm assay does not rely on growth inhibition at an arbitrary 

screening concentration, alerting us to hits with potential MICs above the test concentration. Our 

previous work showed that P. aeruginosa biofilm production is a useful proxy for antimicrobial 

activity, both for narrow spectrum anti-Pseudomonal compounds and for broad range molecules 
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like the antibiotic thiostrepton.20 Here we confirmed that P. aeruginosa biofilm stimulation by 

the anti-inflammatory BAY 11-7082 at 10 µM signalled its antimicrobial activity against a 

variety of species, including MRSA.  

 

BAY 11-7085 6, another anti-inflammatory and structural analogue of BAY 11-7082, was 

recently identified as an antimicrobial with activity against S. aureus and Candida albicans.34 

Similar to our findings, BAY 11-7085 lacked activity against P. aeruginosa and K. pneumoniae 

strains up to 276.7 µM, and Escobar et al. were unable to isolate BAY 11-7085-resistant mutants 

of S. aureus. Using vancomycin resistant S. aureus VRS1 they found an MIC of 16 µM in MHB 

and showed that BAY 11-7085 inhibited cell surface attachment and biofilm formation and 

eradicated established biofilms in brain heart infusion broth media with 0.1% glucose. 

Interestingly, they did not report biofilm stimulation in response to sub-MIC concentrations of 

BAY 11-7085. 

 

When initially describing BAY 11-7082 and BAY 11-7085’s anti-inflammatory activity, Pierce et 

al. suggested they act via preventing IκB-α phosphorylation initiated by cytokines like tumor 

necrosis factor-α (TNF-α), resulting in lower NF-κB activation and nuclear translocation, where 

it regulates transcription of κB sequences with various roles in immunity, cell survival, and 

apoptosis. Pierce et al. proposed BAY 11-7082 and BAY 11-7085 could inhibit a protein tyrosine 

kinase upstream of IκB-α but did not propose a specific target. Subsequent work showed that 

BAY 11-7082 binds and irreversibly inhibits mammalian PTPs through nucleophilic attack by a 

cysteine in the enzyme’s active site,18 suggesting that BAY 11-7082’s antibacterial target could 

be a PTP. In bacteria, classical PTPs play roles in virulence and host immune evasion while low 
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molecular weight PTPs are primarily involved in polysaccharide transport.35 S. aureus contains 

two low molecular weight PTPs, PtpA and PtpB, both of unknown function.36  We also 

considered the TAT system as a target, as BAY 11-7082 was previously identified as a P. 

aeruginosa TAT inhibitor, where it was also suggested to bind a nucleophilic cysteine.23 

However, another study reported that BAY 11-7082 failed to inhibit protein export via the E. coli 

TAT system.37 Further, loss of the TAT system in these species is not lethal,24,25 incongruent with 

the antimicrobial activity of BAY 11-7082, nor was its activity different in a S. aureus TAT 

mutant (Figure 3). Finally, we saw no insertions, deletions, or single nucleotide polymorphisms 

in PTP or TAT-related genes in mutants with increased resistance to BAY 11-7082 or PSPC 

(Table S1), consistent with our conclusion that BAY 11-7082’s antibacterial MOA is unrelated to 

either of these systems. Given our inability to identify a molecular target for BAY 11-7082, we 

suggest that the mechanism is likely complex and multifaceted. While this may be due in part to 

the potential promiscuity conferred by BAY 11-7082’s αβ-unsaturated sulfonyl, this moiety is 

absent in PSPC, suggesting it does not play a role in the compound’s MOA. 

 

The αβ-unsaturated center, characteristic of highly-reactive Michael acceptors, makes BAY 11-

7082 an unlikely drug candidate. Compounds containing Michael acceptors are traditionally 

considered problematic in drug development due to high reactivity, low stability, and concerns 

the compounds could irreversibly bind off-target proteins. However, views on the suitability of 

Michael acceptors and other covalent modifiers as drugs are changing – particularly in the 

anticancer space – with several recent examples of αβ-unsaturated carbonyls under 

development.38–41 This approach works best when the αβ-unsaturated carbonyl binds a known 

and biologically-uncommon target, reducing the likelihood of irreversible covalent off-target 
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binding. Despite our efforts, we were unable to identify a specific molecular target for BAY 11-

7082, suggesting the compound enacts its antibacterial effect via multiple mechanisms. We were 

also unable to identify an analogue of BAY 11-7082 lacking anti-inflammatory activity but 

retaining antibiotic potency. While dual antibiotic-anti-inflammatory compounds are an 

interesting concept and, indeed, many antibiotics have been shown to affect the inflammasome,42 

this does raise concern for potential side effects. Research from the Taunton lab aimed at 

developing reversible cysteine residue inhibitors showed that positioning a nitrile group on 

olefins increases thiol reactivity reversibility, as does positioning electron withdrawing groups at 

the α or β position of acrylonitriles.43,44 It is important to note that with the exploration of PSPC 

and the development of analogues 24-31, we showed that the αβ-unsaturated center is not 

required for potent anti-MRSA activity.  

 

Beyond its anti-inflammatory activity, BAY 11-7082 has anticancer, anti-diabetes, and 

neuroprotective properties.45–48 It is thus noteworthy that its potent activity against Gram-positive 

species could prove problematic should the compound be developed for one of these indications, 

as it has potential to impact the microbiome. This is not uncommon among drugs with human 

targets. Indeed, a recent study found 24% of all human-directed drugs tested inhibited growth of 

at least one bacterial species common to the microbiome.49 We found that analogue 17, a weak 

anti-Staphylococcal, maintains strong anti-inflammatory activity, suggesting it could be possible 

to separate the activities through careful design. 

 

Due to its potential off-target effects, perhaps a better use of this antibacterial scaffold would be 

as a lead for adjuvants used in combination with β-lactams to treat MRSA infections. Although 
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BAY 11-7082 did not re-sensitize MRSA strain USA300 to methicillin, at 1.56 µM it reduced the 

MIC of penicillin G from 3.74 µM to 0.23 µM – a 16-fold reduction. This concentration of BAY 

11-7082 is well below the 10 µM reported IC50 for inhibition of IκB-α phosphorylation,15 but 

above the concentration that significantly reduced inflammation in our macrophage model 

(Figure 6) and the Ki for some mammalian PTPs,18 suggesting that even at the low 

concentrations afforded by combination therapy, using this scaffold may result in off-target 

effects. The BAY 11-7082 analogue 5 and the PSPC analogues 25 and 26 also synergized with 

penicillin G and can be used at even lower concentrations (0.78 µM for 7 and 0.39 µM for 25 

and 26) than BAY 11-7082 to achieve the same 0.23 µM MIC for penicillin G. Both 25 and 26 

have the advantage of lacking the αβ-unsaturated center found in BAY 11-7082 and 5, making 

them the most promising candidates for development of antibacterial combination therapies. 

While we saw no evidence of cytotoxicity to macrophages for BAY 11-7082 and its analogues in 

our NLRP3 inflammasome assays, more conclusive cytotoxicity studies would be necessary to 

further pursue these compounds as leads. 

 

Conclusion 

A high-throughput screen using P. aeruginosa biofilm stimulation as an indicator of antibacterial 

activity led to identification of BAY 11-7082 as a broad-spectrum antimicrobial, with activity 

against multiple priority pathogens, including MRSA. This work confirms biofilm stimulation as 

a useful screening method for identifying compounds with broad activity. We were able to 

improve upon the potency of BAY 11-7082 by switching to a new chemical scaffold based on the 

molecule PSPC, which lacks the αβ-unsaturated center that may be associated with off-target 

effects and toxicity. Our analogues 25 and 26 potentiate the activity of β-lactams like penicillin G 



Ph.D. Thesis – V. E. Coles; McMaster University – Biochemistry and Biomedical Sciences 

54 

 

to reduce the concentration needed to inhibit the growth of MRSA. These two compounds 

therefore represent an interesting starting point for the development of an antibacterial adjuvant 

for the treatment of MRSA. 

 

Methods 

Bacterial strains, culture conditions, and chemicals  

Bacterial strains used in this study include P. aeruginosa PAO150, S. aureus 15981,51 B. subtilis 

168,52 E. coli K-12 W311053, A. baumannii ATCC 1798720, and K. pneumoniae MKP103.54 P. 

aeruginosa PA14 and the ΔtatC transposon mutant were from the PA14NR Set transposon 

mutant library28 and S. aureus USA300 and the ΔtatC transposon mutant was from the Nebraska 

transposon mutant library.29 Bacterial cultures were grown in lysogeny broth (LB), 10% LB 

(10% LB, 90% 1X phosphate buffered saline), or Mueller-Hinton broth (MHB). Solid media was 

solidified with 1.5% agar. Compounds 1, 7-22, and 26-37 were synthesized for this work. One 

hundred mM stock solutions were made in DMSO and stored at -20 °C. Stock solutions of 

tetracycline (EMD Millipore), piperacillin (Sigma, 40 mg/mL stock solution), penicillin G (Fluka 

Analytica), rifampin (Sigma, 1 mg/mL stock solution prepared in DMSO), thiostrepton (Sigma, 5 

mM stock solution prepared in DMSO), methicillin (Cayman Chemicals), gentamicin 

(BioShops), and vancomycin (Sigma, stock solution prepared in DMSO) were prepared at 10 

mg/mL in sterile de-ionized H2O except where noted and stored at -20 °C. 

 

Compound screening  

The McMaster Bioactive compound collection was screened using a biofilm modulation assay, 

as previously described.20 
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Inhibitory concentration assays 

All bacterial strains were inoculated from -80 °C glycerol stocks into 5 mL media, and incubated 

with shaking, 200 rpm, 37 °C for 16 h. Cultures were sub-cultured in a 1:500 dilution, grown for 

4 h, and diluted in fresh media to an OD600 of ~ 0.1, then diluted 1:500. Minimal inhibitory 

concentration values were determined in 96-well plates (Nunc) using compounds serially diluted 

in DMSO. Each well had a final volume of 150 µL. Sterile control wells contained 148 µL of 

corresponding broth and 2 µL DMSO while vehicle control wells contained 148 µL dilute 

bacterial culture and 2 µL DMSO. Plates were sealed in a container and incubated with shaking, 

200 rpm, 37 °C, 16 h. The OD600 of plates was read using a Multiscan GO (Thermo Fisher 

Scientific) and used to calculate the inhibitory concentration. All MIC values presented in Figure 

2 and Figure 3 were conducted with S. aureus 15981 grown in MHB and are based on 

experiments preformed in duplicate. All other inhibitory concentration data was conducted in 

media as specified and is based on at least three independent experiments preformed in triplicate. 

MIC values were defined as < 20% of the vehicle control, where growth is no longer visible.20 

Where specified, media was pH-adjusted using 6 N sodium hydroxide and 6 M hydrogen 

chloride.  

 

Biofilm modulation assays 

Biofilm assays were preformed as previously described.20 Briefly, P. aeruginosa PAO1 was 

inoculated from -80 °C glycerol stocks into 5 mL 10% LB, and incubated with shaking, 200 rpm, 

37 °C for 16 h. Cultures were sub-cultured in a 1:500 dilution, grown for 4 h, and diluted in fresh 

media to an OD600 of ~ 0.1, then diluted 1:500. Plates were set up as for the inhibitory 

concentration assays. Biofilms were formed on the polystyrene pegs of MicroWell lids (Nunc), 
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which were placed on assay plates prior to 16 h incubation with shaking, 200 rpm, 37 °C. 

Following incubation, lids were removed and planktonic growth (OD600) was measured. Lids 

were immersed in 1X phosphate buffered saline and washed for 10 min, then biofilms adhering 

to the lids were stained in 0.1% crystal violet for 15 min. Excess crystal violet was removed by 

immersing the lids in deionized water for 5 min, then repeating this wash step four additional 

times. Lids dried for 1 h then were transferred to a new 96-well plate containing 200 µL 33.3% 

acetic acid per well for 5 min to solubilize the crystal violet. The absorbance (Abs600) of the 96-

well plates was read using a Multiscan GO (Thermo Fisher Scientific). Three independent 

experiments were preformed in triplicate and technical triplicates were averaged. The mean and 

standard error of the independent biological replicates are shown. 

 

Liquid serial passage assays  

S. aureus 15981 was taken from -80 °C stocks, inoculated into 5 mL MHB, and grown with 

shaking, 200 rpm, 37°C for 24 h. One hundred µL culture was inoculated into fresh MHB 

supplemented with BAY 11-7082 or PSPC at 1 (B13, B16, and P11), 3 (B36, P3M), or 6 (P6M) 

µM and grown with shaking 200 rpm, 37°C for 24 h. One hundred µL culture was inoculated 

into fresh MHB supplemented with BAY 11-7082 or PSPC at the same concentration as the 

previous day. This serial liquid passage continued for 14 days, at which point cultures were 

purified on MHA with or without compound.  

 

Genome assembly and identification of SNPs 

Genomic DNA was purified using the Wizard Genomic DNA purification kit (Promega) then 

sequenced via Illumina sequencing. Quality control and trimming of sequencing reads was 
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accomplished using Galaxy through FASTQC for quality control, FASTQC Groomer to reformat 

reads, Trimmomatic to trim poor quality reads, FASTQC Interlacer to reorder reads, and 

FASTQC De-Interlacter. Contigs were assembled for the S. aureus 15981 genome using SPAdes 

and genomes were mapped to reference genomes of two closely related species, S. aureus 

USA300 and USA500, using BreSeq. 

 

Growth curves  

S. aureus 15981 and the six BAY 11-7082- or PSPC-resistant mutants (B13, B16, B36, P11, 

P3M, P6M) were taken from -80 °C stocks, inoculated into 2 mL MHB, and grown with shaking, 

200 rpm, 37°C for 16 h. Overnight cultures were sub-cultured in a 1:500 dilution, grown for 4 h, 

and diluted in fresh media to an OD600 of ~ 0.1, then diluted 1:500. Three replicates of 150 µL of 

each sample was added to a 96-well plate and incubated with moderate shaking at 37 °C (BioTek 

Synergy 4 Plate Reader) and the OD600 was measured at 30 min intervals for 16 h. Technical 

replicates were averaged and the experiment was repeated at least three times for each strain. The 

mean and standard error of the independent biological replicates are shown. P-values were 

calculating using a one-way ANOVA and Tukey’s multiple comparison test. 

 

DiSC3(5) assays  

The DiSC3(5) assay was preformed in accordance with modifications by Farha et al55 to a 

method by Epand et al56, with some modifications. Briefly, S. aureus USA300 was taken from -

80 °C stock, inoculated into 5 mL MHB, and grown with shaking, 200 rpm, 37 °C for 16 h. 

Cultures were sub-cultured in a 1:500 dilution and grown for 4 h. Cells were pelleted and washed 

three times in buffer (10 mM potassium phosphate, 5 mM MgSO4, and 250 mM sucrose, pH 
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7.0), then resuspended in buffer to an OD600 of 0.1. DiSC3(5) was added at 1 µM and allowed to 

stabilize at room temperature in the dark for 20 minutes. BAY 11-7082, PSPC, valinomycin, 

nigericin, and CCCP were diluted in DMSO and added in triplicate to a white, clear-bottom, 96-

well plate (Costar, Corning Inc), along with cells. Vehicle control wells contained 2 µL DMSO 

and 148 µL bacteria suspended in buffer with dye. Fluorescence was measured (BioTek Synergy 

4 Plate Reader) at an excitation wavelength of 620 nm and an emission wavelength of 685 nm at 

the start time, then every 50 s for 10 min and every 5 min for the next 30 min. The mean and 

standard error of three technical replicates for each condition are plotted at the start time. P-

values were calculating using a one-way ANOVA and Tukey’s multiple comparison test.   

 

Checkerboard assays  

Checkerboard assays were set up identically to inhibitory concentration assays, except 

compounds were added to an 8x8 section of a 96-well plate with increasing concentrations of 

one compound across the X-axis and increasing concentrations of the other compound across the 

Y-axis. Plates were incubated with shaking, 200 rpm, 37 °C, 16 h. The OD600 of plates was read 

using a Multiscan GO (Thermo Fisher Scientific). At least three biological replicates were 

averaged for each checkerboard. Synergy was determined using the following formular for 

fractional inhibitory concentration index (FICI), where values < 0.5 represent synergy and values 

> 4 represent antagonism32: 

MICCompound A in combination

MICCompound A alone
+ 

MICCompound B in combination

MICCompound B alone
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NLRP3 inflammasome assays 

In-house male wild type C57BL/6 J mice (Jackson Laboratory) aged four to twelve weeks were 

humanely sacrificed to generate bone marrow derived macrophages (BMDMs), as previously 

described.57 Briefly, bone marrow was isolated by flushing the marrow cavity of the femur with 

sterile saline. Cells recovered from femur flushes were propagated in tissue culture flasks at 1 x 

106 cells/mL in L929 differentiation media at 37 °C for four days. Additional L929 media was 

added and cells were transferred to 24-well plates and incubated for another 5-7 days to allow for 

maturation of BMDMs. L929 media was removed from BMDMs, wells were washed with PBS, 

and Dulbecco’s Modified Eagle Medium (DMEM) (600 µL) was added. BMDMs were treated 

with BAY 11-7082 or analogues at a final concentration of 1 and 2.5 µM and E. coli O111:B4 

LPS diluted in endotoxin-free ultra pure water at a final concentration of 200 ng/mL and 

incubated at 37 °C for 3 h. Nigericin diluted in DMEM was added at a final concentration of 10 

µM and cells were incubated for an additional 45 min. Each condition was tested in at least six 

biological replicates in BMDMs from a single mouse. Two hundred and fifty µL of media was 

removed from each well and frozen until IL-1β secretion could be measured by ELISA, (DuoSet 

ELISA, Mouse 1L-1β/IL-1F2, R&D Systems), as previously described.58 Media was diluted in a 

1:10 ratio in ELISA reagent dilute (1% BSA in PBS) for the LPS and nigericin condition and all 

test conditions. Media from the control condition, which lacked LPS, nigericin, or the analogues, 

was diluted in a 1:1 ratio in ELISA reagent dilute. Absorbance at 450 and 570 nm of the 96-well 

plate following ELISA was read and values at 570 nm were subtracted from values at 450 nm to 

correct for optical imperfections. IL-1β levels corresponding to the subtracted absorbance values 

were determined by interpolating from a standard curve generated using IL-1β concentrations 

ranging from 0 pg/mL to 1000 pg/mL. The mean and standard error for at least six independent 
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biological replicates is shown. P-values were calculating using a one-way ANOVA and Tukey’s 

multiple comparison test. 
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Supporting Information 

 

Figure S1. Planktonic growth (optical density at 600 nm as a percent of the DMSO control) of 

seven bacterial species grown in LB (left) or MHB (right) with increasing concentrations of BAY 

11-7082. The MIC is equal to 20% or less of control growth. 
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Figure S2. BAY 11-7082 inhibits the growth of a collection of clinically relevant pathogens and 

strains from the Antibiotic Resistance Platform.1 The collection of strains (top), including S. 

aureus 15981, S. aureus USA300, E. coli W3110, K. pneumoniae MKP103, E. coli BW25113, E. 

coli BW25113 (WT) ΔbamBΔtolC (bamBtolC), and E. coli BW25113 ΔbamBΔtolC strains 

containing common antibiotic resistance elements, as labeled, were spotted on MHA with or 

without BAY 11-7082 at concentrations 25, 50, or 100 µM. At 25 and 50 µM only E. coli WT 

and W3110 strains, an mcr-1 strain (which is in the WT background), and K. pneumoniae grew, 

while at 100 µM, only K. pneumoniae grew.  
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Figure S3. PSPC (22), like BAY 11-7082, stimulates biofilm formation and has potent anti-

Staphylococcal activity. (A) Structure of PSPC. (B) PSPC stimulates biofilm formation 

(absorbance of crystal violet at 600 nm as a percent of the DMSO control) and decreases 

planktonic growth (optical density at 600 nm as a percent of the DMSO control) of P. aeruginosa 

PAO1 in 10% LB. (C) Planktonic growth (optical density at 600 nm as a percent of the DMSO 

control) of seven bacterial species grown in 10% LB (left), LB (center) or MHB (right) with 

increasing concentrations of PSPC.  
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Figure S4. BAY 11-7082 and PSPC-resistant mutants and the parent strain S. aureus 15981 are 

equally susceptible to tetracycline and piperacillin. Planktonic growth (optical density at 600 nm 

as a percent of the DMSO control) of S. aureus 15981 or a mutant strain grown in MHB with 

increasing concentrations of tetracycline (left) or piperacillin (right). 

 

 

 

Table S1. Summary of single nucleotide polymorphisms in BAY 11-7082 and PSPC-resistant 

mutants that differ from the parent S. aureus 15981 strain. Available from the authors on request 

as an Excel file. 
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General Procedure A for the formation of acrylonitriles, acrylamides and methyl acrylates 

sulfones: 

 

Adapted from a procedure by Gian et al.,2 to a stirring solution of sodium sulfinate (2) (2 equiv.) 

and Na2CO3 (2 equiv.) in DMF (0.25 M) was added 2,3-dibromopropane nitrile, carboxamide 

or methyl ester (3) (1 equiv.). The resulting mixture was heated up to 80 °C and was stirred 

overnight. The crude mixture was cooled to room temperature, diluted in water, and extracted with 

EtOAc (3x). The organic layers were combined and washed with brine (1x), dried over MgSO4, 

filtered and concentrated under reduced pressure. Purification was executed by normal phase flash 

chromatography. 

 

General Procedure B for the formation of o-sulfonylcarbonitrile pyrazines and pyridines: 

 

To a stirring solution of o-chlorocarbonitrile pyrazine or pyridine (21) (1 equiv.) and Na2SO3 

(1.3 equiv.) in H2O (0.2 M) was added sulfonyl chloride (22) (1.2 equiv.). The resulting mixture 

was heated to 100 °C and stirred overnight. The crude mixture was cooled to room temperature 

and extracted with EtOAc (3x). The organic layers were combined and washed with H2O (1x) and 

brine (1x), dried over MgSO4, filtered and concentrated under reduced pressure. Purification was 

executed by reverse phase chromatography, compound-rich fractions were concentrated to 

dryness, taken into nanopure water, frozen, and lyophilized to yield the desired products. 
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Synthesis of (E)-3-tosylacrylonitrile (1): 

 

Following the general procedure A on 213 mg (1.00 mmol) of 2,3-dibromopropanenitrile, 

purification afforded 7.0 mg (3% yield) of (E)-3-tosylacrylonitrile as a white solid. (Gradient 

from 0 to 20% EtOAc/hexanes) 

1H NMR (700 MHz, Chloroform-d) δ 7.78 (d, J = 8.1 Hz, 2H), 7.41 (d, J = 8.0 Hz, 2H), 7.21 (d, J 

= 15.7 Hz, 1H), 6.51 (d, J = 15.7 Hz, 1H), 2.48 (s, 3H). 

13C NMR (176 MHz, Chloroform-d) δ 149.48, 146.68, 134.35, 130.73, 128.73, 113.54, 110.25, 

21.93. 

HRMS (ESI+): [M+Na]+ calculated for C10H9NO2SNa = 230.02462 m/z; found = 230.02529 m/z.  

 

Synthesis of (E)-3-((4-fluorophenyl)sulfonyl)acrylonitrile (5): 

 

Following the general procedure A on 213 mg (1.00 mmol) of 2,3-dibromopropanenitrile, 

purification afforded 17.8 mg (9% yield) of (E)-3-((4-fluorophenyl)sulfonyl)acrylonitrile as a 

white solid. (Gradient from 0 to 20% EtOAc/hexanes) 

1H NMR (700 MHz, Chloroform-d) δ 7.95 – 7.92 (m, 2H), 7.31 (t, J = 8.9, 8.0 Hz, 2H), 7.21 (d, J 

= 15.6 Hz, 1H), 6.56 (d, J = 15.6 Hz, 1H). 

13C NMR (176 MHz, Chloroform-d) δ 167.40, 165.93, 148.81, 131.63, 117.53, 113.19, 110.92. 

HRMS (ESI+): [M+Na]+ calculated for C9H6FNO2SNa = 233.99952 m/z; found = m/z. 
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Synthesis of (E)-3-((4-(tert-butyl)phenyl)sulfonyl)acrylonitrile (6): 

  

Following the general procedure A on 212.9 mg (1.00 mmol) of 2,3-dibromopropanenitrile, 

purification afforded 75.6 mg (30% yield) of (E)-3-((4-(tert-butyl)phenyl)sulfonyl)acrylonitrile 

as a white solid. (Gradient from 0 to 20% EtOAc/hexanes) 

1H NMR (700 MHz, DMSO-d6) δ 8.22 (d, J = 15.6 Hz, 1H), 7.86 – 7.82 (m, 2H), 7.76 – 7.72 (m, 

2H), 6.89 (d, J = 15.6 Hz, 1H), 1.31 (s, 9H). 

13C NMR (176 MHz, DMSO-d6) δ 158.82, 149.85, 135.07, 128.51, 127.44, 115.11, 112.22, 35.65, 

31.13. 

HRMS (ESI+): [M+H]+ calculated for C13H16NO2S = 250.08958 m/z; found = 250.08857 m/z. 

HRMS (ESI+): [M+Na]+ calculated for C13H15NO2SNa = 272.07152 m/z; found = 272.07121 m/z. 

 

Synthesis of (E)-3-(naphthalen-2-ylsulfonyl)acrylamide (7):  

 

Following the general procedure A on 230.9 mg (1.00 mmol) of 2,3-

dibromopropanecarboxamide, purification afforded 256.9 mg (98% yield) of (E)-3-

(naphthalen-2-ylsulfonyl)acrylamide as a white solid. (Gradient from 0 to 20% EtOAc/hexanes) 

1H NMR (700 MHz, DMSO-d6) δ 8.64 (d, J = 1.9 Hz, 1H), 8.24 (dd, J = 8.1, 1.2 Hz, 1H), 8.21 

(d, J = 8.7 Hz, 1H), 8.12 – 8.08 (m, 1H), 8.04 (s, 1H), 7.89 (dd, J = 8.7, 1.9 Hz, 1H), 7.77 (ddd, J 

= 8.2, 6.8, 1.3 Hz, 1H), 7.72 (ddd, J = 8.1, 6.8, 1.3 Hz, 1H), 7.69 (s, 1H), 7.52 (d, J = 15.0 Hz, 

1H), 7.03 (d, J = 15.0 Hz, 1H). 

13C NMR (176 MHz, DMSO-d6) δ 163.08, 139.02, 135.81, 135.36, 134.94, 131.82, 129.94, 

129.71, 129.58, 129.49, 127.98, 127.93, 122.42. 

HRMS (ESI+): [M+Na]+ calculated for C13H11NO3SNa = 284.03522 m/z; found = 284.03519 m/z. 
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Synthesis of (E)-3-(phenylsulfonyl)acrylonitrile (8): 

  

Following the general procedure A on 212.9 mg (1.00 mmol) of 2,3-dibromopropanenitrile, 

purification afforded 75.6 mg of (E)-3-(phenylsulfonyl)acrylonitrile as a brown solid. (Gradient 

from 0 to 20% EtOAc/hexanes) 

 

Synthesis of methyl (E)-3-tosylacrylate (9): 

 

Following the general procedure A on 230.9 mg (1.00 mmol) of methyl 2,3-dibromopropanate, 

purification afforded 180.5 mg (80% yield) of methyl (E)-3-tosylacrylate as a white solid. 

(Gradient from 0 to 20% EtOAc/hexanes) 

1H NMR (700 MHz, DMSO-d6) δ 1H NMR (700 MHz, DMSO-d6) δ 7.85 – 7.82 (m, 2H), 7.78 

(d, J = 15.2 Hz, 1H), 7.52 – 7.48 (m, 2H), 6.75 (d, J = 15.2 Hz, 1H), 3.73 (s, 3H), 2.42 (s, 3H). 

13C NMR (176 MHz, DMSO-d6) δ 164.16, 145.95, 143.73, 135.76, 130.79, 130.76, 128.57, 53.11, 

21.63. 

HRMS (ESI+): [M+H]+ calculated for C11H13O4S = 241.05288 m/z; found = 241.05289 m/z. 

HRMS (ESI+): [M+Na]+ calculated for C11H12O4SNa = 263.03482 m/z; found = 263.03452 m/z.  
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Synthesis of methyl (E)-3-(naphthalen-2-ylsulfonyl)acrylate (10): 

 

Following the general procedure A on 212.8 mg (1.00 mmol) of methyl 2,3-dibromopropanate, 

purification afforded 10.0 mg (4% yield) of methyl (E)-3-(naphthalen-2-ylsulfonyl)acrylate as 

a white solid. (Gradient from 0 to 20% EtOAc/hexanes) 

1H NMR (700 MHz, Chloroform-d) δ 8.56 – 8.51 (m, 1H), 8.05 – 7.99 (m, 2H), 7.95 (d, J = 8.2 

Hz, 1H), 7.84 (dd, J = 8.6, 1.9 Hz, 1H), 7.71 (ddd, J = 8.2, 6.9, 1.3 Hz, 1H), 7.67 – 7.64 (m, 1H), 

7.40 (d, J = 15.1 Hz, 1H), 6.89 (d, J = 15.1 Hz, 1H), 3.80 (s, 3H). 

13C NMR (176 MHz, Chloroform-d) δ 163.93, 143.51, 135.61, 135.20, 132.30, 130.52, 130.51, 

130.04, 129.80, 129.54, 128.08, 127.99, 122.57, 52.79. 

HRMS (ESI+): [M+Na]+ calculated for C14H12O4SNa = 299.03482 m/z; found = 299.03521 m/z. 

 

Synthesis of (E)-3-((4-(trifluoromethyl)phenyl)sulfonyl)acrylamide (11): 

 

Following the general procedure A on 230.9 mg (1.00 mmol) of 2,3-

dibromopropanecarboxamide, purification afforded 209.5 mg (75% yield) of (E)-3-((4-

(trifluoromethyl)phenyl)sulfonyl)acrylamide as a white solid. (Gradient from 0 to 40% 

EtOAc/hexanes) 

1H NMR (700 MHz, DMSO-d6) δ 8.16 (d, J = 8.2 Hz, 2H), 8.08 (d, J = 8.3 Hz, 2H), 8.06 (s, 1H), 

7.73 (s, 1H), 7.57 (d, J = 15.0 Hz, 1H), 7.07 (d, J = 15.0 Hz, 1H). 

13C NMR (176 MHz, DMSO-d6) δ 163.33, 143.30, 138.67, 137.25, 134.23, 129.33, 127.43, 

123.01. 

HRMS (ESI+): [M+H]+ calculated for C10H9F3NO3S = 280.02498 m/z; found = 280.02643 m/z. 
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Synthesis of (E)-3-(quinolin-8-ylsulfonyl)acrylonitrile (12): 

 

Following the general procedure A on 212.9 mg (1.00 mmol) of 2,3-dibromopropanenitrile, 

purification afforded 75.6 mg of (E)-3-(quinolin-8-ylsulfonyl)acrylonitrile as a brown solid. 

(Gradient from 0 to 20% EtOAc/hexanes) 

1H NMR (700 MHz, Chloroform-d) δ 9.11 (dd, J = 4.2, 1.7 Hz, 1H), 8.53 (dd, J = 7.3, 1.5 Hz, 

1H), 8.31 (dd, J = 8.3, 1.8 Hz, 1H), 8.25 – 8.17 (m, 2H), 7.74 (dd, J = 8.2, 7.4 Hz, 1H), 7.62 (dd, 

J = 8.3, 4.2 Hz, 1H), 6.70 (d, J = 15.9 Hz, 1H). 

13C NMR (176 MHz, Chloroform-d) δ 152.08, 150.46, 144.02, 136.96, 135.67, 135.60, 131.89, 

129.14, 126.00, 122.92, 114.01, 111.55. 

HRMS (ESI+): [M+Na]+ calculated for C12H8N2O2SNa = 267.01982 m/z; found = 267.02129 m/z. 

 

Synthesis of methyl (E)-3-((4-fluorophenyl)sulfonyl)acrylate (13): 

 

Following the general procedure A on 245.9 mg (1.00 mmol) of methyl 2,3-dibromopropanate, 

purification afforded 131.2 mg (34% yield) of methyl (E)-3-((4-fluorophenyl)sulfonyl)acrylate 

as a white solid. (Gradient from 0 to 20% EtOAc/hexanes) 

1H NMR (700 MHz, Chloroform-d) δ 7.94 – 7.91 (m, 2H), 7.31 (d, J = 15.2 Hz, 1H), 7.28 – 7.23 

(m, 2H), 6.83 (d, J = 15.1 Hz, 1H), 3.79 (s, 3H). 

13C NMR (176 MHz, Chloroform-d) δ 167.15, 165.68, 163.94, 143.39, 131.46, 130.83, 117.21, 

52.99. 

HRMS (ESI+): [M+Na]+ calculated for C10H9FO4SNa = 267.00982 m/z; found = 267.01055 m/z. 
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Synthesis of methyl (E)-3-(quinolin-8-ylsulfonyl)acrylate (14): 

 

Following the general procedure A on 245.9 mg (1.00 mmol) of 2,3-

dibromopropanecarboxamide, purification afforded 139.4 mg (50% yield) of methyl (E)-3-

(quinolin-8-ylsulfonyl)acrylate as a brown solid. (Gradient from 0 to 20% EtOAc/hexanes) 

1H NMR (700 MHz, DMSO-d6) δ 9.14 (dd, J = 4.2, 1.8 Hz, 1H), 8.63 – 8.59 (m, 1H), 8.49 (dd, J 

= 7.3, 1.4 Hz, 1H), 8.45 (dd, J = 8.3, 1.4 Hz, 1H), 8.15 (d, J = 15.4 Hz, 1H), 7.87 (dd, J = 8.1, 7.3 

Hz, 1H), 7.76 (dd, J = 8.3, 4.2 Hz, 1H), 6.92 (d, J = 15.4 Hz, 1H), 3.72 (s, 3H).  

13C NMR (176 MHz, DMSO-d6) δ 164.28, 152.51, 144.21, 143.49, 137.73, 136.27, 135.87, 

131.77, 131.65, 129.18, 126.60, 123.46, 53.16. 

HRMS (ESI+): [M+H]+ calculated for C13H12NO4S = 278.04818 m/z; found = 278.04803 m/z. 

HRMS (ESI+): [M+Na]+ calculated for C13H11NO4SNa = 300.03012 m/z; found = 300.03023 m/z. 

 

Synthesis of (E)-3-(quinolin-8-ylsulfonyl)acrylamide (15): 

 

Following the general procedure A on 230.9 mg (1.00 mmol) of 2,3-

dibromopropanecarboxamide, purification afforded 43.3 mg (17% yield) of (E)-3-(quinolin-8-

ylsulfonyl)acrylamide as a brown solid. (Gradient from 0 to 20% EtOAc/hexanes) 

1H NMR (700 MHz, DMSO-d6) δ 9.14 (dd, J = 4.2, 1.7 Hz, 1H), 8.61 (dd, J = 8.4, 1.8 Hz, 1H), 

8.45 (ddd, J = 24.6, 7.8, 1.5 Hz, 2H), 8.05 (s, 1H), 7.94 (d, J = 15.2 Hz, 1H), 7.86 (dd, J = 8.2, 

7.3 

Hz, 1H), 7.76 (dd, J = 8.3, 4.2 Hz, 1H), 7.67 (s, 1H), 7.12 (d, J = 15.2 Hz, 1H). 

13C NMR (176 MHz, DMSO-d6) δ 163.69, 152.41, 143.52, 140.33, 137.68, 136.56, 136.35, 

135.98, 131.32, 129.19, 126.56, 123.40. 

HRMS (ESI+): [M+Na]+ calculated for C12H10N2O3SNa = 285.03042 m/z; found = 285.03116 m/z.  
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Synthesis of (E)-3-((4-fluorophenyl)sulfonyl)acrylamide (16):  

 

Following the general procedure A on 230.9 mg (1.00 mmol) of 2,3-

dibromopropanecarboxamide, purification afforded 125.0 mg (55% yield) of (E)-3-((4-

fluorophenyl)sulfonyl)acrylamide as a white solid. (Gradient from 0 to 20% EtOAc/hexanes) 

1H NMR (700 MHz, DMSO-d6) δ 8.03 (s, 1H), 8.02 – 7.99 (m, 2H), 7.69 (s, 1H), 7.56 – 7.52 (m, 

2H), 7.49 (d, J = 15.0 Hz, 1H), 6.98 (d, J = 15.0 Hz, 1H). 

13C NMR (176 MHz, DMSO-d6) δ 165.82, 163.50, 139.41, 135.89, 135.70, 131.58, 117.57.  

HRMS (ESI+): [M+H]+ calculated for C9H9FNO3S = 230.02818 m/z; found = 230.02854 m/z. 

 

Synthesis of (E)-3-tosylacrylamide (17): 

 

 

Following the general procedure A on 230.9 mg (1.00 mmol) of 2,3-

dibromopropanecarboxamide, purification afforded 180.5 mg (80% yield) of (E)-3-

tosylacrylamide as a white solid. (Gradient from 0 to 40% EtOAc/hexanes) 

1H NMR (700 MHz, DMSO-d6) δ 8.02 (s, 1H), 7.80 (d, J = 7.9 Hz, 2H), 7.67 (s, 1H), 7.48 (d, J = 

8.0 Hz, 2H), 7.41 (d, J = 15.1 Hz, 1H), 6.95 (d, J = 14.9 Hz, 1H), 2.41 (s, 3H). 

13C NMR (176 MHz, DMSO-d6) δ 163.14, 145.09, 139.30, 135.96, 134.81, 130.26, 127.77, 21.13. 

HRMS (ESI+): [M+Na]+ calculated for C10H11NO3SNa = 248.03522 m/z; found = 248.03636 m/z. 
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Synthesis of methyl (E)-3-((4-(trifluoromethyl)phenyl)sulfonyl)acrylate (18): 

 

Following the general procedure A on 245.9 mg (1.00 mmol) of methyl 2,3-dibromopropanate, 

purification afforded 129.0 mg (44% yield) of methyl (E)-3-((4-

(trifluoromethyl)phenyl)sulfonyl)acrylate as a white solid. (Gradient from 0 to 20% 

EtOAc/hexanes) 

1H NMR (700 MHz, DMSO-d6) δ 8.21 – 8.16 (m, 2H), 8.10 – 8.06 (m, 2H), 7.93 (d, J = 15.2 Hz, 

1H), 6.89 (d, J = 15.2 Hz, 1H), 3.74 (s, 3H). 

13C NMR (176 MHz, DMSO-d6) δ 163.94, 142.71, 142.53, 134.47, 132.76, 129.65, 127.42, 

123.63, 53.19. 

HRMS (ESI+): [M+H]+ calculated for C11H10F3O4S = 295.02468 m/z; found = 295.02445 m/z. 

HRMS (ESI+): [M+Na]+ calculated for C11H9F3O4SNa = 317.00662 m/z; found = 317.00673 m/z. 

 

Synthesis of 3-((4-fluorophenyl)sulfonyl)propanenitrile (19): 

  

110 mg (0.52 mmol) of (E)-3-((4-fluorophenyl)sulfonyl)acrylonitrile (5) was dissolved in 5 mL 

ethanol and 20% w/w Pd/C was added. The reaction was stirred at room temperature under 

hydrogen atmosphere for 48 h and filtered through a silica pad using DCM. Purification afforded 

100 mg (90% yield) of (3-((4-fluorophenyl)sulfonyl)propanenitrile as a white solid.  

1H NMR (700 MHz, DMSO-d6) δ 8.03 – 7.99 (m, 2H), 7.56 – 7.51 (m, 2H), 3.75 (t, J = 6.9 Hz, 

2H), 2.87 (t, J = 6.9 Hz, 2H). 

13C NMR (176 MHz, DMSO-d6) δ 165.89, 134.79, 131.86, 118.14, 117.33, 50.10, 11.94. 

HRMS (ESI+): [M+Na]+ calculated for C9H8FNO2SNa = 236.01522 m/z; found = 236.01540 m/z. 
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Synthesis of 3-(phenylsulfonyl)pyrazine-2-carbonitrile (20): 

 

Following the general procedure B on 100 mg (0.72 mmol) of 3-chloropyrazine-2-carbonitrile, 

purification afforded 26.2 mg (15% yield) of 3-(phenylsulfonyl)pyrazine-2-carbonitrile as a 

white solid. (Gradient from 5 to 100% MeCN/H2O) 

1H NMR (700 MHz, Chloroform-d) δ 8.86 (d, J = 2.3 Hz, 1H), 8.82 (d, J = 2.3 Hz, 1H), 8.19 – 

8.16 (m, 2H), 7.73 (ddt, J = 8.7, 7.4, 1.3 Hz, 1H), 7.65 – 7.61 (m, 2H). 

13C NMR (176 MHz, Chloroform-d) δ 157.14, 147.06, 145.92, 137.03, 135.26, 129.69, 128.40, 

113.05. 

HRMS (ESI+): [M+H]+ calculated for C11H8N3O2S = 246.03318 m/z; found = 246.03185 m/z. 

HRMS (ESI+): [M+Na]+ calculated for C11H7N3O2SNa = 268.01512 m/z; found = 268.01459 m/z. 

 

Synthesis of 3-((4-chlorophenyl)sulfonyl)pyrazine-2-carbonitrile (24): 

 

Following the general procedure B on 100 mg (0.72 mmol) of 3-chloropyrazine-2-carbonitrile, 

purification afforded 11.6 mg (6% yield) of 3-((4-chlorophenyl)sulfonyl)pyrazine-2-carbonitrile 

as a white solid. (Gradient from 5 to 100% MeCN/H2O) 

1H NMR (700 MHz, DMSO-d6) δ 9.12 – 9.09 (m, 1H), 9.04 – 9.01 (m, 1H), 8.06 (d, J = 8.3 Hz, 

2H), 7.81 (d, J = 8.4 Hz, 2H). 

13C NMR (176 MHz, DMSO-d6) δ 155.10, 148.63, 147.42, 140.65, 135.34, 131.20, 130.01, 

126.82, 113.80. 

HRMS (ESI+): [M+Na]+ calculated for C11H6ClN3O2SNa = 301.97612 m/z; found = 301.97751 m/z. 
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Synthesis of 3-((4-bromophenyl)sulfonyl)pyrazine-2-carbonitrile (25): 

 

Following the general procedure B on 100 mg (0.72 mmol) of 3-chloropyrazine-2-carbonitrile, 

purification afforded 10.0 mg (4% yield) of 3-((4-bromophenyl)sulfonyl)pyrazine-2-carbonitrile 

as a white solid. (Gradient from 5 to 100% MeCN/H2O) 

1H NMR (700 MHz, DMSO-d6) δ 9.11 (d, J = 2.3 Hz, 1H), 9.02 (d, J = 2.3 Hz, 1H), 7.99 – 7.93 

(m, 4H). 

13C NMR (176 MHz, DMSO-d6) δ 155.54, 149.10, 147.91, 136.25, 133.43, 131.64, 130.40, 

127.29, 114.28. 

HRMS (ESI+): [M+Na]+ calculated for C11H6BrN3O2SNa = 345.92562 m/z; found = 345.92701 m/z. 

 

Synthesis of 3-((4-(trifluoromethyl)phenyl)sulfonyl)pyrazine-2-carbonitrile (26): 

 

Following the general procedure B on 100 mg (0.72 mmol) of 3-chloropyrazine-2-carbonitrile, 

purification afforded 24.0 mg (11% yield) of 3-((4-(trifluoromethyl)phenyl)sulfonyl)pyrazine-2-

carbonitrile as a white solid. (Gradient from 5 to 100% MeCN/H2O) 

1H NMR (700 MHz, DMSO-d6) δ 9.12 (d, J = 2.2 Hz, 1H), 9.03 (dd, J = 2.3, 1.0 Hz, 1H), 8.28 (d, 

J = 8.2 Hz, 2H), 8.12 (d, J = 8.2 Hz, 2H). 

13C NMR (176 MHz, DMSO-d6) δ 154.68, 148.77, 147.44, 140.56, 134.62, 134.44, 130.39, 

127.14, 126.92, 113.77. 

HRMS (ESI+): [M+H]+ calculated for C12H7F3N3O2S = 314.02057 m/z; found = 314.02177 m/z. 

HRMS (ESI+): [M+Na]+ calculated for C12H6F3N3O2SNa = 336.00252 m/z; found = 336.00414 m/z. 
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Synthesis of 3-((2,4-difluorophenyl)sulfonyl)pyrazine-2-carbonitrile (27): 

 

Following the general procedure B on 100 mg (0.72 mmol) of 3-chloropyrazine-2-carbonitrile, 

purification afforded 39.8 mg (20% yield) of 3-((2,4-difluorophenyl)sulfonyl)pyrazine-2-

carbonitrile as a white solid. (Gradient from 5 to 100% MeCN/H2O) 

1H NMR (700 MHz, DMSO-d6) δ 9.18 – 9.15 (m, 1H), 9.07 – 9.04 (m, 1H), 8.19 (q, J = 8.1 Hz, 

1H), 7.67 (td, J = 10.3, 1.9 Hz, 1H), 7.48 (ddd, J = 10.0, 5.8, 2.1 Hz, 1H). 

13C NMR (176 MHz, DMSO-d6) δ 167.86, 166.40, 161.23, 159.76, 154.55, 149.13, 147.55, 

133.62, 126.74, 121.07, 113.48. 

HRMS (ESI+): [M+Na]+ calculated for C11H5F2N3O2SNa = 303.99632 m/z; found = 303.99700 m/z. 

 

Synthesis of 3-((4-fluorophenyl)sulfonyl)pyrazine-2-carbonitrile (28): 

 

Following the general procedure B on 100 mg (0.72 mmol) of 3-chloropyrazine-2-carbonitrile, 

purification afforded 15.7 mg (12% yield) of 3-((4-fluorophenyl)sulfonyl)pyrazine-2-

carbonitrile as a white solid. (Gradient from 5 to 100% MeCN/H2O) 

1H NMR (700 MHz, DMSO-d6) δ 9.10 (d, J = 2.3 Hz, 1H), 9.02 (d, J = 2.3 Hz, 1H), 8.16 – 8.11 

(m, 2H), 7.61 – 7.55 (m, 2H). 

13C NMR (176 MHz, DMSO-d6) δ 166.02, 155.30, 147.99, 132.79, 132.71, 126.71, 117.21, 113.83. 

HRMS (ESI+): [M+Na]+ calculated for C11H6FN3O2SNa = 286.00572 m/z; found = 286.00707 m/z. 
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Synthesis of 3-((4-cyanophenyl)sulfonyl)pyrazine-2-carbonitrile (29): 

 

Following the general procedure B on 100 mg (0.72 mmol) of 3-chloropyrazine-2-carbonitrile, 

purification afforded 42.8 mg (22% yield) of 3-((4-cyanophenyl)sulfonyl)pyrazine-2-carbonitrile 

as a white solid. (Gradient from 5 to 100% MeCN/H2O) 

1H NMR (700 MHz, DMSO-d6) δ 9.13 (d, J = 2.4 Hz, 1H), 9.03 (d, J = 2.4 Hz, 1H), 8.22 (q, J = 

8.4 Hz, 4H). 

13C NMR (176 MHz, DMSO-d6) δ 154.57, 148.82, 147.41, 140.62, 133.75, 129.99, 127.18, 

117.50, 117.34, 113.74. 

HRMS (ESI+): [M+Na]+ calculated for C12H6N4O2SNa = 293.01032 m/z; found = 293.00973 m/z. 

 

Synthesis of 3-((2-fluorophenyl)sulfonyl)pyrazine-2-carbonitrile (30): 

 

Following the general procedure B on 100 mg (0.72 mmol) of 3-chloropyrazine-2-carbonitrile, 

purification afforded 29.2 mg (15% yield) of 3-((2-fluorophenyl)sulfonyl)pyrazine-2-carbonitrile 

as a white solid. (Gradient from 5 to 100% MeCN/H2O) 

1H NMR (700 MHz, DMSO-d6) δ 9.17 (t, J = 1.8 Hz, 1H), 9.05 (dd, J = 2.3, 1.3 Hz, 1H), 8.15 – 

8.10 (m, 1H), 7.95 – 7.90 (m, 1H), 7.58 (td, J = 7.7, 1.3 Hz, 1H), 7.53 (dd, J = 10.2, 8.5 Hz, 1H). 

13C NMR (176 MHz, DMSO-d6) δ 159.26, 154.72, 149.14, 147.58, 138.75, 131.06, 126.70, 

125.71, 124.40, 117.69, 113.48. 

HRMS (ESI+): [M+Na]+ calculated for C11H6FN3O2SNa = 286.00572 m/z; found = 286.00673 m/z. 
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Synthesis of 3-((3,4-difluorophenyl)sulfonyl)pyrazine-2-carbonitrile (31): 

 

Following the general procedure B on 100 mg (0.72 mmol) of 3-chloropyrazine-2-carbonitrile, 

purification afforded 48.4 mg (24% yield) of 3-((3,4-difluorophenyl)sulfonyl)pyrazine-2-

carbonitrile as a white solid. (Gradient from 5 to 100% MeCN/H2O) 

1H NMR (700 MHz, DMSO-d6) δ 9.12 (dd, J = 2.3, 1.1 Hz, 1H), 9.03 (dd, J = 2.3, 1.0 Hz, 1H), 

8.14 (ddd, J = 9.6, 7.0, 2.3 Hz, 1H), 8.00 – 7.96 (m, 1H), 7.86 – 7.81 (m, 1H). 

13C NMR (176 MHz, DMSO-d6) δ 154.81, 154.63, 153.17, 150.21, 148.78, 148.03, 133.41, 

127.70, 126.94, 119.30, 113.77. 

HRMS (ESI+): [M+Na]+ calculated for C11H5F2N3O2SNa = 303.99632 m/z; found = 303.99690 m/z. 

 

Synthesis of 3-((3,5-difluorophenyl)sulfonyl)pyrazine-2-carbonitrile (32): 

 

Following the general procedure B on 100 mg (0.72 mmol) of 3-chloropyrazine-2-carbonitrile, 

purification afforded 44.8 mg (22% yield) of 3-((3,5-difluorophenyl)sulfonyl)pyrazine-2-

carbonitrile as a white solid. (Gradient from 5 to 100% MeCN/H2O) 

1H NMR (700 MHz, DMSO-d6) δ 9.14 (d, J = 2.3 Hz, 1H), 9.04 (d, J = 2.3 Hz, 1H), 7.88 – 7.83 

(m, 1H), 7.82 – 7.77 (m, 2H). 

13C NMR (176 MHz, DMSO-d6) δ 162.96, 161.52, 154.38, 148.83, 147.38, 139.70, 127.18, 

113.72, 111.30. 

HRMS (ESI+): [M+Na]+ calculated for C11H5F2N3O2SNa = 303.99632 m/z; found = 303.99757 m/z. 
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Synthesis of 2-((4-fluorophenyl)sulfonyl)-6-methylnicotinonitrile (33): 

 

Following the general procedure B on 100 mg (0.66 mmol) of 2-chloro-6-methylnicotinonitrile, 

purification afforded 55.9 mg (31% yield) of 2-((4-fluorophenyl)sulfonyl)-6-

methylnicotinonitrile as a white solid. (Gradient from 5 to 100% MeCN/H2O) 

1H NMR (700 MHz, Chloroform-d) δ 8.20 – 8.15 (m, 2H), 8.04 (d, J = 8.0 Hz, 1H), 7.43 (d, J = 

8.0 Hz, 1H), 7.28 – 7.22 (m, 2H), 2.66 (s, 3H). 

13C NMR (176 MHz, Chloroform-d) δ 166.46, 163.49, 159.09, 143.28, 133.83, 132.54, 126.27, 

116.71, 114.15, 105.52, 24.89.  

HRMS (ESI+): [M+H]+ calculated for C13H10FN2O2S = 277.04418 m/z; found = 277.04492 m/z. 

HRMS (ESI+): [M+Na]+ calculated for C13H9FN2O2SNa = 299.02612 m/z; found = 299.02738 m/z. 

 

Synthesis of 2-((4-fluorophenyl)sulfonyl)nicotinonitrile (34): 

 

Following the general procedure B on 100 mg (0.73 mmol) of 2-chloronicotinonitrile, 

purification afforded 53.8 mg (28% yield) of 2-((4-fluorophenyl)sulfonyl)nicotinonitrile as a 

white solid. (Gradient from 5 to 100% MeCN/H2O) 

1H NMR (700 MHz, DMSO-d6) δ 8.90 (dd, J = 4.7, 1.6 Hz, 1H), 8.67 (dd, J = 7.9, 1.6 Hz, 1H), 

8.13 – 8.08 (m, 2H), 7.90 (dd, J = 7.9, 4.8 Hz, 1H), 7.59 – 7.54 (m, 2H). 

13C NMR (176 MHz, DMSO-d6) δ 166.28, 158.76, 153.31, 145.51, 133.69, 132.91, 128.12, 

117.61, 114.46, 107.35. 

HRMS (ESI+): [M+H]+ calculated for C12H8FN2O2S = 263.02848 m/z; found = 263.02951 m/z. 
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(E)-3-tosylacrylonitrile (1) 
1H NMR (700 MHz, Chloroform-d) 

 

(E)-3-tosylacrylonitrile (1) 
13C NMR (176 MHz, Chloroform-d) 
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(E)-3-((4-fluorophenyl)sulfonyl)acrylonitrile (5) 
1H NMR (700 MHz, Chloroform-d) 

 

(E)-3-((4-fluorophenyl)sulfonyl)acrylonitrile (5) 
13C NMR (176 MHz, Chloroform-d) 
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(E)-3-((4-(tert-butyl)phenyl)sulfonyl)acrylonitrile (6) 
1H NMR (700 MHz, DMSO-d6) 

 

(E)-3-((4-(tert-butyl)phenyl)sulfonyl)acrylonitrile (6) 
13C NMR (176 MHz, DMSO-d6) 
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(E)-3-(naphthalen-2-ylsulfonyl)acrylamide (7) 
1H NMR (700 MHz, DMSO-d6) 

 

(E)-3-(naphthalen-2-ylsulfonyl)acrylamide (7) 
13C NMR (176 MHz, DMSO-d6) 
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methyl (E)-3-tosylacrylate (9)  
1H NMR (700 MHz, DMSO-d6) 

 

methyl (E)-3-tosylacrylate (9) 
13C NMR (176 MHz, DMSO-d6) 
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Methyl (E)-3-(naphthalen-2-ylsulfonyl)acrylate (10) 
1H NMR (700 MHz, Chloroform-d) 

 

Methyl (E)-3-(naphthalen-2-ylsulfonyl)acrylate (10) 
13C NMR (176 MHz, Chloroform-d) 
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(E)-3-((4-(trifluoromethyl)phenyl)sulfonyl)acrylamide (11) 
1H NMR (700 MHz, DMSO-d6) 

 

(E)-3-((4-(trifluoromethyl)phenyl)sulfonyl)acrylamide (11) 
13C NMR (176 MHz, DMSO-d6) 
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(E)-3-(quinolin-8-ylsulfonyl)acrylonitrile (12) 
1H NMR (700 MHz, Chloroform-d) 

 

(E)-3-(quinolin-8-ylsulfonyl)acrylonitrile (12) 
13C NMR (176 MHz, Chloroform-d) 
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Methyl (E)-3-((4-fluorophenyl)sulfonyl)acrylate (13) 
1H NMR (700 MHz, Chloroform-d) 

 

Methyl (E)-3-((4-fluorophenyl)sulfonyl)acrylate (13) 
13C NMR (176 MHz, Chloroform-d) 
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Methyl (E)-3-(quinolin-8-ylsulfonyl)acrylate (14) 
1H NMR (700 MHz, DMSO-d6) 

 

Methyl (E)-3-(quinolin-8-ylsulfonyl)acrylate (14) 
13C NMR (176 MHz, DMSO-d6) 
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(E)-3-(quinolin-8-ylsulfonyl)acrylamide (15) 
1H NMR (700 MHz, DMSO-d6) 

 

(E)-3-(quinolin-8-ylsulfonyl)acrylamide (15) 
13C NMR (176 MHz, DMSO-d6) 

 



Ph.D. Thesis – V. E. Coles; McMaster University – Biochemistry and Biomedical Sciences 

96 

 

(E)-3-((4-fluorophenyl)sulfonyl)acrylamide (16) 
1H NMR (700 MHz, DMSO-d6) 

 

(E)-3-((4-fluorophenyl)sulfonyl)acrylamide (16) 
13C NMR (176 MHz, DMSO-d6) 
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(E)-3-tosylacrylamide (17)  
1H NMR (700 MHz, DMSO-d6) 

 

(E)-3-tosylacrylamide (17)  
13C NMR (176 MHz, DMSO-d6) 
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Methyl (E)-3-((4-(trifluoromethyl)phenyl)sulfonyl)acrylate (18) 
1H NMR (700 MHz, DMSO-d6) 

 

Methyl (E)-3-((4-(trifluoromethyl)phenyl)sulfonyl)acrylate (18) 
13C NMR (176 MHz, DMSO-d6) 
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3-((4-fluorophenyl)sulfonyl)propanenitrile (19) 
1H NMR (700 MHz, DMSO-d6) 

 

3-((4-fluorophenyl)sulfonyl)propanenitrile (19) 
13C NMR (176 MHz, DMSO-d6) 
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3-(phenylsulfonyl)pyrazine-2-carbonitrile (20) 
1H NMR (700 MHz, Chloroform-d) 

 

3-(phenylsulfonyl)pyrazine-2-carbonitrile (20) 
13C NMR (176 MHz, Chloroform-d) 
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3-((4-chlorophenyl)sulfonyl)pyrazine-2-carbonitrile (24) 
1H NMR (700 MHz, DMSO-d6) 

 

3-((4-chlorophenyl)sulfonyl)pyrazine-2-carbonitrile (24) 
13C NMR (176 MHz, DMSO-d6) 
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3-((4-bromophenyl)sulfonyl)pyrazine-2-carbonitrile (25) 
1H NMR (700 MHz, DMSO-d6) 

 

3-((4-bromophenyl)sulfonyl)pyrazine-2-carbonitrile (25) 
13C NMR (176 MHz, DMSO-d6) 
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3-((4-(trifluoromethyl)phenyl)sulfonyl)pyrazine-2-carbonitrile (26) 
1H NMR (700 MHz, DMSO-d6) 

 

3-((4-(trifluoromethyl)phenyl)sulfonyl)pyrazine-2-carbonitrile (26) 
13C NMR (176 MHz, DMSO-d6) 
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3-((2,4-difluorophenyl)sulfonyl)pyrazine-2-carbonitrile (27) 
1H NMR (700 MHz, DMSO-d6) 

 

3-((2,4-difluorophenyl)sulfonyl)pyrazine-2-carbonitrile (27) 
13C NMR (176 MHz, DMSO-d6) 
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3-((4-fluorophenyl)sulfonyl)pyrazine-2-carbonitrile (28) 
1H NMR (700 MHz, DMSO-d6) 

 

3-((4-fluorophenyl)sulfonyl)pyrazine-2-carbonitrile (28) 
13C NMR (176 MHz, DMSO-d6) 
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3-((4-cyanophenyl)sulfonyl)pyrazine-2-carbonitrile (29) 
1H NMR (700 MHz, DMSO-d6) 

 

3-((4-cyanophenyl)sulfonyl)pyrazine-2-carbonitrile (29) 
13C NMR (176 MHz, DMSO-d6) 
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3-((2-fluorophenyl)sulfonyl)pyrazine-2-carbonitrile (30) 
1H NMR (700 MHz, DMSO-d6) 

 

3-((2-fluorophenyl)sulfonyl)pyrazine-2-carbonitrile (30) 
13C NMR (176 MHz, DMSO-d6) 
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3-((3,4-difluorophenyl)sulfonyl)pyrazine-2-carbonitrile (31) 
1H NMR (700 MHz, DMSO-d6) 

 

3-((3,4-difluorophenyl)sulfonyl)pyrazine-2-carbonitrile (31) 
13C NMR (176 MHz, DMSO-d6) 
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3-((3,5-difluorophenyl)sulfonyl)pyrazine-2-carbonitrile (32) 
1H NMR (700 MHz, DMSO-d6) 

 

3-((3,5-difluorophenyl)sulfonyl)pyrazine-2-carbonitrile (32) 
13C NMR (176 MHz, DMSO-d6) 
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2-((4-fluorophenyl)sulfonyl)-6-methylnicotinonitrile (33) 
1H NMR (700 MHz, Chloroform-d) 

 

2-((4-fluorophenyl)sulfonyl)-6-methylnicotinonitrile (33) 
13C NMR (176 MHz, Chloroform-d) 
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2-((4-fluorophenyl)sulfonyl)nicotinonitrile (34) 
1H NMR (700 MHz, DMSO-d6) 

 

2-((4-fluorophenyl)sulfonyl)nicotinonitrile (34) 
13C NMR (176 MHz, DMSO-d6) 
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Chapter Three: BAY 11-7082 synergizes with PBP2-targeting β-lactams to inhibit the 

growth of methicillin-resistant Staphylococcus aureus 
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Abstract 

β-lactams are an important class of antibiotics that target penicillin binding proteins (PBPs) 

essential to bacterial cell wall synthesis. They are commonly used to treat a variety of bacterial 

infections, including those caused by Staphylococcus aureus. Some strains of S. aureus carry the 

resistance gene mecA, which encodes β-lactam insensitive PBP2A that allows for peptidoglycan 

synthesis even in the presence of a β-lactam like methicillin, limiting treatment options. We 

previously identified the anti-inflammatory compound BAY 11-7082 as having antibacterial 

activity against methicillin-resistant S. aureus (MRSA). We also found that it re-sensitizes 

MRSA to β-lactams like penicillin G, making BAY 11-7082 and its synthetic analogues 

promising candidates for the development of an antibiotic adjuvant. While BAY 11-7082’s direct 

antibacterial mechanism remains undefined, here we aimed to better understand how it 

potentiates β-lactam activity. We tested BAY 11-7082 in combination with a variety of different 

β-lactams that preferentially bind each traditional PBP expressed in S. aureus and found that 

BAY 11-7082 specifically synergizes with β-lactams that preferentially bind PBP2. We 

hypothesized that it disrupts the crucial coordination between PBP2 and PBP2A in MRSA, 

possibly by targeting other factors required for proper PBP localization. We showed that while 

BAY 11-7082 does not directly target the biosynthesis of wall teichoic acids (WTAs), 

nonessential polymers anchored to the cell wall, the production of WTA is required for BAY 11-

7082-β-lactam synergy. We provide evidence that its mechanism of synergy is distinct from 

compounds previously identified in the literature, making it a useful tool for better understanding 

the many factors involved in β-lactam resistance. 
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Introduction 

β-lactams are the most widely used class of antibiotics. They target penicillin-binding proteins 

(PBPs), essential enzymes that polymerize subunits and crosslink strands during peptidoglycan 

synthesis. The broad spectrum and low toxicity of β-lactams contribute to their importance in the 

treatment of infections; however, their utility is decreased in the presence of β-lactamases, 

enzymes that bind and inactivate β-lactams. In such cases, β-lactams are co-administered with a 

β-lactamase inhibitor to extend their usability. This is one of the few clinically validated 

examples of an antibiotic adjuvant, a therapeutic that enhances the effectiveness of an existing 

antibiotic. While some strains of the pathogen Staphylococcus aureus encode β-lactamases, 

others can carry the mecA gene that encodes for PBP2A, a β-lactam-insensitive PBP capable of 

crosslinking glycan strands even in the presence of a β-lactam, making these organisms 

especially difficult to treat. Despite the global dissemination of methicillin-resistant strains of S. 

aureus (MRSA), no antibiotic adjuvants that rescue the activity of β-lactams in mecA-expressing 

strains have yet been approved. 

 

While PBP2A is required for β-lactam resistance in S. aureus, it is not sufficient; there are 

several auxiliary factors that contribute to resistance, a promising source for potential 

adjuvants.1,2 These factors include genes involved in peptidoglycan biosynthesis (murA-F), 

assembly of the pentaglycine bridge that crosslinks glycan strands (femA,B,X), cell division 

(ftsA,Z), and protein secretion (spsB).2 Inhibitors of FtsZ, an essential cell division protein that 

plays a role in PBP2 localization, and the type I signal peptidase SpsB, which is required for 

protein secretion through the Sec and TAT systems, have been identified.3–6 Other adjuvants that 
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inhibit auxiliary factors target the biosynthesis of wall teichoic acids (WTAs), glycopolymer 

chains anchored to the peptidoglycan. 

 

While not essential for S. aureus viability, WTAs stabilize the cell envelope and protect 

peptidoglycan from degrading agents like lysozymes.7 Importantly, WTAs have been implicated 

in PBP localization, which is required for proper PBP2A function. S. aureus strains lacking the 

WTA biosynthetic machinery have abnormal PBP4 localization, resulting in decreased 

peptidoglycan crosslinking.8,9 WTA biosynthesis in S. aureus and certain strains of Bacillus 

subtilis is carried out by proteins encoded by the tar genes (Figure 1).10 The first enzyme in this 

pathway, TarO, reversibly catalyzes the transfer of GlcNAc phosphate to undecaprenyl 

phosphate. TarO inhibitors, including tunicamycin, ticlopidine, and tarocins, are nonlethal on 

their own but sensitize MRSA to certain β-lactams.11–13 The late stage WTA biosynthesis genes 

tarBDI’KS are auxiliary factors that, when mutated, deleted, or depleted, restore the activity of β-

lactams, but inhibitors of the flippase TarG, such as targocil, do not synergize with β-lactams and 

are lethal alone.14–17 This is likely due to a depletion of key precursors also needed for 

peptidoglycan synthesis and can be alleviated by also inhibiting the early stage biosynthesis 

proteins TarO or TarA.18,19 By leveraging this conditionally lethal phenotype, Farha et al. and El-

Halfawy et al. identified the β-lactam adjuvants clomiphene and MAC-545496.19,20 Clomiphene, 

which has antibacterial activity on its own, antagonizes targocil by inhibiting undecaprenyl 

diphosphate synthase (UppS), limiting the availability of undecaprenyl phosphate, which is 

required for both WTA and peptidoglycan synthesis.19 MAC-545496 inhibits the response 

regulator GraR, which regulates the dltABCD operon responsible for installing a D-alanine ester 

on WTA.20,21  
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Figure 1. Wall teichoic acid biosynthetic pathway in S. aureus. Adapted from Swoboda et al. and 

Pasquina et al.10,22 Structures of chlomiphene, ticlopidine, MAC-545496, and targocil are shown 

as example inhibitors of UppS, TarO, D-alanylation, and TarG, respectively. 

 

We previously employed a novel biofilm-based screening approach to identify compounds with 

sub-inhibitory antibiotic activity.23 We identified the anti-inflammatory BAY 11-7082 as having 

activity against a wide range of pathogens, with most potent activity against Gram-positive 

species including MRSA.24 We were unable to identify its specific antimicrobial mechanism of 

action, concluding its activity may be multifaceted; however, our discovery that it re-sensitizes 

MRSA to β-lactams like penicillin G renewed our interest in this compound and its synthetic 

analogues as potential antibiotic adjuvants. 

 



Ph.D. Thesis – V. E. Coles; McMaster University – Biochemistry and Biomedical Sciences 

119 

 

Results 

BAY 11-7082 synergizes with β-lactams that primarily target the bifunctional penicillin 

binding protein PBP2 

To define the antibiotics potentiated by BAY 11-7082, we previously conducted checkerboard 

assays against the MRSA strain USA300 with antibiotics from a variety of classes including 

aminoglycosides, tetracyclines, thiopeptides, glycopeptides, rifamycins, and β-lactams.24 

Interestingly, while we observed synergy (as defined by a fractional inhibitory concentration 

index (FICI) <0.5)25 with the β-lactams penicillin G (FICI=0.19) and piperacillin (FICI=0.25), 

we saw no synergy (FICI=0.56) with methicillin, to which S. aureus USA300 is intrinsically 

resistant.24 To better understand this discrepancy, we expanded the scope of β-lactams tested to 

encompass β-lactams that predominantly bind each of the four traditional PBPs in S. aureus, 

PBP1, 2, 3, and 4 (Figure 2, Figure S1). To test the impact of PBP2A, we conducted 

checkerboard assays and calculated FICI values for both MRSA strain USA300, which has mecA 

(Figure 2B, Figure S2), and methicillin-sensitive S. aureus (MSSA) strain ATCC 29213, which 

does not (Figure 2C, Figure S3). Interestingly, BAY 11-7082 synergized with β-lactams that 

primarily target PBP2 (amoxicillin, ampicillin, doripenem, imipenem, oxacillin, piperacillin, and 

penicillin G), but not β-lactams that primarily inhibit PBP1 and/or PBP3 (cefsulodin, 

ceftazidime, cloxacillin, and methicillin) (Figure 2B), and that synergy was reduced or 

eliminated in the MSSA strain (Figure 2C). We also explored BAY 11-7082’s ability to potentiate 

two non-β-lactam antibiotics that target cell wall biosynthesis (Figure 2B) and found BAY 11-

7082 failed to synergize with vancomycin, which prevents transglycosylation and 

transpeptidation by binding the terminal amino acids of lipid II, or moenomycin, a 

glycosyltransferase inhibitor that also synergizes with β-lactams.  
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Figure 2. BAY 11-7082 synergizes with PBP2-targeting β-lactams against MRSA. (A) MRSA 

expresses five PBPs, PBP1, PBP2, PBP2A, PBP3, and PBP4. (B) FICI values calculated based 

on MRSA USA300 grown in the presence of BAY 11-7082 and another antibiotic. FICI values 

<0.5 represent synergy, values between 0.5-4 represent no interaction, and values >4 represent 

antagonism. Bars are coloured according to the primary PBP target of the β-lactam, as shown in 

A: β-lactams that primarily target PBP2 are shown in dark blue, β-lactams that primarily target 

PBP1 and/or PBP3 are shown in green, and β-lactams that primarily target PBP4 are shown in 

light blue. (C) FICI values based on MRSA USA300 (pink) and MSSA ATCC 29213 (blue) 

grown in the presence of BAY 11-7082 and a β-lactam that synergizes with BAY 11-7082 in 

MRSA. Data represent an average of three independent experiments preformed in triplicate. 

 

These findings were not unexpected, as PBP2 is the only bifunctional PBP in S. aureus, with 

both transpeptidase and glycosyltransferase activity and, along with PBP1, is essential. While 

PBP1 and PBP3 are transpeptidases that coordinate with the SEDS (shape, elongation, division, 

and sporulation) proteins FtsW and RodA to facilitate peptidoglycan synthesis during cell 

division and elongation, respectively,26 PBP2, PBP4, and PBP2A function cooperatively to 

produce highly crosslinked peptidoglycan strands.27,28 The transpeptidase domain of PBP2A is 
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capable of crosslinking peptidoglycan in the presence of β-lactams; however, PBP2A lacks a 

glycosyltransferase domain, necessitating coordination with the glycosyltransferase domain of 

PBP2.27,29 We predict that BAY 11-7082 may inhibit the glycosyltransferase domain of PBP2, 

similar to the antibiotic moenomycin, or result in PBP2 mislocalization, interrupting this 

coordination and re-sensitizing MRSA to PBP2-acting β-lactams. To determine if BAY 11-7082 

acts similarly to moenomycin, we used an MRSA 15981 mutant previously selected for increased 

resistance to BAY 11-7082 (B13), along with a mutant selected for increased resistance to the 

structural analogue 3-(phenylsulfonyl)-2-pyrazinecarbonitrile (PSPC) (P11).24 While the 

minimum inhibitory concentration (MIC) of moenomycin is two-fold higher in both mutants than 

it is in the parent strain, neither mutant displayed cross-resistance, suggesting that BAY 11-7082 

and moenomycin act via distinct mechanisms (Figure S4).  

 

Wall teichoic acid synthesis may play a role in BAY 11-7082–β-lactam synergy 

Compounds that inhibit FtsZ and WTA biosynthesis are thought to synergize with certain β-

lactams against MRSA by causing PBP mislocalization, leading us to ask if BAY 11-7082 acts on 

one of these pathways.3,5,11–13 To explore BAY 11-7082’s impact on WTA biosynthesis we 

measured activity against a ΔtarO mutant of S. aureus USA300, which lacks the enzyme that 

catalyzes the first step in this process.12 The inhibitory concentration of BAY 11-7082 in the 

ΔtarO strain was similar to that of its parent strain, allowing us to conclude BAY 11-7082’s 

antibacterial activity is not dependent on WTA biosynthesis (Figure 3A). As expected, the 

inhibitory concentration of penicillin G dropped by eight-fold in the ΔtarO strain (Figure 3A). 

Interestingly, BAY 11-7082 no longer potentiated penicillin G activity in the ΔtarO strain 

(FICI=0.62) (Figure 3B), suggesting that while BAY 11-7082’s antibacterial activity is unrelated 
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to WTA biosynthesis, the polymer impacts its ability to synergize with β-lactams. To confirm that 

these phenotypes remained consistent for structural analogues of BAY 11-7082, we also 

measured the activity of the potent chlorinated PSPC-analogue MLLB-2002 (Figure 3). 

 

Figure 3. The absence of WTA does not impact BAY 11-7082 activity. (A) Planktonic growth 

(optical density at 600 nm as a percent of the vehicle control) of S. aureus USA300 and a ΔtarO 

mutant grown in the presence of increasing concentrations of penicillin G (left), BAY 11-7082 

(middle), or the analogue MLLB-2002 (right) (µM). (B) Checkerboards of S. aureus USA300 

(left) or a ΔtarO mutant (middle and right) grown with increasing concentration of penicillin G 

and BAY 11-7082 or MLLB-2002, where synergy (FICI<0.5) is represented in pink text while 

indifference (FICI≥0.5) is represented in blue. Data represent an average of three independent 

experiments. 

 

These phenotypes are similar to those observed with the UppS inhibitor clomiphene, which also 

sensitizes MRSA to β-lactams but retains its activity in strains lacking WTA.19 This raised the 

question of whether BAY 11-7082 inhibits an upstream enzyme common to both WTA and 

peptidoglycan biosynthesis. Inhibitors that deplete shared substrates of WTA and peptidoglycan 

synthesis antagonize the activity of the TarG inhibitor targocil by limiting resources available for 

WTA biosynthesis and reducing its effect on the cell.19 Unexpectedly, BAY 11-7082 did not 
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impact targocil activity (FICI=1.5) (Figure 4A), suggesting BAY 11-7082 does not reduce WTA 

biosynthesis. We also measured the activity of lysostaphin, an endopeptidase capable of cleaving 

the pentaglycine bridge in S. aureus peptidoglycan, since strains lacking WTA are more sensitive 

to lysostaphin than wild type (Figure 4B, D). Lysostaphin sensitivity was not altered in the 

presence of BAY 11-7082 (FICI=0.53) (Figure 4C). Taken together, these results suggest BAY 

11-7082 does not impact WTA levels. 

 

Figure 4. BAY 11-7082 does not impact WTA levels. (A) Checkerboard of S. aureus USA300 

grown with increasing concentration of BAY 11-7082 and the TarG inhibitor targocil (µM). (B) 

Lysostaphin is an endopeptidase that cleaves the pentaglycine bridge in S. aureus peptidoglycan. 

Cells producing WTA are less sensitive (left) compared to those lacking WTA (right). (C) 

Checkerboard of S. aureus USA300 grown with increasing concentration of BAY 11-7082 (µM) 

and lysostaphin (µg/mL). (D) Planktonic growth (optical density at 600 nm as a percent of the 

vehicle control) of S. aureus USA300 and a ΔtarO mutant grown in the presence of increasing 

concentrations of lysostaphin (µg/mL). Data is based on three independent experiments 
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preformed in triplicate. FICI values ≥0.5 represent indifference, and checkerboards are based on 

an average of three independent experiments. 

 

WTA glycosylation is not required for BAY 11-7082-β-lactam synergy 

While inconsistent with inhibition of TarO, lack of synergy with lysostaphin is consistent with 

inhibition of TarS, the glycosyltransferase responsible for installing a β-O-GlcNAc on S. aureus 

WTA.16 Mutants lacking tarS are viable but hypersensitive to a wide range of β-lactams.16 To 

explore whether WTA glycosylation impacts BAY 11-7082’s ability to synergize with β-lactams, 

we made use of the Nebraska transposon library, a set of MRSA USA300 mutants containing 

single transposon insertions in non-essential genes.30  A mutant with a transposon insertion in 

tarS had similar susceptibility to BAY 11-7082 as the parent strain (Figure 5A), and was still 

susceptible to a combination of BAY 11-7082 and penicillin G (FICI=0.37) (Figure 5B), 

indicating that while the presence of WTAs are required for synergy, their intact glycosylation is 

not. 

 

Figure 5. WTA glycosyltransferase TarS is not required for BAY 11-7082-β-lactam synergy. (A) 

Planktonic growth (optical density at 600 nm as a percent of the vehicle control) of S. aureus 

USA300 and a tarS transposon mutant grown in the presence of increasing concentrations BAY 

11-7082 (µM). (B) Checkerboard of a tarS transposon mutant of S. aureus USA300 grown with 

increasing concentration of penicillin G and BAY 11-7082 (µM) where synergy (FICI<0.5) is 

represented in pink text. Data represent an average of three independent experiments. 
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BAY 11-7082 does not impact cell division 

To further probe the mechanism of BAY 11-7082-β-lactam synergy and how WTAs may be 

involved, we explored whether BAY 11-7082 treatment impacts cell division. Septal 

abnormalities and division defects occur in cells treated with inhibitors of auxiliary factors like 

FtsZ and are also characteristic of cells lacking WTA, lipoteichoic acids (LTAs), or D-alanine 

esters.11,21 Cells without functional TarS, however, do not exhibit morphological or division 

defects.16 We conducted transmission electron microscopy (TEM) on thin-sectioned MRSA cells 

(Figure 6A, Figure S5A) and cells exposed to 8x or 16x MIC of BAY 11-7082 to look for 

division defects (Figure 6D, Figure S5D-E). We also imaged cells treated with targocil and 

untreated ΔtarO cells (Figure 6B-C, Figure S5B-C). As expected, ΔtarO cells exhibit a thinner 

outer layer and less well-defined edges, consistent with published phenotypes for cells lacking 

WTA, and targocil-treated cells clustered together, indicating improper separation following 

division.11,17 Cells treated with BAY 11-7082, however, more closely resembled untreated wild 

type cells and displayed sharp, thick outer layers, suggesting an intact peptidoglycan layer rich in 

WTAs, septa formation along the midcell, and separation following division. These data indicate 

BAY 11-7082 synergizes with β-lactams via a mechanism unlike those described previously for 

other WTA-targeting compounds.     

 

Figure 6. BAY 11-7082 treatment does not result in morphological changes or septal 

abnormalities. (A) Electron micrograph of wildtype (WT) untreated S. aureus USA300. (B) S. 

aureus USA300 ΔtarO cells exhibit morphological defects including irregular septum formation. 
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(C) Wildtype S. aureus USA300 treated with 33.6 µM targocil fail to separate following division. 

(D) Wildtype S. aureus USA300 treated with 50 µM BAY 11-7082 display no noticeable 

morphological abnormalities. Scale bar=200 nm. Additional images are available in Figure S5. 

 

Discussion 

The anti-inflammatory compound BAY 11-7082 was first identified in our previous screen due to 

its broad-spectrum antibacterial activity, and further investigated here for its potential as a β-

lactam adjuvant for MRSA. We first aimed to identify the subset of β-lactams potentiated by 

BAY 11-7082, finding that it synergizes with β-lactams that primarily target PBP2 (Figure 2B). 

BAY 11-7082 failed to synergize with β-lactams that primarily target PBP3, a non-essential 

transpeptidase involved in cell elongation, or PBP1, an essential protein with transpeptidase 

activity involved in cell division (Figure 2B).26 Interestingly, cloxacillin, which differs from 

oxacillin by the addition of a single chlorine atom (Figure S1), did not synergize with BAY 11-

7082 (FICI=0.62), while oxacillin did (FICI=0.19) (Figure 2B, Figure S2), likely because 

cloxacillin, unlike oxacillin, is highly specific for PBP1.31 These findings led us to propose that 

BAY 11-7082 interrupts a crucial coordination between the β-lactam insensitive transpeptidase 

domain of PBP2A and the glycosyltransferase domain of PBP2, which is required for proper cell 

wall synthesis in the presence of a β-lactam.27 PBP4 is a nonessential PBP with transpeptidase 

activity that, when inactivated, sensitizes cells to β-lactams specific for PBP2.28 Since PBP2 and 

PBP4 function cooperatively to crosslink glycan strands,28 we expected BAY 11-7082 to also 

synergize with cefoxitin, a β-lactam with high affinity for PBP4. While combining BAY 11-7082 

with cefoxitin resulted in a low FICI of 0.5 (Figure 2B, Figure S2), this interaction exceeded the 

cut-off (FICI<0.5) for synergy.  
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We found that while BAY 11-7082 did not synergize with the glycopeptide antibiotic 

vancomycin (Figure 2B), it did cause a slight reduction in sensitivity (Figure S2). This resembles 

the effect of a point mutation in the phosphorylation site of walR, which encodes the response 

regulator of WalKR, an essential two-component system that regulates autolysins involved in 

cleaving peptidoglycan during cell growth.32 Despite this similarity, walR mutants fail to 

potentiate PBP2-targeting β-lactams like oxacillin,32 suggesting BAY 11-7082 acts via a separate 

mechanism.  

 

We predicted that BAY 11-7082 may interrupt coordination between PBP2 and PBP2A, 

potentially through PBP mislocalization. Since several auxiliary factors are involved in proper 

PBP coordination, we wondered whether BAY 11-7082 acted on any of these factors. Many 

auxiliary factors are directly involved in peptidoglycan biosynthesis, but some have roles in other 

cellular processes, including the biosynthesis of WTAs.2 We showed BAY 11-7082 does not 

target WTA biosynthesis, since it and its synthetic analogues retain antimicrobial potency in a 

ΔtarO mutant (Figure 3A). We did, however, find that WTA biosynthesis is required for BAY 11-

7082-β-lactam synergy (Figure 3B). It is possible that BAY 11-7082’s antibacterial target is 

distinct from the target that potentiates β-lactams. This idea is consistent with our previous work 

that suggested BAY 11-7082 could have multiple cellular targets, and with its activity against 

Gram-negative species including Pseudomonas aeruginosa, Escherichia coli, and Klebsiella 

pneumoniae.24 

 

BAY 11-7082 may synergize with PBP2-targeting β-lactams not by interrupting coordination 

between PBP2 and PBP2A, but by directly inhibiting the glycosyltransferase activity of PBP2, 
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similar to the antibiotic moenomycin. We showed that BAY 11-7082 does not potentiate or 

antagonize moenomycin activity (Figure 2B, Figures S2-S3), suggesting it is possible they are 

acting via the same mechanism; however, we found cells with increased resistance to BAY 11-

7082 or its structural analogue PSPC do not exhibit increased resistance to moenomycin (Figure 

S4), suggesting they do not share a conserved mechanism of action. Moenomycin resistance is 

rare, and few groups have identified moenomycin resistant strains. Notably, in 2013 the Walker 

lab identified two single point mutations in the active site of the glycosyltransferase domain of 

PBP2 that each confer resistance to moenomycin, which are not present in strains resistant to 

BAY 11-7082,24,33 suggesting that while BAY 11-7082 may interrupt the glycosyltransferase 

activity of PBP2, it would do so via an alternate mechanism.  

 

Many compounds that synergize with β-lactams against MRSA have been identified in the 

literature, despite no adjuvants having made it to the clinic. For example, the β-lactam cefoxitin 

itself potentiates the activity of other β-lactams by inhibiting PBP4, which acts cooperatively 

with PBP2 and PBP2A.28,34 The lipopeptide daptomycin and natural flavonoid epicatechin 

gallate, which both target the cytoplasmic membrane, synergize with oxacillin.35,36 Epicatechin 

gallate causes PBP2 mislocalization by intercalating in the cytoplasmic membrane and reducing 

D-alanylation of WTAs; however, unlike BAY 11-7082, it induces morphological changes, 

interrupts proper cell separation following division, and decreases lysostaphin susceptibility.36,37 

MAC-545496 synergizes with β-lactams including oxacillin by inhibiting the response regulator 

GraR, which regulates dltABCD, among other genes, but antagonizes the TarG inhibitor targocil, 

similar to the UppS inhibitor clomiphene.19,20 FtsZ inhibitors cause PBP2 mislocalization, but 

also induce division defects and cell wall invaginations.3,5 Due to these phenotypic differences, 
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we expect that BAY 11-7082 acts in a unique way from previously identified adjuvants, possibly 

by targeting auxiliary factors that play a role in β-lactam resistance that have not previously been 

targeted. LTAs, unlike WTAs, are linked to the cell membrane, synthesized via a separate 

pathway, and are essential.38 A transposon insertion in the LTA synthase gene ltaS causes 

increased sensitivity to β-lactams, suggesting those polymers also play a role in modifying β-

lactam resistance.39 While inhibitors of LTA biosynthesis have not been identified, an ltaS 

transposon mutant is resistant to inhibitors of the signal peptidase SpsB, which regulates 

LtaS.39,40 Strains lacking LTA are enlarged with improper septation and separation, unlike cells 

treated with BAY 11-7082 (Figure 6D).21 While cells lacking the auxiliary factor TarS are 

morphologically similar to those treated with BAY 11-7082,16 synergy is maintained in a tarS 

transposon mutant, indicating it is not a target (Figure 5B). Since BAY 11-7082 likely does not 

target these more well-understood auxiliary factors, it may impact the function of a determinant 

of β-lactam resistance that is not yet fully understood, making it a useful tool in further 

elucidating the complex processes involved in PBP2A-mediated resistance. 

 

Conclusions 

BAY 11-7082 and its structural analogues synergize with select β-lactams against MRSA, 

restoring the activity of inexpensive and readily available compounds such as penicillin G. We 

showed that while WTA biosynthesis is required for this synergistic interaction, our data suggest 

that BAY 11-7082 does not target WTA biosynthesis, nor the synthesis of precursors like 

undecaprenyl phosphate. Unlike existing adjuvants, BAY 11-7082 treatment does not cause 

aberrant cell division or separation. Together, the data suggest that BAY 11-7082’s mechanism of 
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potentiation is unique among β-lactam adjuvants reported in the literature, and thus it will be 

useful as a tool to better understand β-lactam resistance. 

 

Methods  

Bacterial strains, culture conditions, and chemicals 

Microbial strains used include S. aureus USA300 (MRSA) and S. aureus ATCC 29213 (MSSA). 

S. aureus USA300 and the transposon mutant presented in Figure 5 were from the Nebraska 

transposon mutant library.30 S. aureus USA300 ΔtarO was kindly gifted from Eric Brown’s 

laboratory.12 BAY 11-7082 and PSPC resistant mutants of S. aureus 15981 (MRSA) were 

generated as previously reported.24 Bacterial cultures were grown in Mueller-Hinton broth 

(MHB). Solid media was solidified with 1.5% agar. BAY 11-7082 and its structural analogue 

MLLB-2002 were synthesized as previously reported and stored as 100 µM stocks in DMSO at -

20 °C.24 Stock solutions of amoxicillin (Sigma, prepared in DMSO), ampicillin (BioShop, 

prepared in DMSO), cefoxitin (Sigma, prepared in DMSO), cefsulodin (MP Biomedicals, 2 

mg/mL), ceftazidime (Sigma, 4 mg/mL), cloxacillin (Sigma, prepared in DMSO), doripenem 

(Sigma), imipenem (AK Scientific, prepared in DMSO), methicillin (Cayman Chemicals), 

oxacillin (Cayman Chemicals, prepared in DMSO), penicillin G (Fluka Analytica), piperacillin 

(Sigma, 40 mg/mL), moenomycin complex (Caymen Chemicals, 0.01 mg/mL, prepared in 

DMSO), and vancomycin (Sigma, prepared in DMSO) were prepared at 10 mg/mL in sterile de-

ionized H2O, except where noted, and stored at -20°C. Targocil was kindly gifted from the 

Brown Lab and prepared at 5 mg/mL in DMSO. Lysostaphin from Staphylococcus simulans was 

purchased from Sigma Aldrich and prepared at 10 mg/mL in sterile de-ionized H2O.  
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Inhibitory concentration assays 

All bacterial strains were inoculated from -80°C glycerol stocks into 5 mL MHB and incubated 

with shaking, 200 rpm, 37°C for 16 h. Cultures were sub-cultured in a 1:500 dilution, grown for 

4 h, and diluted in fresh MHB to an OD600 of ~ 0.1, then diluted 1:500. Minimal inhibitory 

concentration values were determined as previously described, using compounds serially diluted 

in DMSO or sterile water.24 All MIC values are based on three independent experiments 

preformed in triplicate. 

 

Checkerboard assays 

Checkerboard assays were set up and fractional inhibitory concentration indices (FICIs) were 

calculated as previously described.24 Briefly, 2 µL of compounds were added to an 8x8 section of 

a 96-well plate with increasing concentrations of one compound across the X-axis and increasing 

concentrations of the other compound across the Y-axis. Plates were incubated with shaking, 200 

rpm, 37°C, 16 h and OD600 was measured and used to determine the MIC. Three biological 

replicates were averaged for each checkerboard. 

 

Transmission electron microscopy  

S. aureus USA300 and USA300 ΔtarO were streaked on Mueller-Hinton agar (MHA) from -

80°C glycerol stocks, then incubated at 37°C for 16 h. Single colonies were inoculated into 5 mL 

MHB and incubated with shaking, 200 rpm, 37°C for 16 h, then diluted 1:50 in fresh MHB and 

incubated for an additional 1.5 h. Cultures were normalized to OD600 ~ 0.3 and incubated with 

DMSO, 8X MIC targocil, or 8-16X MIC BAY 11-7082 for 3 h. Cells were pelleted, washed with 

100 µL MHB, then washed with 100 µL 2% glutaraldehyde fixative in phosphate buffer before 
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being resuspended in 250 µL fixative and submitted to the Canadian Centre for Electron 

Microscopy for processing and sectioning. Cells were imaged using a JEOL 1200EX 

microscope. Images were taken at 75,000 x magnification (Figure 6) or 100,000 x magnification 

(Figure S5). 
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Supporting Information 

 

 

Figure S1. Structures of β-lactams and non-β-lactam peptidoglycan-targeting antibiotics tested 

for activity against S. aureus USA300 (MRSA) and ATCC 29213 (MSSA) in combination with 

BAY 11-7082. Compounds that synergize with BAY 11-7082 are highlighted with a box. 
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Figure S2. Checkerboards of S. aureus USA300 (MRSA) grown with increasing concentration 

of BAY 11-7082 and a β-lactam (A) or other cell-wall active antibiotic (B), where synergy 

(FICI<0.5) is represented in pink text while indifference (FICI≥0.5) is represented in blue. Data 

represent an average of three independent experiments. 
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Figure S3. Checkerboards of S. aureus ATCC 29213 (MSSA) grown with increasing 

concentration of BAY 11-7082 and a β-lactam (A) or other cell-wall active antibiotic (B), where 

synergy (FICI<0.5) is represented in pink text while indifference (FICI≥0.5) is represented in 

blue. Data represent an average of three independent experiments. 
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Figure S4. Planktonic growth (optical density at 600 nm as a percent of the vehicle control) of S. 

aureus 15981 (MRSA), the BAY 11-7082-resistant mutant B13, and the PSPC-resistant mutant 

P11. Cells grown in the presence of increasing concentrations of the antibiotic moenomycin 

(nM). Data represent an average of three independent experiments preformed in triplicate. 

 

 
Figure S5. Additional fields of view of electron micrographs. (A) Untreated wildtype S. aureus 

USA300. (B) S. aureus USA300 ΔtarO cells. (C) Wildtype S. aureus USA300 treated with 33.6 

µM targocil. (D) Wildtype S. aureus USA300 treated with 50 µM BAY 11-7082. (E) Wildtype S. 

aureus USA300 treated with 100 µM BAY 11-7082. Scale bar=100 nm. 
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Chapter Four: The effects of chlorhexidine, povidone-iodine, and vancomycin on growth 

and biofilms of pathogens that cause prosthetic joint infections: an in vitro model   
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Summary 

Background: Chlorhexidine gluconate (CHG) and povidone-iodine (PI) are commonly used to 

prevent prosthetic joint infection (PJI) during total joint replacement; however, their effective 

concentrations and impact on biofilms are not well defined.  

Aim: To determine: (1) the in vitro minimum inhibitory concentration of CHG and PI against 

model PJI-causing organisms and clinical isolates; (2) their impact on biofilm formation; (3) if 

there a synergistic benefit to combining the two solutions; and (4) if adding the antibiotic 

vancomycin impacts antiseptic activity. 

Methods: We measured in vitro growth and biofilm formation of Staphylococcus epidermidis, 

methicillin-sensitive and methicillin-resistant S. aureus, Escherichia coli, Pseudomonas 

aeruginosa, and Candida albicans, as well as recent clinical isolates, in the presence of 

increasing concentrations of CHG and/or PI. Checkerboard assays were used to measure 

potential synergy of the solutions together and with vancomycin.  

Findings: CHG and PI inhibited growth and biofilm formation of all model organisms tested at 

concentrations of 0.0004% and 0.33% or lower, respectively; highly dilute concentrations 

paradoxically increased biofilm formation. The solutions did not synergize with one another and 

acted independently of vancomycin. 

Conclusion: CHG and PI are effective at lower concentrations than typically used, establishing 

baselines to support further clinical trials aimed at optimizing wound sterilization. There is no 

synergistic advantage to using both in combination. Vancomycin is effective at inhibiting the 

growth of S. epidermidis and S. aureus; however, it stimulates P. aeruginosa biofilm production, 

suggesting in the rare case of P. aeruginosa PJI, it could exacerbate infection. 
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Introduction 

Prosthetic joint infection (PJI) remains a problematic complication of total joint replacement 

(TJR), a necessary surgery for managing osteoarthritis. Staphylococcus species including S. 

epidermidis and methicillin-sensitive (MSSA) and methicillin-resistant (MRSA) strains of S. 

aureus are the most frequent cause, present in 56% of infections [1]. Though less common, 

infections can also be caused by the Gram-negative pathogens Escherichia coli and 

Pseudomonas aeruginosa or fungi including Candida spp. [2–4]. When joints become infected, 

surgical revision is normally required, making prevention imperative [5,6]. Wound irrigation 

with surgical antiseptic solutions like chlorhexidine gluconate (CHG) or povidone-iodine (PI) 

(Figure 1A) is an important prophylactic technique. Both solutions have been widely used since 

the 1950s and show broad spectrum antimicrobial activity against many species of bacteria and 

fungi, as well as some viruses [7–9]; however, the concentrations at which they are used vary. PI 

is typically packaged as a 10% solution with 1% available iodine, and protocols using 0.35% PI 

have been effective in significantly reducing infection [10].  CHG is packaged at concentrations 

between 0.05-4% and diluted where necessary to a 0.05% solution. The two solutions have been 

previously compared to one another, with a prospective study determining chlorhexidine-alcohol 

was superior to PI at preventing infection [11], while other prospective and retrospective studies 

found no significant differences [12,13]. A 2020 systematic review concluded that both solutions 

resulted in improved outcomes compared to saline alone, with a pooled risk ratio of 0.62 for PI 

compared to saline and 0.74 for CHG compared to saline [14]. 

 

Despite their longstanding use in surgical settings, dilutions are typically based on historic 

practice. There are surprisingly limited in vitro data to define the actual minimum inhibitory 
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concentration (MIC) of the solutions against common microbes responsible for PJIs. Existing 

data suggests that the solutions may exhibit activity at concentrations much lower than currently 

used [15]. Further, there is no literature exploring the possible additive or synergistic effects of 

using the solutions in combination and little data exploring their impact on microbial biofilm 

formation. Many PJI-associated pathogens form biofilms, surface-associated microbial 

communities encased in a self-produced matrix that protects inhabitants from antibiotics [16], 

further complicating treatment. We previously showed that sub-minimal inhibitory antibiotic 

treatment can stimulate biofilm production [17–20]. Available literature suggests this may also be 

the case for CHG, but only a few species have been evaluated [21,22]. It is therefore important to 

determine whether highly dilute solutions of CHG and PI could promote the formation of 

antibiotic-tolerant biofilms. 

 

Antibiotics like vancomycin are also used to prevent PJI via local administration of powder at 

the incision site, either alone or following surgical site irrigation [13,23–25]. Vancomycin, a 

glycopeptide antibiotic, inhibits bacterial cell wall synthesis and has activity against Gram-

positive species, including MRSA. A 2019 systematic review and meta-analysis reported that 

intrawound vancomycin administration decreased the rate of PJI in knee and hip arthroplasty 

patients [26], while a 2020 systematic review and meta-analysis exploring the use of any local 

antibiotic found no significant reduction in infection and a significant increase in wound 

complications [27]. In vitro work showed that vancomycin has activity against Gram-positive 

PJI-associated microbes, but did not explore whether its addition impacts the effectiveness of 

wound irrigation solutions [15]. 
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Infection prevention is a critical priority, as patients with PJI require repeat hospitalizations, 

experience decreased function, and are at increased risk of serious complications including death 

[28]. Given the global projections for TJR, identifying the appropriate concentrations of 

antiseptics compared to current practice that are required to effectively inhibit microbial growth 

and biofilm formation while limiting any potential side effects is imperative. Thus, the purpose 

of this study was to a) determine the MICs and effect on biofilm formation of the surgical 

antiseptics CHG and PI against model PJI-associated pathogens; b) determine if they reduce the 

mass of existing biofilms; c) explore any additive or synergistic effects of using the solutions in 

combination; and d) explore the effects on bacterial growth and biofilm formation of combining 

antiseptic solutions with vancomycin.  

 

Materials and Methods 

Microbial strains, culture conditions, and chemicals  

Microbial strains used for this work include S. epidermidis P3B12, S. aureus USA300 (MRSA) 

[29] and ATCC 29213 (MSSA), E. coli K-12 W3110 [30], P. aeruginosa PAO1 [31] and PA14 

[32], and C. albicans CA02045 [33]. Clinical isolates of S. aureus (SAC01-07) were obtained 

from Hamilton hospitals and kindly gifted by Dr. Cheryl Main (Supplementary Table I). Clinical 

isolates of P. aeruginosa (C0007, C0028, C0060, C0063, C0292, C0295) were obtained from the 

Wright Lab Clinical Collection [18]. Bacterial cultures were grown in lysogeny broth (LB), 10% 

LB (10% LB, 90% phosphate buffered saline (PBS, pH 7.4, NaCl (8 g), KCl (0.2 g), Na2HPO4 7 

H2O (2.71), and KH2PO4 (0.24) in 1 L de-ionized H2O)), 50% LB (50% LB, 50% PBS), tryptic 

soy broth (TSB), or 50% TSB (50% TSB, 90% PBS), as indicated. Povidone-iodine (Dovidine 

10% solution with 1% available iodine, Laboratoire Atlas Inc.) and chlorhexidine gluconate 
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(Irrisept 0.05% solution) were diluted in sterile de-ionized water as indicated. A stock of 

vancomycin (Sigma) was prepared at 10 mg/mL in dimethyl sulfoxide (DMSO) and stored at -

20°C.  

 

Inhibitory concentration and biofilm formation assays  

Microbes were cultured and inhibitory concentrations were calculated as previously described, 

with some modifications [20]. Briefly, antibiotics or antiseptic solutions were two-fold serially 

diluted to desired concentrations in DMSO or sterile de-ionized water, respectively, and 2-5 µL 

of antibiotic, antiseptic solution, or DMSO/water as a control were added to each well of 96-well 

plates (Nunc) along with 145-148 µL of dilute microbial culture or corresponding sterile media. 

E. coli and P. aeruginosa biofilms were formed on the polystyrene pegs of Immuno TSP lids 

(Nunc), as previously described [20], which were placed on assay plates prior to incubation, 

while S. epidermidis, S. aureus, and C. albicans biofilms were formed directly on the walls of the 

96-well plate without the addition of an Immuno TSP lid. Plates with and without Immuno TSP 

lids were incubated for 16 h with shaking, 200 rpm, 37°C. Lids were removed from plates 

containing E. coli and P. aeruginosa, planktonic growth (OD600) was measured, and lids were 

washed and stained with crystal violet as previously described [20]. S. epidermidis, S. aureus, 

and C. albicans cells were aspirated and plates were washed for 10 min with 150 µL of PBS per 

well, then the solution was aspirated. Plates were stained by pipetting 150 µL 0.1% w/v crystal 

violet solution into each well, staining for 1 min, then washing the plates twice with deionized 

water. Plates were dried for 1 h then 150 µL 33.3% acetic acid was dispensed into each well to 

elute the bound dye. The absorbance (Abs600) of the eluted dye was measured after 5 min using a 

Multiscan GO plate reader (Thermo Fisher Scientific). Three independent experiments were 



Ph.D. Thesis – V. E. Coles; McMaster University – Biochemistry and Biomedical Sciences 

148 

 

performed in triplicate and technical triplicates were averaged. The mean and standard deviation 

of the independent biological replicates were reported. MIC was defined as growth < 20% of the 

vehicle control, where growth is no longer visible [18] and minimum biofilm eradication 

concentration was defined as biofilm < 20% of the vehicle control.  

 

Biofilm disruption assays 

S. aureus USA300 was cultured as previously described [20] and biofilms were formed in 96-

well plates (Nunc) containing 150 µL of dilute microbial culture in 50% TSB without antibiotics 

or antiseptics. Following incubation with shaking, 16 h, 200 rpm, 37°C, cells were aspirated and 

wells were washed for 10 min with 150 µL sterile 50% TSB, then the media was aspirated. 

Desired concentrations of antiseptic or sterile water were added (2-5 µL) along with 145-148 µL 

sterile 50% TSB. Plates were incubated for 16 h with shaking, 200 rpm, 37°C, then biofilm mass 

was measured as described for biofilm formation assays. Three independent experiments were 

preformed in triplicate and technical triplicates were averaged. The mean and standard deviation 

of the independent biological replicates are reported. P-values were calculated using a one-way 

ANOVA and Dunnett’s multiple comparison test (GraphPad Prism 10). 

 

Checkerboard assays 

Checkerboard assays were conducted as previously described [20], with 2-5 µL of CHG, PI, or 

vancomycin added to an 8x8 section of a 96-well plate (Nunc), with increasing concentrations of 

one solution across the X-axis and increasing concentrations of the other solution across the Y-

axis. Three biological replicates were averaged for each checkerboard. Synergy was determined 
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based on a fractional inhibitory concentration index (FICI), where values < 0.5 represent synergy 

and values > 4 represent antagonism [34]. 

 

Results 

CHG and PI have broad spectrum antimicrobial and anti-biofilm activity at dilutions 

below those used in surgery 

We measured the activity of CHG and PI against the Gram-positive species S. epidermidis 

(Figure 1B), MRSA (Figure 1C), and MSSA (Figure 1D), the Gram-negatives E. coli (Figure 1E) 

and P. aeruginosa (strains PAO1, Figure 1F, and PA14, Figure 1G), and a representative fungal 

species, Candida albicans (Figure 1H). CHG inhibited the growth of all organisms tested at a 

dilution of 0.0004% while PI inhibited growth at 0.33%. Both CHG and PI also inhibited biofilm 

formation of all organisms to levels comparable to the sterile control at these concentrations 

(Figure 1B-H). However, as reported for antibiotics [18–20], adding highly dilute solutions of 

CHG and PI to growth media concurrently with bacteria stimulated P. aeruginosa PAO1 biofilm 

formation (Figure 1F), with 0.0002% CHG and 0.04% PI causing biofilm levels to reach an 

average of 281% and 164% of the no-antiseptic control, respectively. Interestingly, despite being 

over 200x more potent than PI, CHG induced higher biofilm production (Figure 1F, note the Y 

axis scale in the left panel).  
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Figure 1. The antiseptic solutions CHG and PI inhibit growth and biofilm formation of model 

PJI-associated pathogens. (A) Structures of chlorhexidine and PI. (B-G) Planktonic growth 

(shown in yellow, optical density at 600 nm as a percent of the sterile water control) and biofilm 

formation (shown in purple, absorbance of crystal violet at 600 nm as a percent of the sterile 

water control) of S. epidermidis (B), MRSA (C), MSSA (D), E. coli (E), P. aeruginosa PAO1 (F) 

and PA14 (G), and C. albicans (H) grown in 10% LB (P. aeruginosa PAO1), 50% LB (E. coli 

and P. aeruginosa PA14), or 50% TSB (S. epidermidis, MRSA, MSSA, and C. albicans) in the 

presence of increasing concentrations of CHG (%) or PI (%). Individual points represent an 

average of three technical replicates and bars represent an average of three independent 

experiments. Error bars show standard deviation.  

 

We next tested activity against seven recent S. aureus clinical isolates (Supplementary Table I), 

including one from an infected prosthetic knee (SAC06) and six recent P. aeruginosa clinical 

isolates with varying antibiotic susceptibilities [18]. CHG inhibited planktonic growth of all S. 
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aureus isolates and five of six P. aeruginosa isolates at a dilution of 0.0004% or lower, while 

0.33% PI inhibited growth of all isolates (Figure 2).  PI inhibited biofilm formation of all isolates 

at 0.33% or lower, while 0.0004% CHG inhibited biofilm formation of all S. aureus isolates and 

three of six P. aeruginosa isolates.  

 
Figure 2. CHG and PI inhibit growth and biofilm formation of S. aureus and P. aeruginosa 

clinical isolates. Planktonic growth (shown in yellow, optical density at 600 nm as a percent of 

the sterile water control) and biofilm formation (shown in purple, absorbance of crystal violet at 

600 nm as a percent of the sterile water control) of S. aureus clinical isolates SAC01-07 grown in 
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50% TSB (A) or P. aeruginosa clinical isolates C0007, C0028, C0060, C0063, C0292, and 

C0295 grown in 50% LB (B) with increasing concentrations of CHG (top) or PI (bottom) (%). 

Individual points represent an average of three technical replicates and bars represent an average 

of three independent experiments. Error bars show standard deviation. 

 

CHG and PI can disperse established biofilms 

We then tested whether antiseptic solutions could disperse previously established biofilms, a 

relevant scenario during surgical revision of infected joints. Both 0.00067% CHG (p<0.0001) 

and 0.08% (p=0.0006), 0.16% (p=0.0003), or 0.33% (p=0.0016) PI caused significant decreases 

in total biofilm (Figure 3). 

 
Figure 3. CHG and PI disperse established biofilms. Mass of MRSA biofilm (absorbance of 

crystal violet at 600 nm as a percent of the sterile water control) grown in 50% TSB for 16 h 

prior to incubation for 16 h with increasing concentrations of CHG (%) (A) or PI (%) (B). Points 

represent an average of three independent experiments conducted in triplicate. Error bars show 

standard deviation. ** p<0.01, *** p<0.001, **** p<0.0001  

 

PI and CHG lack synergistic or antagonistic activity when used in combination 

To determine if PI and CHG synergize with one another, we next conducted checkerboard assays 

(Figure 4). As indicated by fractional inhibitory concentration index (FICI) values ≥ 0.5, CHG 

and PI failed to synergize against any of the strains tested. No antagonism was observed. 
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Figure 4. CHG and PI do not synergize nor antagonize one another’s activity. 

Checkerboards of S. epidermidis (A), MRSA (B), MSSA (C), E. coli (D), and P. aeruginosa 

PAO1 (E) and PA14 (F) planktonic growth (optical density at 600 nm as a percent of the vehicle 

control) grown in 50% TSB (A-C), 50% LB (D and F), or 10% LB (E) with increasing 

concentrations of PI (%) and CHG (%). Planktonic growth (optical density at 600 nm as a 

percent of the control) is shown in blue while no growth is in white. A FICI ≥ 0.5 represents 

indifference. Checkerboards represent an average of three independent experiments. 

 

The effects of combining wound irrigation with intrawound vancomycin administration 

To mimic co-treatment with vancomycin and a surgical antiseptic, we conducted checkerboard 

assays using the susceptible species S. epidermidis, MRSA, and MSSA. CHG and PI inhibited 

the growth of these strains at 0.0001% and 0.17%, respectively, while the MIC of vancomycin 

was 1-2 g/mL (Figure 5A). CHG and PI neither synergized with nor antagonized vancomycin 

activity. We also examined the impact of vancomycin administration on Gram-negative species. 

Unexpectedly, vancomycin stimulated biofilm formation of P. aeruginosa PAO1 and PA14, but 

not E. coli (Figure 5B), likely as a result of its recently discovered antipseudomonal activity in 

nutrient-limited media that mimics infection conditions [35].  
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Figure 5. Vancomycin does not synergize with nor antagonize the activity of clinical antiseptics. 

(A) Checkerboards of S. epidermidis (left), MRSA (middle), and MSSA (right) planktonic 

growth (optical density at 600 nm as a percent of the vehicle control, shown in blue) grown in 

50% TSB with increasing concentrations of vancomycin (µg/mL) and either PI (%) or CHG (%). 

FICI ≥ 0.5 represent indifference. Checkerboards represent an average of three independent 

experiments. (B) Planktonic growth (yellow) and biofilm formation (shown in purple, 

absorbance of crystal violet at 600 nm as a percent of the vehicle control) of E. coli (left) and P. 

aeruginosa PAO1 (middle) and PA14 (right) grown in 50% LB (E. coli and PA14) or 10% LB 

(PAO1) with increasing concentrations of vancomycin (µg/mL). Individual points represent an 

average of three technical replicates and bars represent an average of three independent 

experiments. Error bars show standard deviation.  
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Discussion 

Despite the well-established use of CHG and PI for antisepsis, evidence supporting the choice of 

concentrations that balance effectiveness with patient safety is surprisingly limited. To gather 

important in vitro pre-clinical data on efficacy, we tested CHG and PI at increasing dilutions, 

alone or in combination, against a variety of clinically relevant microbes to determine their 

spectrum of activity and assess their impact on biofilm formation. Using the lowest effective 

concentration has the clear advantages of reducing costs and limiting cellular toxicity; however, 

concentrations used clinically must be high enough to reliably inhibit intra-wound growth 

without stimulating biofilm formation. CHG and PI inhibited microbial growth in vitro at 

dilutions of 0.0004% and 0.33%, respectively, with lower MICs for Gram-positive organisms 

(Figure 1B-H). The solutions were also active at these low concentrations against clinical isolates 

of S. aureus and P. aeruginosa, including S. aureus SAC06, a methicillin-resistant strain isolated 

from an infected prosthetic knee (Figure 2). These concentrations align with the limited existing 

literature, with differences likely due to dissimilarities in media, culture conditions, and exposure 

time [15,36]. Solutions of 0.05% CHG could therefore be further diluted 125-times and retain 

potency. PI is typically provided as a 10% solution; based on our findings, 30-times dilute 

solutions remain effective against all microbes tested. Despite the potential advantages of these 

lower concentrations, physicians should avoid using CHG or PI below their MIC, especially due 

to the emergence of CHG-resistant S. aureus, which has been linked to increased resistance to 

antibiotics like daptomycin [37,38]. Further exploration in an in vivo model is needed to 

determine if CHG and PI retain their clinical efficacy when used at their MIC in more complex 

conditions, such as with shorter contact times and in the presence of host immune factors.  
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We also measured microbial biofilm formation in the presence of the antiseptics, allowing us to 

show that low concentrations (0.0004% CHG and 0.33% PI) prevented multiple species from 

developing biofilms (Figure 1B-H), including all clinical isolates of S. aureus tested (Figure 2A) 

and two of five P. aeruginosa clinical isolates (Figure 2B). This concentration of CHG is at least 

five times lower than previously reported [21]. Higher concentrations of CHG would likely be 

needed to inhibit biofilm formation of the P. aeruginosa clinical isolates C0060, C0292, and 

C0295. CHG and PI not only prevented bacteria from forming biofilms (Figure 1, 2), but also 

significantly reduced the biomass of established biofilms (Figure 3), suggesting surgical 

irrigation may be beneficial in primary arthroplasty and both septic and aseptic revisions. In 

addition to possible development of resistance, sub-inhibitory concentrations of CHG and PI 

should be avoided since they could result in unintended increases in bacterial biofilm formation 

(Figure 1B-H and Figure 2). While it is present in only ~10% of PJIs [2], P. aeruginosa, a 

prolific biofilm-forming pathogen, reacts sensitively to subinhibitory concentrations of 

antibiotics [18,20]; we show it is also sensitive to antiseptics. Small populations of P. aeruginosa 

could form difficult-to-treat biofilms, whose antibiotic susceptibility can decrease up to 1000-

fold [39]. We observed this biofilm stimulation phenotype (defined as biofilm levels >200% of 

the no-antiseptic control) [18] for our PAO1 laboratory strain (Figure 1F) and three of six clinical 

isolates (C0060, C0063, and C0295, Figure 2B), with different strains reacting differently to 

subinhibitory concentrations of either CHG or PI. We did not observe biofilm stimulation for 

other microbes tested, though subinhibitory concentrations of CHG have been reported to 

increase biofilms of S. epidermidis and some strains of MRSA [21,22]. 
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We originally hypothesized that using the solutions in combination might make them effective at 

even lower concentrations; however, CHG and PI did not synergize, based on FICI values ≥0.5 

(Figure 4), indicating that their mechanisms of action are independent. Based on a low FICI 

value of 0.5 in MRSA and MSSA (Figure 4B, C), we conclude there may be a small additive 

benefit to using the solutions in combination against S. aureus; however, further exploration in 

an in vivo model is needed to determine if a combination treatment would be advantageous.  

 

Solid vancomycin, an antibiotic with activity against Gram-positive species including S. aureus 

and S. epidermidis, has recently been used intrawound as a preventative in TJR, usually in 

conjunction with antiseptics [13,23,40]. We found that its addition did not alter the activity of 

CHG or PI (Figure 5A). This result is consistent with clinical studies that found a vancomycin-PI 

protocol effective in reducing PJIs, though vancomycin use remains controversial, with some 

studies reporting no significant benefit [23,40,41]. There is some evidence to suggest that 

vancomycin, when added with PI, inhibits growth of immature biofilms [42]. Interestingly, we 

found that like CHG and PI, vancomycin stimulated biofilm formation of P. aeruginosa PAO1 

and PA14, with biofilm levels reaching an average of 284 and 468% of control, respectively 

(Figure 5B). This was unexpected because, until recently, vancomycin was considered to have 

activity only against Gram-positive species [35]. These data suggest that localized vancomycin 

treatment, while effective against Gram-positive species, may paradoxically exacerbate rare P. 

aeruginosa infections. This is of particular concern since while vancomycin is administered at ~2 

g intrawound, its distribution and local concentration varies. Average vancomycin intrawound 

concentrations three hours after closure ranges from 877-988 µg/mL, depending on arthroplasty 

site, and at 24 hours post-closure, remains extremely high at 163-280 µg/mL [43]. While above 



Ph.D. Thesis – V. E. Coles; McMaster University – Biochemistry and Biomedical Sciences 

158 

 

the values that we tested (up to 64 µg/mL), we expect these concentrations are high enough to 

inhibit P. aeruginosa growth without stimulating biofilm production; however, average post-

surgery serum concentrations reach 5.2-6.6 µg/mL [43], falling within the concentration range 

that stimulated P. aeruginosa biofilm formation (Figure 5B). These values also exceed the MIC 

for Staphylococcus species (1-2 µg/mL, Figure 5A), indicating that despite its local 

administration, intrawound vancomycin has the potential to impact the microbiome. Other risk 

factors for intrawound vancomycin administration include the possibilities of increased surgical 

complications and increased vancomycin resistance. A retrospective study found that 

vancomycin powder paired with PI significantly decreased the occurrence of coagulase-negative 

staphylococcal infections, but failed to note the vancomycin-susceptibility of isolates, nor did the 

authors measure the impact on species at distal sites [44]. A retrospective review found that 

vancomycin powder reduced PJI but led to an increase in wound complications [45]. Taken 

together, these data suggest that, while effective at inhibiting growth of Staphylococcus species, 

the potential implications of intrawound vancomycin administration should be more thoroughly 

investigated to support its continued use. 

  

There are some limitations to the findings of this study. To establish important in vitro data, we 

tested the activity of the antiseptics and antibiotic on single-species cultures grown in dilute 

laboratory media in 96-well polystyrene plates over 16 h. Other studies have investigated the 

activity of antiseptics over shorter, more clinically relevant contact times, finding that 1% PI 

inhibits growth of organisms including MRSA immediately upon exposure, while 0.05% CHG 

does not kill MRSA with contact times up to 3 minutes, but did not assess biofilm formation 

[15]. Testing antiseptic activity in the presence of human serum would be an important future 
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direction to determine the impact of host immune factors on the MICs. To simplify our findings, 

we chose to measure activity of the antiseptics only against individual species of bacteria. While 

monospecies infections are representative of most PJIs, up to 15% are caused by multiple species 

[1]. It should also be noted that we tested only two commercially available formulations of CHG 

(Irrisept 0.05% solution) and PI (Dovidine 10% solution with 1% available iodine, Laboratoire 

Atlas Inc.). Additional testing would be required to ensure these data are applicable to other 

commercial formulations. Despite these limitations, our findings allowed us to understand the 

impact of dilute CHG, PI, and vancomycin on growth and biofilm formation of PJI-associated 

pathogens, contributing to the in vitro body of work that can help inform clinical use.  

 

Conclusions 

To support clinical practices, we aimed to characterize the activity of common wound antiseptics 

CHG and PI against PJI-associated pathogens and model microorganisms, finding they are 

effective in vitro at concentrations 125- and 30-times lower than typical use concentrations, 

respectively, even against recent clinical isolates. Since MICs vary depending on microbial 

growth conditions, these values are not necessarily representative of effective in-wound 

concentrations, but nonetheless provide valuable baseline information to support future clinical 

studies aimed at optimizing lavage conditions. Despite the obvious benefits of administering 

lower concentrations of antiseptics, we found that concentrations below the MIC can have the 

unwanted effect of increasing biofilm formation, making careful identification of an effective 

concentration range imperative. We also showed that CHG and PI can disperse established 

biofilms, indicating their benefit during revision of infected joints. We provide new evidence 

showing no synergistic benefit to using the solutions in combination, either with one another or 
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with vancomycin. Vancomycin alone is effective at inhibiting the growth of Staphylococcus 

species at low concentrations (1-2 µg/mL), but trials are needed to better understand how 

intrawound administration impacts bacterial biofilm formation, wound complications, and 

antimicrobial resistance rates. 
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Supplementary Information 

Supplementary Table I. Strain name and antibiotic susceptibility of S. aureus clinical strains 

isolated from patient samples as indicated. 

 

Isolate  Site Antibiotic susceptibility Patient information 

SAC01 Blood MRSA, fluoroquinolone-resistant 

Susceptible: clindamycin, rifampin, tetracycline, 

sulfamethoxazole/trimethoprim 

66F with 

bacteremia, treated 

with vancomycin 

SAC02 Blood MSSA, pansusceptible (including fluoroquinolones) 

Clindamycin-resistant 

73M with 

bacteremia 

SAC03 Blood MSSA, pansusceptible (including to clindamycin) 80M with urosepsis 

SAC04 Blood MSSA, pansusceptible (including clindamycin) 79M with paraspinal 

abscess 

SAC05  Wound MRSA, fluoroquinolone-resistant  

Susceptible: clindamycin, rifampin tetracycline, 

sulfamethoxazole 

2-year-old with skin 

lesion 

SAC06  Wound MRSA, clindamycin-resistant, fluoreoquinolone-

resistant  

Susceptible: tetracycline, 

sulfamethoxazole/trimethoprim 

73F with infected 

prosthetic knee 

SAC07 

 

Ear MRSA, pansusceptible including fluoroquinolones 9-year-old with otitis 

media, perforated 

tympanic membrane 
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Chapter Five: Discussion and Future Directions  
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Overview of Findings 

Despite steady increases in antimicrobial resistant infections, few new antibiotics have been 

discovered in recent decades. The work presented in this thesis aimed to address this problem in 

three ways: (1) identify novel antibiotics with activity against priority pathogens; (2) explore 

antibiotic adjuvants to resensitize resistant strains to existing antibiotics; and (3) assess the 

effectiveness of current antiseptic methods with the goal of preventing infections. Chapter One 

highlights the many reasons why developing new treatment methods is imperative, as well as 

factors that make antibiotic drug discovery and development challenging. In Chapter Two, we 

introduce a biofilm-based screening method to identify compounds with antibiotic activity that 

may be missed in a traditional screen. Using this method, we identified the anti-inflammatory 

BAY 11-7082. Through chemical derivatization, we synthesized a family of compounds based 

around this scaffold that have novel activity against priority pathogens. In Chapter Three we link 

its mechanism of action to peptidoglycan biosynthesis and show this family potentiates the 

activity of certain β-lactams against MRSA. In Chapter Four we examine standard surgical 

antiseptics, finding they are effective at inhibiting microbial growth and biofilm formation at 

concentrations below those used in surgery; however, subinhibitory concentrations stimulate 

biofilm formation. Together, these findings highlight the importance of considering the role of 

biofilms, both in antibiotic discovery and in infection treatment and prevention. They also 

highlight that there are novel antibiotic targets yet to be uncovered and pave the way for better 

understanding the factors that influence β-lactam resistance even in well-studied pathogens.  
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The importance and limitations of infection prevention 

There are many challenges to antibiotic discovery, as discussed in Chapter One. These challenges 

are exemplified by the fact that no new classes of antibiotics have come to market in the last 

twenty years, and only two new classes have been developed this century. In response, several 

non-antibiotic methods to treat or prevent infections have been proposed. Vaccination, for 

example, provides a promising approach for common circulating bacterial infections.1 While not 

all individuals in a population may be vaccinated, vaccination reduces the spread of resistant 

bacterial strains and decreases reliance on antibiotics, as seen with the pneumococcal vaccine for 

Streptococcus pneumoniae.2 It is, however, difficult to predict which bacterial strains will 

circulate through a population and, as with antibiotic development, there are many safety and 

regulatory hurdles that make vaccine development difficult. Prevention in settings where 

infection is most likely to occur, such as in surgery, is also important, as explored in Chapter 

Four. While measures like antiseptic lavage reduce frequency, infection is still possible. Bacteria 

are ever present in our environment, and it is impossible to predict all infections, meaning that 

while important, prevention alone is not sufficient. Despite the many challenges, new treatment 

options for antibiotic resistant infections will always be needed.  

 

The importance of measuring biofilm formation 

Chapter Two highlights the utility of biofilm-based screening methods. We used P. aeruginosa as 

a model biofilm-forming organism and measured biofilm stimulation in response to small 

molecules, a well-documented phenomenon in which subinhibitory concentrations of 

antimicrobials promote an outsized increase in biofilm formation, likely as a stress response.3 We 

were able to identify compounds that had weak (tens of micrograms per ml) anti-Pseudomonal 
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activity and reasoned we could improve this activity using medicinal chemistry. This chapter acts 

as a proof of concept that biofilm-based screening identifies novel scaffolds with antimicrobial 

activity, and that this activity is not limited to only P. aeruginosa. While other groups have 

measured biofilm as a way to identify compounds that decrease biofilm formation or disperse 

established biofilms, screening for biofilm stimulation remains uncommon despite its many 

benefits.4–6 Our lab’s experience screening for biofilm stimulators has been limited to collections 

of small molecules;7,8 however, this approach could prove particularly valuable in screening 

microbial extracts for natural products. Crude microbial extracts are often used in screening, but 

novel natural products of interest make up a small portion of these extracts, masking their effects. 

For this reason, libraries of fractionated extracts have higher hit rates then crude extracts.9 Hit 

rates could be further increased using biofilm-based screening, since it is more permissive, to 

identify antibiotics present even at low concentrations. Despite its advantages, biofilm-based 

screening remains relatively laborious compared to growth-only screening, and the method 

outlined in Chapter Two can only be conducted in 96-well plates, limiting throughput. Other 

methods for identifying biofilm stimulation, such as measuring dyes that bind matrix 

components, may prove more useful for screening large quantities of extracts.10 

 

Biofilms are a major contributor to infections, particularly at surgical sites on implanted 

prosthetics, as highlighted in Chapter Four. Measuring the impact of antibacterials on biofilm 

formation in these settings is crucial; however, literature is limited. In this chapter we provide 

valuable in vitro data to support the use of antiseptics to prevent bacterial growth and biofilm 

formation at surgical sites. We also report that subinhibitory concentrations of both antiseptics 

and the antibiotic vancomycin stimulate biofilm formation, particularly in P. aeruginosa, though 
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similar findings have been reported for other species.11,12 Surgical antiseptics are often diluted 

inaccurately in the operating room and while solid antibiotics are applied intrawound at specific 

concentrations, these concentrations are based on precedence rather than evidence, and we lack a 

complete understanding of the concentrations reached at different body sites. Understanding the 

impact on biofilm development is therefore imperative. Perhaps a better approach would be the 

use of targeted antibiofilm therapies to prevent bacterial biofilm formation and disperse 

established biofilms, with a goal of decreasing reliance on antibiotics like vancomycin to which 

resistance is rising. 

 

S. aureus biofilm inhibitors for infection treatment and prevention 

The biofilm-based screening protocol referenced in Chapter Two provides an unconventional 

way to identify compounds with antimicrobial activity; however, this screening set-up could 

simultaneously be used to identify compounds that inhibit biofilm formation. Antibiofilm agents 

represent a type of virulence inhibitor, which work by disarming bacteria to reduce pathogenicity 

in vivo instead of inhibiting planktonic growth directly, potentially making the development of 

resistance less likely.13–15 Virulence inhibitors rely on standard antibiotics or host immune factors 

to subsequently clear infections. Compounds that are active against S. aureus biofilms would be 

especially valuable, given their frequency and morbidity in catheter- and prosthetic joint-

associated infections.16,17 Small-molecule compound libraries and natural product extracts could 

be screened for antibiofilm activity (Figure 1) in media that allows for quantification of the 

largest change between baseline and reduced biofilm formation. Simultaneous measurement of 

bacterial growth would be used to filter out compounds with antimicrobial activity as opposed to 

targeted antibiofilm activity. Compounds could also be tested for activity against S. epidermidis – 
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those that are effective against both of the most common Gram-positive PJI-associated 

organisms would provide the best protection – as well as recent clinical isolates from prosthetic 

joints. Provided they lack toxicity against human cell lines and do not interfere with the activity 

of validated surgical antiseptics like CHG and PI, these biofilm inhibitors would be an important 

addition to surgeries associated with biofilm-based infections like TJRs. This screening pipeline 

suffers from the same drawbacks as screening for biofilm stimulators, in that it is relatively 

laborious and low throughput. Artificial intelligence may prove useful in scaling up screens of 

synthetic small molecules, since machine learning algorithms could be trained on smaller 

datasets collected from a lower throughput screen and used to predict a larger set of compounds 

that inhibit biofilm formation. 

 

In addition to preventing PJIs, antibiofilm therapies could also have a role in surgical revision of 

infected joints. While biofilms are intrinsically more antibiotic resistant than planktonic cells, 

compounds that prevent biofilm formation, induce biofilm dispersion, and/or compromise matrix 

integrity can act as adjuvants by enhancing antibiotic activity.18 It is therefore important to also 

measure the compounds’ ability to decrease the mass of mature biofilms and determine if they 

synergize with traditional antibiotics used to treat PJIs like β-lactams, vancomycin, daptomycin, 

and linezolid to decrease planktonic and biofilm growth (Figure 1). Some microbial biofilms 

mask pathogen-associated molecular patterns (PAMPs), making it difficult for host immune 

factors to recognize and penetrate them.19 Agents that disperse biofilms consequently increase 

the amount of planktonic cells and aggregates, triggering an immune response. It is important to 

assess the impacts of dispersal in vivo, since, while necessary to clear infections, inadvertent 

overactivation of the innate immune system could have life-threatening consequences. 
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Figure 1. Workflow diagram of a proposed screen to identify antibiofilm compounds to be used 

in joint replacement to prevent or treat prosthetic joint infections. Screening libraries of small 

molecules or natural product extracts could be tested for their ability to prevent S. aureus biofilm 

formation. Those that inhibit biofilm formation below 20% of the vehicle control could be tested 

for antibiofilm activity against S. epidermidis and clinical isolates from infected prosthetic joints, 

checkerboard assays could be used to ensure they do not antagonize the activity of common 

clinical antiseptics chlorhexidine gluconate and povidone-iodine, and HEK293 cells could be 

used to ensure they are non-toxic to human cell lines (top purple box). Compounds that meet 

these criteria could also be examined as biofilm disruptors (bottom purple box) by testing to 

determine if they decrease the biomass of mature S. aureus biofilms and synergize with 

traditional antibiotic therapies to decrease planktonic and biofilm growth. 
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Biofilm inhibitors with activity against P. aeruginosa may also have activity against S. aureus 

biofilms. In the initial screen that identified BAY 11-7082, eight P. aeruginosa biofilm inhibitors 

were also identified (Figure 2).7 Additionally, P. aeruginosa biofilm screens performed by other 

research groups led to the identification of commercially-available biofilm inhibitors, four of 

which our lab has successfully validated (Figure 2).4 There are a variety of cellular processes on 

which compounds that disrupt biofilm formation or disperse established biofilms may act. 

Biofilm inhibitors may target EPS synthesis, intracellular c-di-GMP levels, and the activity of 

quorum sensing pathways. While most of these pathways are conserved between S. aureus and P. 

aeruginosa others, like motility, are not. Some P. aeruginosa biofilm inhibitors highlighted in 

Figure 2 contain moieties characteristic of iron chelators, including hydroxyquinolines and 

catechols (highlighted in blue). There is evidence that chelators sequester iron in the local 

environment, causing an increase in P. aeruginosa twitching motility and a corresponding 

decrease in biofilm formation.20 While environmental iron levels impact biofilm formation of 

Staphylococcal species, this process is not mediated by increased twitching motility.21–23 Instead, 

decreased production of adhesins may play a causative role.21 Testing iron chelators like those 

identified in Figure 2 against S. aureus biofilms could validate this strategy of biofilm inhibition 

and further inform on its mechanism. 
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Figure 2. Structures that inhibit P. aeruginosa biofilm formation from our pilot biofilm screen 

(left) or those reported in literature and validated in our lab (right). Catechol groups and 8-

hydroxyquinolones, two iron-binding motifs, are highlighted in blue. 

 

Identification of a novel antibiotic scaffold 

Despite the importance of approaches to reduce infection rates, novel antibiotics are still needed 

to treat MRSA. The oxazolidinone linezolid and the lipopeptide daptomycin, introduced into the 

clinic in 2000 and 2003, respectively, represent the most recently discovered classes of 

antibiotics, and their development was in response to rising rates of β-lactam resistance. In 

addition to these two newer antibiotics, vancomycin remains a standard-of-care treatment option 

for MRSA; however, resistance has arisen to all three.24–26 Of the 43 new compounds in the 

global antibiotic pipeline as of 2020, fewer than half have activity against S. aureus.27 Of those 

that do, novel classes include compounds that target membrane integrity, cell division, DNA 

replication, protein synthesis, and fatty acid biosynthesis.27 While there is still a continued push 

for the development of novel anti-MRSA therapies, some funders and developers have turned 
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their attention to Gram-negative infections including P. aeruginosa, A. baumannii, and K. 

pneumoniae, for which there are often fewer treatment options.27,28  

 

While BAY 11-7082’s structural analogues BAY 11-7085 and PSPC were previously reported by 

other research groups to have antibiotic activity,29,30 our work presented in Chapter Two showed 

this activity is conserved among 25 structural analogues designed specifically for our study. Of 

these analogues, 16 were entirely novel at the time of publication. This group of compounds 

belong to a new antibiotic scaffold with activity against MRSA. Chapters Two and Three link the 

compounds’ possible mechanism of action to peptidoglycan biosynthesis, showing that several 

compounds in this family resensitize MRSA to β-lactams. While peptidoglycan biosynthesis is a 

well-established target, no MRSA-targeting antibiotics in the current development pipeline act 

on it.27 While BAY 11-7082’s mechanism(s) of action remain unknown, we show that resistance 

occurs infrequently and cells expressing common resistance elements retain susceptibility.  

 

Antibiotic adjuvants as an alternative strategy to antibiotic discovery 

In Chapter Three we attempted to identify the mechanism through which BAY 11-7082 and its 

analogues potentiate certain β-lactams, exploring the utility of this scaffold as an antibiotic 

adjuvant. Antibiotic adjuvants provide an alternative to the discovery of new antibiotics, since 

they can increase the potency, broaden the spectrum, and overcome resistance to existing 

antibiotics that have already been proven safe and effective.18 Adjuvants advance into the clinic 

in combination with a specific antibiotic to minimize drug interactions and optimize dosing. 

Identifying a suitable pair can be difficult, and trials must be done to ensure the compounds 

retain suitable pharmacokinetic and pharmacodynamic properties when used together. While new 
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combination treatments still must go through clinical trials, development is often less complex 

than bringing an entirely new antibiotic to market, making this approach more economically 

favourable. An adjuvant approach also circumvents the need to continually develop increasingly 

expensive new antibiotics and, when employed in tandem with traditional antibiotic discovery 

programs, maximizes the treatment options available for resistant infections. Adjuvants can have 

a variety of different mechanisms of action. For example, antibiofilm compounds generally 

increase a population’s susceptibility to traditional antibiotics, while β-lactamase inhibitors 

specifically bind β-lactamases, restoring the activity of β-lactams. 

 

Unlike some adjuvants, including β-lactamase inhibitors, BAY 11-7082 and its analogues are 

antibacterial on their own. This is similar to the sulfonamide sulfamethoxazole and the folate 

inhibitor trimethoprim, two antibiotics that synergize with one another by inhibiting the 

biosynthesis of dihydrofolate and tetrahydrofolate, respectively, two steps required in the folic 

acid synthesis pathway.31 Using antibiotics in combination is a common strategy to expand the 

spectrum of activity and mitigate resistance, but by acting on the same pathway in concert, these 

compounds also potentiate one another.32 Interestingly, BAY 11-7082’s ability to potentiate β-

lactams is greatest in β-lactam resistant strains, suggesting that while it has its own antibacterial 

mechanism(s) of action, it also overcomes resistance. These mechanisms may be separate or 

shared. In Chapters Two and Three we showed that potent analogues are also strong β-lactam 

potentiators; however, we have not yet conducted a full structure-activity relationship study 

exploring synergy. It is possible the strongest potentiators are not the most potent antibacterials, 

suggesting these outcomes may be a result of binding separate cellular targets. Further chemical 

modifications may therefore result in discovery of stronger β-lactam potentiators. 
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In Chapter Three, we proposed that BAY 11-7082 and its analogues potentiate PBP2-targeting β-

lactams by interrupting coordination between PBP2 and the β-lactam insensitive PBP2A. Some 

compounds reported to have this effect act on fem (factors essential for methicillin-resistance) or 

aux (auxiliary) factors.33 Some of these factors, which are involved in mecA-mediated β-lactam 

resistance, were identified through chemical interactions between β-lactams and other 

peptidoglycan-targeting compounds. Fosfomycin, D-cycloserine, and moenomycin all potentiate 

β-lactam activity in addition to being antibacterial alone.34,35 Other factors were identified 

through experiments in which transposon mutant libraries of MRSA were screened for increased 

susceptibility to β-lactams.36,37 Other small molecule potentiators continue to be discovered, 

highlighting new factors involved in resistance; however, in Chapter Three we identify 

phenotypic differences between cells treated with BAY 11-7082 versus existing β-lactam 

potentiators, suggesting it may act via a novel mechanism. We previously tested strains from the 

Nebraska transposon mutant library38 with transposon insertions in auxiliary factors of interest 

for susceptibility against a BAY 11-7082-β-lactam combination, but have yet to identify strains 

with altered susceptibility. A more comprehensive screen of strains with transposon insertions in 

all nonessential genes may reveal additional auxiliary factors that, when interrupted, alter 

susceptibility to the combination, allowing us to clarify possible mechanisms of synergy. Given 

that BAY 11-7082 also has antibiotic activity, it may act on an essential auxiliary factor, which 

would not be represented in a transposon library. Instead, CRISPR interference could be used to 

generate a knockdown library of essential genes to identify potential targets.  
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Significance and Concluding Remarks 

The hunt for new antibiotics is not over, nor will it likely ever be, but there is value in better 

understanding what types of chemical matter modulate bacterial growth and biofilm formation. 

In this work, we identify a new chemical scaffold that inhibits bacterial growth and provide 

evidence that it works through a novel, yet undefined mechanism. These results act as a proof of 

concept that new antimicrobials, which work in ways we still do not fully understand, remain to 

be discovered. We also call attention to the many factors that play a role in mecA-mediated β-

lactam resistance in MRSA, highlighting that there may be additional contributing factors that 

are not yet well understood. Using solid scientific data to build on historical precedence, we 

show the value of correctly diluted antiseptics in infection prevention, and propose a path 

forward for identification of targeted antibiofilm therapies to treat and prevent infections. 

Preventing infections, finding new antibiotics, and restoring the activity of existing antibiotics 

are separate strategies, but all have an important role to play in the continued fight against AMR. 
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