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Abstract 

 

Antimicrobial resistance (AMR) is an ever-increasing global problem and it is 

estimated that deaths associated with AMR infections will exceed 10 million by 2050, 

superseding cancer as the leading cause of global mortality. Traditional antibiotics 

display antimicrobial activity through direct targeting of key bacterial cellular processes 

such as cell wall formation, which are essential for viability but are susceptible to 

resistance generation. In contrast, one approach to combating AMR is the 

development of novel small-molecule inhibitors (SMIs) as anti-virulence agents, which 

target pathogen specific virulence-related traits, such as enzymes involved in the 

generation of post-translational modifications, biofilm formation and toxin production. 

This study aimed to determine the anti-virulence activity of a novel library of SMIs 

designed for precision targeting of essential epigenetic bacterial targets. Antimicrobial 

susceptibility and time-kill kinetic assays identified four lead candidates which 

demonstrated activity against methicillin-resistant Staphylococcus aureus (MRSA). 

One lead SMI was able to resolve MRSA infections in the Galleria mellonella in 

vivo model, with no observed cytotoxicity being exhibited within the larvae. Research 

is now focused on determining the downstream effects of these SMIs on MRSA 

virulence traits, such as biofilm formation and quorum sensing, in addition to 

confirming the bacterial cellular target site via affinity chromatography coupled with 

determining binding affinity. This research represented a significant advance in the 

search for novel antimicrobial agents which target essential bacterial processes 

beyond those associated with traditional antibiotics. 
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1 Introduction 

Antimicrobial resistance (AMR) in bacteria is a major global issue, which is 

currently responsible for over 700,000 deaths per year worldwide (NICE impact 

antimicrobial resistance,2018), and it is predicted to overtake cancer as the leading 

cause of global mortality by 2050. The World Health Organization (WHO), the Food 

and Agriculture Organization of the United Nations (FAO), and the World Organization 

for Animal Health (OIE) have stated that AMR is a serious risk to human health and is 

detrimental to the environment (McCubbin et al., 2021). A variety of factors have 

contributed towards this threat to public health, such as the over-prescription of 

antibiotics, the overuse and misuse of antibiotic chemotherapy and the use of 

antibiotics in farming practices. Bacteria have adapted and evolved to evade 

antimicrobial treatment options by several key mechanisms, including the production 

of enzymes that degrade the target antibiotic such as the production of beta-

lactamases and aminoglycoside-degrading enzymes; intracellular target modification 

and activation of drug efflux pumps as reviewed by (Gajdács 2019). It is estimated that 

failing to tackle AMR will result in a decline in the world population by 2050 of between 

11 to 444 million (Taylor et al., 2014). Due to this global threat to public health, there 

is an increasing need to develop alternative antimicrobial strategies for combating 

AMR infections. Many of the traditional key antimicrobial target sites within bacteria 

have been extensively explored and developing or modifying existing 

chemotherapeutic agents is proving challenging.   

By utilising intelligent drug design and virtual screening technology, it is now 

possible to identify unique novel intracellular target sites for the generation of 

corresponding small molecules to inhibit cellular processes. Designing bespoke small 

molecule inhibitors (SMIs) against bacterial target sites reduces the possibility of off-
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target effects, whilst ensuring differential toxicity between host and pathogen 

(Mühlen and Dersch, 2016). Several emerging targets are different families of bacterial 

epigenetic targets, including kinases which are enzymes that phosphorylate 

proteins to mediate cellular processes, many of which are involved in mediating 

bacterial virulence, such as quorum sensing and two-component regulatory systems 

(Defoirdt, 2018). This thesis introduction provides a comprehensive and subjective 

analysis of current research into the development of epigenetic inhibitors as anti-

virulence agents, with a focus on several key classes of kinase including serine / 

threonine, tyrosine, and histidine kinase inhibitors, in addition to bacterial 

Autoinducer-2 kinase inhibitors. Host specificity is considered, alongside the potential 

for clinical deployment of novel SMI inhibitors and future perspectives in this emerging 

area of anti-virulence agent development.   

 

1.1 Antimicrobial Resistance 

The golden-age of antibiotics that stretched from the 1940s to the 1960s produced a 

valuable selection of naturally derived bacterial and synthetically made products which 

are still in use today (Jeśman et al., 2011). After this period there was a significant halt 

to antimicrobial progress, with current antibiotics that are in production being based 

on already known classes (mainly from the family Actinomycetaceae) rather than new 

discoveries (Hutchings et al., 2019). The approval rate of the food and drug 

administration of new systemic antibiotics has reduced to nearly none during the past 

30 years (Prescott, 2014).  Due to the constant adaptive nature of bacterial genetics 

in terms of clonality, resistance is an issue that is an ongoing challenge. This also 

relates to the use of antibiotics in agriculture, which would impact humans via zoonotic 

pathogens. Two examples would be Salmonella enterica and Campylobacter jejuni 
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that would encounter humans through the food chain. Infectious cases and morbidities 

in humans due to bloodstream infections caused by third generation cephalosporin-

resistant Escherichia coli strain G3CREC were studied (Collignon et al., 2013) which 

found found that 56% of the resistance genes in strain G3CREC from human infections 

were identical to those genes identified in E. coli which was isolated from retail chicken 

samples. However, whole-genome sequencing has allowed the discovery that strains 

of multidrug-resistant Salmonella Typhimurium strain DT104 in the UK spread mostly 

independently within animal and human populations (Mather et al., 2013). A major 

focus when managing antimicrobial resistance in hospitals are the ESKAPE 

pathogens (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, 

Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter species) (De 

Oliveira et al., 2020). These pathogens have been highlighted as a threat to human 

health as they significantly decrease the amount of treatment options for bacterial 

infections. In a hospital setting, medical equipment can serve as a method of infection, 

for example, use of a urinary tract catheter is an invasive procedure and if 

contaminated, can introduce resistant bacteria internally. The effects of this are well 

documented as the World Health Organization has named antimicrobial resistant 

pathogens a threat to human health, which needs constant monitoring.  

In the United States, there was a death toll of 35,900 due to resistant pathogens 

during 2019 which not only impacts healthcare resources and capacity, it also totals 

to a health care cost of over $4.7 billion (Kadri, 2020). The CDC report on antibiotic 

resistance in 2019 also stated that cases are more prevalent in critically ill patients 

who are affected due to often being immunocompromised already, Extended-

spectrum β-lactamase (ESBL) Enterobacteriaceae cases increased by 50% over the 

past 5 years which is the result of clonal spread which consists of plasmids acting as 
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a carrier, such as those found in the virulent strain Escherichia coli ST131 which 

contains the resistance gene blaCTX-M-15 (Awosile and Agbaje, 2020) During 2015 to 

2018, one study monitored the antimicrobial consumption in comparison to rates of 

resistant ESKAPE pathogens within the surgical, clinical, and intensive care unit 

(Pérez-Lazo et al., 2021). This study found that the average rate of MRSA and 

vancomycin-resistant Enterococcus faecium (VRE) isolates was over 50% and 60% 

respectively in all hospital areas, with the highest resistance rate found in the ICU 

(73.3% and 64.3%). These findings correlate with the antimicrobials that had the 

highest average consumption in the ICU, which were vancomycin (9.16 /100 bed-

days) and meropenem (9.13 /100 bed-days). However, the study did not find a 

significant linear relationship between an antimicrobial drug and an ESKAPE pathogen 

which meant there was no causal association. Despite this conclusion, the paper 

created awareness of the number of antimicrobial drugs being used and provided 

education and reflection to hospital staff on work protocols. Another study from a 

Nepalese hospital processed 8,756 clinical samples for the identification of ESKAPE 

pathogens using standard microbiological procedures (Pandey et al., 2021). 

Specimens included swabs, urine, bodily fluids, sputum, cerebrospinal fluid, pleural 

fluid, and semen. Results showed the following bacteria were present, E. faecium 

(5.5%), S. aureus (33.4%), K. pneumoniae (33.0%), A. baumannii (8.6%), P. 

aeruginosa (18.6%), and Enterobacter aerogenes (0.9%). MRSA and VRE were found 

in 57.6%, and 20% of samples respectively. An antimicrobial susceptibility test was 

carried out using the bacterial samples and 92% were resistant to ciprofloxacin, 52% 

to gentamicin and 20% against vancomycin. A molecular screen targeting the vanA 

and vanB genes was also conducted. VRE strains can transfer vanA to S. aureus via 

horizontal gene transfer, creating vancomycin-resistant S. aureus (VRSA), which limits 
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antibiotic treatment of infections (Willems et al., 2005). The vanA gene was found in 

all five VRE isolates, which is a signature of high resistance to both vancomycin and 

teicoplanin. This study highlighted the need to constantly monitor AMR within 

healthcare settings.  

 Current studies have found that there are new clones of S. aureus that are able 

to disseminate within community settings and infect those without predisposing risk 

factors. A review considered new MRSA and VRSA reservoirs, origins and 

characteristics, including the varied staphylococcal cassette chromosome (Lakhundi 

and Zhang, 2018). They found that there is a growing reservoir of MRSA in livestock 

and pets due to irresponsible use of antibiotics. This is in combination with MRSA’s 

evolutionary nature facilitated by the Staphylococcal cassette chromosome (Shore 

and Coleman, 2013). S. aureus causes soft tissue, respiratory tract, skin and 

bloodstream infections, making it a major component of hospital and community-

acquired infections. It can contaminate medical equipment and cause central-line-

associated bloodstream infections. MRSA has a modified penicillin binding protein 

called PBP2a which is coded for by the mecA gene and acts by reducing the rate of 

β-lactam-mediated enzyme acylation along with decreased affinity for β-lactams. 

MRSA-infected patients usually have a more extended hospital stay and with S. 

aureus strain USA300 being a common causative agent. This study focuses on MRSA, 

particularly strain USA300, which is a prominent type of gram-positive community 

associated pathogens. This strain is mostly a community-associated MRSA strain and 

has become resistant to other drug types including erythromycin, levofloxacin, 

mupirocin, and tetracycline over the past 5 years. This is due to the acquisition of 

erm(a), erm(C) and tet(K) which are mediated by plasmid exchange. Virulence factors 
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that S. aureus strain USA300 uses include arginine catabolic mobile element, PVL 

toxin, α-toxin and phenol-soluble modulators (Lakhundi and Zhang, 2018).  

 

Image 1 (Al-Charrakh and Al-Hassnawi, 2012) depicts the virulence factors that have 

been identified in community associated MRSA strains including those mentioned 

above.  

Although resistance is a constant threat to public health, there has been 

progress within recent years to reduce its prevalence. This includes the use of genome 

sequencing which has been made more widely accessible to investigate secondary 

metabolites of known antimicrobials. This is due to the price of genome sequencing 

dropping from thousands to around £100 per isolate as technology advances (Price et 

al., 2013) This can be further analysed, along with the use of microbial genome mining 

and synthetic chemistry, to find new antimicrobial drugs. An example of this would be 

azithromycin which is a second-generation tetracycline and a penicillin derivative. This 

drug is frequently used to treat skin and respiratory bacterial infections (Katz and Baltz, 

2016). Antimicrobial stewardship interventions in hospitals involve using antimicrobials 

https://paperpile.com/c/4D3438/OE13
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sparingly and following treatment guidelines to minimise length of hospital stays 

without impacting quality of care. Within wealthier countries, hospital stewardship 

consists of the monitoring of antimicrobial use, monitoring resistant patterns, an 

antimicrobial committee, the evaluation of current intervention strategies and 

treatment guidelines. However, low to middle income countries have significant 

limitations due to high patient load to provider ratios, low funding, lack of training on 

antimicrobial stewardship, which results in high antimicrobial prescription (Kakkar et 

al., 2020). A study assessed antibiotic usage in Pakistan and their attitudes towards 

antimicrobial resistance (Waseem et al., 2019). It was found that 55.6% of pharmacists 

and physicians in a population of 473, had poor knowledge of antimicrobial resistance. 

A qualified pharmacist did not need to be present during the operation of 90.6% of 

pharmacies, which resulted in the reduction of  specialists. 

Recent studies are aiming to identify novel cellular targets and develop 

strategies to combat antimicrobial resistance. The development of small molecule 

inhibitors (SMIs) against bacterial virulence factors is an emerging area of research 

(Kim et al., 2021) (Rice et al., 2021) (Maji et al., 2019). Anti-virulence compounds, 

such as those which replicate mucus secretions against enteropathogens have been 

identified. These function by producing mucin glycoproteins which immobilise bacteria 

(Vaca et al., 2020). The innovation of new strategies and further research utilising 

existing compounds are both required to progress towards the goal of effective 

antimicrobial and anti-virulence drug production. 

 

1.2 Identification of potential virulence targets 
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Bacteria regulate gene expression to control mechanisms used during infection 

such as the release of toxins. Such mechanisms are essential in bacteria, for example 

Streptococcus pneumoniae genes nanA and nanB encode factors that trigger 

colonisation (Pettigrew et al., 2006). The gene rlrA encodes pilus production and the 

gene luxS encodes the quorum sensing enzyme LuxS which is a regulator of biofilms 

and nasopharyngeal carriage for S. pneumoniae (Sakai et al., 2013). With the new 

realisation that novel antibiotics should not exert selective pressure on their target 

bacterial species, alternative mechanisms to disrupt bacterial virulence factor 

production are now being explored. A recent study focused on preventing S. aureus 

toxin secretion by using anti-virulence agents (Kong et al., 2016). S. aureus toxins 

include leukotoxin, hemolysin, enterotoxin, exfoliative toxin and TSST-1, not including 

other virulence factors like enzymes or surface proteins. Enzymes can aid in the 

invasion of a human host cell as well as evading the immune response attack using 

enzymes such as coagulase, staphylokinase and protease. Monoclonal antibodies 

have been studied as a potential therapeutic option for neutralising α-hemolysin 

(Foletti et al., 2013). Here, Mouse animal studies have found that α-hemolysin 

antibodies impede pneumonia, bacteremia and skin S. aureus infections and inhibit 

necrosis when administered prophylactically. When treatment was administered after 

the bacterial challenge, survival rates after 72 hours were 100% for mice treated with 

the LTM14 antibody after 12 hours post infection, which was comparable to mice 

treated with linezolid antibiotic after 12 hours. A decreased survival rate of 40-50% 

was observed when treated at 18 hours for both treatment methods. The α-

hemolysin:antibody complex showed that the α-hemolysin binds between the cap and 

the rim domains, so that the antibody neutralises the activity of the toxin by preventing 

binding to the plasma membrane of susceptible host cells. 
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Another study has investigated preventing the expression of virulence factors 

in Clostridioides difficile infections using an antisense oligonucleotide (ASO) which 

would ideally target genes that are non-essential for cell survival (Stewart et al., 2020). 

This approach would be unique due to being organism specific as ASO would only 

anneal to mRNA transcripts of the target gene. However, there have been no in vivo 

studies as it has been difficult to produce a significant clinical response using a human 

host. This study also highlighted a small molecule inhibitor termed Ebselen, which 

altered proteins through seleno-sulphide conjugation at cysteine residues. Ebselen 

inactivates toxins TcdA and TcdB produced by C. difficile, by inhibiting the auto-

processing domain and glucosyltransferase domain within the toxin protein structure 

(Marreddy et al., 2021). Further research found that Ebselen inhibited toxin production, 

decreased bacterial load, and reduced established biofilms (Thangamani et al., 2015). 

Ebselen is effective not only on C. difficile, but also targets multidrug-resistant strains 

of staphylococcal infections. 

 

1.3 Kinase Inhibitors as Antimicrobial agents  

 

Protein kinase phosphorylation is an essential process required by bacterial 

cells for survival in ever-changing environments. It plays a key role in signal 

transduction by the generation of signalling cascades, which produce 

secondary messengers to ensure successful transduction (Gao et al., 2019). It is 

common for proteins to possess an amino acid that acts as 

a phosphoacceptor to initiate phosphorylation. Phosphate groups are coordinated 

to hydroxyl residues found in threonine, serine, or tyrosine. Histidine can also be 

subjected to phosphorylation, but this possesses an imidazole ring which is the 
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phospho acceptor amino acid side chain (Kennelly, 2002). Phosphate is donated from 

adenosine triphosphate (ATP) and is coupled to tyrosine, serine, threonine, cysteine, 

aspartic acid, arginine or histidine, which then initiate protein interactions. 

  Phosphorylation is required for numerous intracellular processes, such as 

gene expression to regulate the production of proteins, altering intracellular processes 

to survive extreme environments and mediating chemotactic responses to 

environmental stimuli (Grangeasse et al., 2012). This process can be reversed 

by phosphatases which catalyse the donation of a phosphate group to a substrate 

from a high-energy molecule, thus allowing the on/off switching of kinase-

mediated enzyme activity (Manso et al., 2019).   

Eukaryotic protein phosphorylation is a well-characterised 

phenomenon(Kennelly, 2002) (Manning et al., 1980) . However, protein 

phosphorylation systems in prokaryotic cells were only discovered in 1979 (Garnak 

and Reeves, 1979) This discovery occurred whilst researching the catalytic activity of 

the isocitrate dehydrogenase enzyme in E. coli, where it was determined that 

enzymatic activity was controlled by the phosphorylation of serine residues within the 

enzyme (Garnak and Reeves, 1979) With the advent of DNA sequencing technology, 

there are now numerous examples of phosphorylation systems within 

prokaryotic cells (Adam and Hunter, 2018). Indeed, the global regulation of 

enzymatic activity mediated by protein kinase signalling in prokaryotic cell is now an 

emerging area for the development of Anti-virulence compounds.   

There are several classes of prokaryotic kinases which are implicated in signal 

transduction, including histidine kinase two-component regulatory systems, bacterial 

tyrosine kinase system (termed BY-kinases) and the eukaryotic-like 

Serine/Threonine kinase system (termed eSTK) (Kyriakis, 2014) .These are essential 
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pathways for regulating subsequent protein function for example, a subset of 

eukaryotic-like serine threonine kinase (eSTK) called penicillin binding proteins and 

serine/threonine kinase associates (PASTA) are commonly found in actinomyces and 

firmicutes. These kinases bind muropeptides and regulate cell responses to 

extracellular stresses by constant evaluation of cell wall homeostasis (Pensinger et 

al., 2018). It was also found that bacterial cells that did not contain sufficient tyrosine 

kinase protein displayed irregular DNA replication and chromosome distribution, which 

suggests that it plays a vital role in bacterial physiology (Manuse et al., 2016). The 

following sections will explore the different classes of protein kinases and detail the 

role of potential inhibitors which could be employed as anti-virulence agents.   

 

Image 2, (King and Blackledge, 2021) depicts an example of a two-component system 

cascade. (a) shows a histidine kinase extracellular sensor domain which sits on the 

cell membrane. (b) shows a signalling chemical compound binding to the histidine 

kinase’s active site. (c) is where a conserved histidine residue undergoes 

autophosphorylation which is what the green circle represents. (d) is where the 

phosphoryl group is transferred from histidine to the DNA binding response regulator 

using histidine kinase. (e) shows The response regulator is phosphorylated which 

allows it to bind to DNA, leading to transcriptional regulation resulting in toxin or 

virulence factor production. 

https://paperpile.com/c/4D3438/bhAq
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1.4 Autoinducer-2 kinase Inhibitors  

 

Quorum-sensing pathways are important targets for the development of novel 

antimicrobial chemotherapeutics, as these underpin the functional basis for biofilm 

formation and intercellular communication (Kim et al., 2017). Biofilms 

are microbial communities which are more resistant to the effects of antimicrobial 

agents and present some of the most challenging clinical infections, often resulting in 

chronic disease. In a multitude of bacterial species, including E. 

coli and S. aureus, quorum sensing is regulated via the production of small molecules 

called autoinducers, such as Autoinducer-2 (Ai-2) (Kalia et al. 

2019). The LsrK protein belongs to the FGGY kinase family and catalyses phosphate 

transfer from ATP to multiple sugars such as trioses and heptoses. In enteric 

bacteria, LsrK phosphorylates a precursor of Ai-2 termed (S)-4,5-Dihydroxy-2,3-

pentanedione (S-DPD) (Stotani et al., 2019), which is essential for functional quorum 

sensing cascade activation. Inhibiting the activity of LsrK therefore represents a 

potential target to reduce the virulence profile of bacterial pathogens.  
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Image 3. This diagram displays the production of autoinducer-2 in a bacterial 

cell (Sen et al. 2015). This Quorum sensing signalling process is that of Escherichia 

coli and Salmonella typhimurium. LuxS enzymes react with S-ribosyl homocysteine 

(SRH) which results in the production of DPD. DPD undergoes further processing to 

become active autoinducer-2.  

S-DPD is a small signalling molecule that controls quorum sensing in both 

Gram-negative and Gram-positive bacteria. A study by Stotani et al. (2019) measured 

the efficacy of a library of small compounds which were derivatives of S-DPD in 

inhibiting LsrK in E. coli. The screening process resulted in 4 compounds out of the 29 

screened which showed inhibition of LsrK over 40%: compound 12a (3,5-disubstituted 

pyrazoles with R1 = Ph), 12b (3,5-disubstituted pyrazoles with R1= 2-furanyl), 

13a (1,3,5-trisubstitted pyrazoles with R1 = Ph), 13b (1,3,5-trisubstitted pyrazoles R1= 

2-furanyl). All four compounds produced IC50 values between 100 µM and 500 µM, the 

most successful compound being 13a which demonstrated an IC50 of 119 µM (Stotani 

et al., 2019). Another study screened a 2000 compound library to find compounds 

which could inhibit LsrK phosphorylation of autoinducer-2 (Gatta et al., 2019). 

https://paperpile.com/c/4D3438/vVZS
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The remaining compounds were then subjected to dose response assay, selectivity 

and promiscuity assays which resulted in three compounds: harpagoside, rosolic acid 

and aurin tricarboxylic acid. An Autoinducer-2 (Ai-2) quorum sensing 

interference assay was then carried out to assess the compound quorum 

sensing inhibition ability in a cellular environment. This used E. coli strain LW7 

pLW11 to monitor activity, which produces beta galactosidase when 

the quorum sensing cascade is initiated (Gatta et al., 2020). An efflux pump blocker 

called phe-arg β-naphthylamide dihydrochloride (PAβN) was also used 

to counteract Gram-negative bacteria using efflux pumps to remove the compounds 

from the cell. Rosolic acid showed to be the most effective as it inhibited LsrK which 

in turn, inhibited Ai-2 mediated quorum sensing by 68% at 10 

µM, whereas harpagoside had an inhibition percentage of 50% at 50 µM with only a 

minor inhibitory effect at 10 µM. Aurin tricarboxylic acid had no effect. This was also 

assayed using E. coli strains which had a quorum sensing independent lac promoter 

but resulted in no effect from both compounds which proved their specificity for 

inhibiting quorum sensing. However, inhibiting bacterial quorum sensing could result 

in selective pressures, leading to resistant strains (Fleitas Martínez et al., 

2019). Another study identified a new methodology to demonstrate Ai-2 quorum 

sensing inhibition was controlled by the Lsr promoter (via phosphorylated Ai-2 binding 

to the Lsr repressor which starts the quorum sensing cascade) (Gatta et al., 2020). 

This study screened a 91-compound library for those which could target the ATP 

binding site of LsrK using a kinase inhibition assay with over 70% inhibition rates. 

Evaluation of different assays facilitates the understanding that the complexity and 

duration of previously stated quorum sensing interference assays with low sensitivity 

should be avoided. The pET-Plsrlux plasmid possesses a bacterial luciferase operon, 
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controlled by lsr which is a promoter that acts in response to quorum sensing, which 

then was constructed into single-gene knock-out E. coli. This meant it could act as 

a bioreporter which could be detected via luminescence due to lux gene 

expression because of Ai-2 quorum sensing, which showed to be more cost effective 

and reduced assay complexity. 24 compounds displayed quorum 

sensing inhibition specifically, with an inhibitory rate of over 80%, of which, 

6 compounds were found to be LsrK inhibitors. However, the knock-out E. coli that 

was used had a decreased efflux pump activity and when the cell-based assay was 

performed in E. coli cells with normal efflux pump activity, the compounds selected did 

not exhibit significant inhibition of quorum sensing. This highlights the requirement to 

study novel cell-based assays within bacterial cells, but also demonstrates that Ai-2 

is a viable target for anti-virulence drug discovery.  

 

1.5 Histone Demethylase inhibitors as anti-virulence agents 

 

Multimeric proteins are responsible for posttranslational modifications which 

provide the ability for cells to adapt to changing surroundings via changes in gene 

expression. The Jumonji family of proteins act as transcriptional regulators and 

chromatin modifying enzymes. In eukaryotes, this consists of iron- and 2-oxoglutarate 

oxygenase with a catalytic Jumonji domain site (also known as JmjC) (Pilka et al., 

2015) (Hatch et al., 2017). The Jumonji family is made up of several subfamilies 

named KDM2-7. These proteins can achieve substrate specificity due to their complex 

protein structure, but also by conserved helper domains which aid gene targeting. 

GSK-J4 is a selective inhibitor of H3K27 histone demethylase JMJD3, which is also 

known as KDM6b, and is a cell-permeable pro-drug of GSK-J1(Heinemann et al., 
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2014). KDM6b is found in humans and can promote pro-inflammatory and anti-

inflammatory responses by targeting distinct transcription factors in gene promoters in 

order to aid both adaptive and innate immunity (Salminen et al. 2014).   GSK-J1 is a 

competitive inhibitor of the two cofactors on the JmjC; iron- and 2-oxoglutarate which 

are required for enzymatic activity. This epigenetic compound has the ability to 

catalyse the H3K27me3 (trimethylated-histone lysine) to H3K27me2/1 (di/mono-

methylated histone lysine) which in turn, regulates gene expression (Wang et al., 

2020). There has been extensive research into the activity of GSK-J4 due to the 

potential for anti-cancer and anti-inflammatory effects (Chu et al., 2020) (Li et al., 

2018) (Lochmann et al., 2018).  

To date, GSK-J4 has not been used as an anti-virulence or antimicrobial agent 

against prokaryotic cells. However, recently GSK-J4 was found to demonstrate 

antiprotozoal activity. The protozoan termed Plasmodium falciparum (which is the 

causative agent of malaria in humans) possess enzymes which have Jumonji domains 

encoded by three proteins containing JmjC enzymatic domains, designated as 

PfJmjC1, PfJmjC2 and PfJmj3 (Jiang et al., 2013). When GSK-J4 was used against 

P. falciparum it was found that the drug decreased blood stage asexual development 

in P. falciparum isolates 3D7 (drug sensitive) and Dd2 (multidrug resistant) by 50% at 

5 µM and by 100% at 10 µM with an inhibitor EC50 of 2.8 ± 0.3 µM (Matthews et al., 

2020). Gametocyte development (sexual growth) was also assessed after exposure 

to Jumonji inhibitors, as well as N-acetylglucosamine to kill any asexual parasites, and 

quantified using flow cytometry after 6 days. GSK-J4 was only effective at higher 

doses of 6 µM. Parasites were then treated at different specific blood development 

stages to detect the exact effects of the drugs on the intraerythrocytic developmental 

cycle (IDC). The parasites were treated with the drug at the EC50 concentration and 
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monitored over a 48-hour period. After 24 hours, there were significantly fewer 

parasites entering the schizogony phase compared to the untreated parasites. After 

48 hours, the parasites exposed to GSK-J4 had a reduced parasitemia percentage of 

1.5 to 2%, compared to the 4% increase in the untreated parasites which passed the 

IDC and were now invading new red blood cells. QRT-PCR then revealed that GSK-

J4 reduced the expression of several genes from invasion related gene families such 

as clag3.1, ron2 and gap50. AP2 transcription factor sip2 and histone trimethylation 

also displayed reduced gene expression, which collectively, infers that the reduced 

gene expression of these genes causes a disruption to the IDC and histone 

trimethylation which results in inhibition of PfJmj3 activity.  

Another study also examined GSK-J4 for activity against Toxoplasma gondii 

(Liu et al., 2020). GSK-J4 produced an IC50 value of 2.37 µM and a plaque assay 

resulted in 65% reduction in tachyzoite plaque area when compared to the control 

data. GSK-J4 was then exposed to intracellular T. gondii by synchronising the cell 

cycle progression to assess the compound effects. Results showed that the compound 

caused cell cycle arrest at the G1 phase, impeding progressing to S phase, which also 

disrupted the parasite cell cycle. Another assay looked at the tachyzoites per vacuole, 

which were 8-16 tachyzoites when treated with DMSO, however when treated with 

GSK-J4, toxoplasma intracellular growth was inhibited as only 1-2 tachyzoites were 

counted in vacuoles. GSK-J4 was also examined for anti-toxoplasmosis effects in vivo 

using murine models at 50 mg/kg of body weight. Mice were infected with T. gondii 

strain 100RH then treated with GSK-J4 and continued treatment for the following 4 

days. The GSK-J4 treated mice had significantly longer survival rates (15.2 ± 1.69 

days, P=0.001) than the mice treated with DMSO (11.9 ± 0.74 days). 
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 The aims of this study were to screen an epigenetic SMI compound library to 

identify those which possess antimicrobial or anti-virulence activity against a broad 

range of medically-relevant bacterial pathogens. Lead SMIs were further screened 

using antimicrobial assays, in vivo Galleria mellonella toxicity and infection assays, 

and mechanistic studies to determine the nature of the observed antimicrobial effects. 

 

2 Methods 

 

2.1 Bacterial strains and growth conditions 

 All bacterial strains were stored at -80°C prior to culturing on cationic adjusted 

Mueller Hinton agar or broth (Oxoid, UK). Broth cultures were incubated at 37°C for 

24 h, with agitation at 180 rpm. Fresh isolation plates were prepared every 2 weeks. 
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Table 1 Bacterial strains 

GRAM STATUS  GENUS AND SPECIES  STRAIN  CULTURE MEDIUM  

POSITIVE  Staphylococcus 

aureus  

SH1000  Mueller-Hinton  

Staphylococcus 

aureus  

USA300  Mueller-Hinton  

Bacillus cereus  9373  Mueller-Hinton  

Enterococcus 

faecalis  

12697  Mueller-Hinton  

Enterococcus 

faecium  

7171  Mueller-Hinton  

Listeria 

monocytogenes  

 Scott A Mueller-Hinton  

NEGATIVE  Pseudomonas 

aeruginosa  

PAO1  Mueller-Hinton  

Escherichia coli  1655  Mueller-Hinton  
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Table 2 Lead compounds identified from library screening 

Associated 

compound 

number  

Scientific name  Molecular 

formula  

Molecular 

weight  

Molecular structure  Solvent

  

89 4-chloro-2-((4-

(trifluoromethyl)phe

nyl)amino) 

benzoic acid 

 C15H9ClF

3NO3 

 315.68 

  

DMSO  

140   ethyl 3-((6-

(1,2,4,5,5a,9a- 

hexahydro-3H-

benzo[d]azepin- 

3-yl)-2-(pyridin-2-

yl)pyrimidin-4-

yl)amino)propanoat

e 

-  417.5 

  

DMSO  

163  2,4-diphenyl-N-(4-

(trifluoromethyl)phe

nyl)oxazol-5-amine 

 380.11 

  

  DMSO

  

126  (E)-N-(2-methyl-4-

(triethylsilyl) 

but-3-en-2-

yl)acetamide  

  

  

241.45  

    

 

DMSO 
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132  

(E)-N-benzyl-1-

(dimethyl(phenyl)sil

yl)-3,5-dimethylhex-

1-en-3-amine 

   

 

351.61    

 

 

   

DMSO 

101  4-chloro-2-

(3,4,4a,8a-

tetrahydroquinolin-

1(2H)-

yl)benzonitrile 

  

  

268.74  

  

  

 

 

 

DMSO 

GSK-J4 Ethyl 3-((6-(4,5-

dihydro-1H-

benzo[d]azepin-

3(2H)-yl)-2-(pyridin-

2-yl)pyrimidin-4-

yl)amino)propanoat

e 

C24H27N5

O2 

417.5 

 

 

 

 

 DMSO 

 

2.2 Antimicrobial compounds and preparation 

A set of 139 compounds were synthesized by the McLaughlin laboratory 

(University of Lancaster, UK). Synthesis was based on known kinase inhibitors of 

bacterial cells. Compounds were dissolved in dimethyl sulfoxide (DMSO) at a neat 

concentration of 100 mM or diluted further into 1% DMSO. All compounds were stored 

at 4°C to prevent degradation. The stability of stock solutions was assessed overtime 

by confirming antibacterial activity and no evidence of degradation was observed over 

the course of the experiments. 
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2.3 Minimum Inhibitory Concentration (MIC) assay  

MIC values were determined using Mueller Hinton broth and sterile 96-well 

plates to perform a micro-dilution assay. Bacterial broth cultures were incubated 

overnight and adjusted to an OD600 of 0.005, resulting in a final cell concentration of 

2.3 x 106 Colony-Forming Unit (CFU mL-1). The Compounds were serially diluted to 

the following dilutions; 1 mM, 500μM, 250μM, 125μM, 62.5μM, 31.2μM, 15.625μM, 

7.8125μM, 3.90625μM and 1.95312μM. All plates were incubated at 37°C for 24 h and 

the MIC results were recorded as the lowest concentration which inhibited visible 

growth of the bacterial species. Appropriate controls were included using bacteria only, 

bacteria with neat DMSO solvent at relevant concentrations,neat DMSO solvent only 

and media only as a negative control. Growth was measured by visual observation of 

the bacterial growth in wells which would become opaque, wells without growth 

appearing clear. The dilution with the lowest concentration of compound which 

resulted in a well without growth, was the dilution read as the MIC. 

2.4 Minimum Bactericidal Concentration (MBC) assay  

After MIC data was recorded, MBC values were determined using a replica 

plater for 96 well plates (Sigma-Aldrich, UK) to transfer a sample from the 24 h 

incubated well plates to Mueller Hinton agar plates. The MBC value was recorded as 

the lowest concentration of compound to achieve 100% bactericidal effect (no bacterial 

colonies present). The value would be determined by the lowest concentration where 
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the sample did not grow colonies. Both MBC and MIC assays were performed in 

triplicate. 

 

2.5 Time-kill kinetics assay   

A bacterial culture was grown overnight and then diluted to an OD600 of 0.0025 

with Mueller Hinton agar. Aliquots of 5 mL bacterial broth suspension were incubated 

with compound concentrations at MIC, above MIC, MBC and above MBC levels 

(concentrations are detailed in table 3). Controls were also used which had no 

compound and neat DMSO only. Cultures were incubated at 37 °C with agitation at 

150 rpm. Viability of time (0 hr, 2 hrs, 4 hrs, 6 hrs and 24 hrs) was determined using 

the Miles and Misra technique where 20μl droplets were inoculated onto Mueler Hinton 

agar plates in triplicate and incubated for 24 hrs. The colonies were then counted, 

which could then be used to calculate the bacterial growth. This time-kill assay was 

performed with three biological replicates. 

2.6 Scanning Electron Microscopy (SEM) Imaging  

During the time-kill kinetics assay, at each time point, 10 µL of each sample 

broth was dried onto 10 cm2 silicon sterile wafers (Platypus Technologies, USA). The 

inoculated silicon wafers were submerged into 4% glutaraldehyde fixative for 24 h at 

4°C. These were then washed in deionised water and dried before being dehydrated 

by an ethanol concentration gradient (10%, 30%, 50%, 70%, 90%, 100%), with wafers 

being submerged for 10 min at each concentration. Wafers were then placed 

desiccated for 24 h at room temperature. Samples were mounted onto aluminium pin 

stubs (Agar Scientific, Stansted, UK) and sputter coated with gold to a 10 nm thick 
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gold layer using a magnetron sputtering system (Polaron, Quorum Technologies, 

UK). Images were captured on a Supra 40VP scanning electron microscope (Zeiss, 

Germany) using SmartSEM software (Carl Zeiss Ltd, Germany). Images were used to 

compare the cellular morphological effect of the antimicrobial compound against cells 

not exposed to the compound and against positive controls at 5,000x, 10,000x and 

100,000x magnification.  

 

2.7 Disc Diffusion Assay  

 Bacterial cultures were grown overnight and adjusted to an OD600 of 0.5 by diluting in 

Mueller Hinton broth. 100 µL of the inoculated broth was spread over a 25 mL Mueller 

Hinton agar plate. Aliquots of 20 µL per compound were added to antimicrobial 

susceptibility discs (Thermo Scientific, UK) and aseptically positioned onto an 

individual section. The MBC, below MBC and above MBC concentrations were used 

on three separate agar plates, along with controls of DMSO. The zone of 

inhibition (ZOI) produced by each compound against the respective bacterial species 

was determined using digital callipers.  

2.8 Galleria mellonella Larvae Infection Model 

Larvae were stored at room temperature upon arrival, with wood shavings in the dark. 

Test larvae were selected with a uniform pale colour and larger size, avoiding larvae 

with melanisation which is a sign of illness or injury. Larvae were then placed into 

groups of 10. Control conditions included injections with bacteria (OD600 of 0.0025), 

PBS with and without bacteria, 1% DMSO with and without bacteria, no injection and 

vancomycin (10 mg mL-1). All larvae were swabbed with 70% ethanol around the right 
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posterior leg prior to injection using a 10 uL Hamilton repeating syringe dispenser. 

Larvae were injected in the right posterior proleg for bacteria and the left posterior 

proleg for the assay compounds. Larvae were then incubated at 37°C and monitored 

over 72 hrs. Larval viability was determined by no movement and complete 

melanisation. No movement when provoked by gently touching the larvae, was 

recorded as that larvae not surviving, as well as a visual inspection of complete 

melanisation. Partial melanisation and movement was recorded as a surviving larvae, 

as well as no melanisation after visual inspection. 

 

2.9 Biofilm Eradication Assay 

2.9.1 Biofilm growth in a CDC Reactor 

An culture of MRSA was grown for 24 hrs and diluted in 500 mL of Mueller Hinton 

broth to produce a concentration of 1 x 107 CFU mL-1 which was inoculated into a CDC 

reactor (Biosurface Technologies). Miles and Misra techniques were used to 

determine bacterial viability. The CDC reactor was incubated at 37°C at 50 rpm for 16 

hrs. Coupons were recovered from the reactor and rinsed in deionised water to remove 

planktonic bacteria. Biofilms were then exposed for 24 hrs to the respective 

compound. Coupons were submerged in 2 mL Dey-Engley neutraliser for 5 min and 

bacteria from the coupon biofilms were recovered by bath sonication for 10 min. Miles 

and Misra techniques were used to quantify the bacterial viability. 

2.9.2 Crystal Violet staining of biofilms 

An overnight Mueller Hinton broth culture was diluted by 1:100 and split into separate 

universals to be treated with either a compound concentration or control. 100 µL of 

each dilution were plated in triplicate on a round-bottomed 96-well plate and incubated 

at 37°C for 48 h to allow biofilm formation. Unattached planktonic bacteria were 
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removed from the assay plate and wells were rinsed with deionised water and air dried. 

All wells were then stained with 0.1% crystal violet (ThermoFisher, UK) for 10 min and 

rinsed again with deionised water to remove excess staining. The plates were left to 

dry at room temperature overnight then wells were treated with 30% acetic acid 

(ThermoFisher, UK) for 10min to solubilize the crystal violet. Aliquots of 125 µL from 

each well was then transferred to a flat-bottomed 96-well plate which was analysed 

using a SPECTROstar Omega Absorbance plate reader at OD600. This quantified the 

crystal violet staining as an indicator of bacterial growth, where increased staining 

equates to an increase in bacterial cells. 

 

2.10 DNA Demethylase Activity Assay 

Demethylase activity was determined using a DNA demethylase (total) Activity 

Quantification Assay Kit (Abcam, Cambridge UK). The methylated DNA substrate was 

adhered inside an 8 well strip by applying 80 µL of diluted demethylation substrate into 

all wells, except for blanks and those wells used to produce a standard curve. Blank 

and standard curve wells had 80 µL of substrate binding solution added, and for the 

standard curve a concentration gradient of demethylation standard was included. 

These were incubated at room temperature for 75 min, when wells were aspirated and 

washed with a diluted wash buffer. Blank and standard curve wells were treated with 

50 µL of demethylase assay buffer. Protein sample control wells were treated with 45 

µL of demethylase assay buffer and 10 µL of S. aureus USA300 protein extract at 

0.571mg/mL, which was prepared by sonicating a culture diluted to OD600 of 0.1. 

Whole cell extract was centrifuged (10k rpm) to remove unbroken cells. Other controls 

used were protein extracts with saline and DMSO, both in triplicate. Three protein 

samples were treated with 3 µL of GSK-J4 at 1 μM and 5 μM, with each concentration 
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was assayed in triplicate. The wells were then incubated at 37°C for 1 hr. Each well 

was aspirated and washed with an assay buffer prior to the addition of 50 µL diluted 

capture antibody which was then left to incubate at room temperature for 1 hr on an 

orbital shaker at 60 rpm. Wells were aspirated and washed with assay buffer, then 

treated with dilute detection antibody (1:2000 ratio with wash buffer) and incubated at 

room temperature for 30 min. Further aspiration and well washing was performed prior 

to the addition of 100 µL of developing solution, The reaction was stopped by adding 

50 µL of stopping solution when there was a visible colour change from clear to blue 

in sample and control wells. The stopping solution changed the blue to a yellow colour, 

and the absorbance was read using a VANTAstar BMG labtech microplate reader at 

450 nm. The yellow colour change was quantified by absorbance. This is due to the 

detection antibody and capture antibody binding in the presence of demethylation 

activity which is signified by the release of pigment. The following calculation was used 

to find the percentage inhibition from the absorbance measured. 

 

 

2.11 Statistical analysis 

GraphPad Prism 9 software was used to analyse the data and to present the data in 

graph form. A One-way ANOVA was used for all statistical analysis and the P values 

are reported next to each graph. Each assay was performed in triplicate (n=3) and 

included control variables appropriate to the assay. A Tukey post hoc test was 

performed to assess all pairwise differences and showed that the results were 

significant overall. This data set was suitable for a one-way ANOVA due to there being 
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only one quantitative variable involved which was bacterial growth with the compound 

concentrations being the independent variables. 

 

3 Results 

3.1 Small molecule screening to identify compounds that inhibit bacterial 

growth 

A selection of compounds that were chemically similar in structure were assessed as 

possible candidates for the inhibition of bacterial growth or working as an anti-virulence 

factor. A compound library collection of 103 small molecule kinase inhibitors and 36 

epigenetic inhibitors were screened to identify inhibitory effects against Gram-positive 

(S. aureus USA300, S. aureus SH1000, E. faecalis 12697 and E. faecium 7171, B. 

cereus 9373, L. monocytogenes Scott A) and Gram-negative (P. aeruginosa PAO1. 

E. coli 1165) strains. The preliminary screenings were performed by exposing bacteria 

to 1mM of each compound and assessing visual growth and viability by culturing on 

Mueller Hinton agar. This was the first stage of identifying possible kinase inhibitor 

candidates that possessed antimicrobial abilities. Four compounds were identified 

(Compounds 89, 140, 132, and GSK-J4) (Table 2) which inhibited 100% of S.aureus 

USA300 and S. aureus SH1000 bacterial growth after overnight incubation but did not 

inhibit growth of the other Gram-positive or Gram-negative bacterial strains. 

Compounds 163, 126 and 101 (Table 2) also inhibited 100% of E. faecalis and E. 

faecium growth, in addition to both S. aureus strains after overnight incubation but did 

not inhibit the growth of the Gram-negative strains of bacteria. All other compounds 

lacked antimicrobial activity at 1 mM concentrations (data not shown). Compounds 89, 

140, 132, 163, 126 and 101 were found to have the most inhibitory activity against 

bacterial growth, which is why they were then the focus of further testing. 
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3.2 Antimicrobial activity of lead compounds by determining the Minimum 

inhibitory and bactericidal concentrations 

Seven compounds were further analysed due to being inhibitory at a 1 mM 

concentration. Compound potency was assessed by calculating the minimum 

concentrations for inhibition. This allowed the elimination of compounds that could only 

inhibit bacterial growth at higher concentration. MIC and MBC testing was performed 

using a concentration gradient of 1 mM to 3.90625 μM of each compound and was 

replicated in triplicate for each of four bacterial strains. 5 of the kinase inhibitors 

compounds (89,163,126,132 and 101) had an MBC value ranging from 1 mM to 0.5 

mM and an MIC value ranging from 0.125 mM to 0.5 mM (Table 3). Kinase inhibitor 

compound 140 had slightly lower values with MIC 31.25μM and MBC 62.5μM against 

S.aureus USA300, which indicates it is a more potent drug candidate. GSK-J4 had the 

lowest values with MIC 3.906 μM and MBC 15.625μM against S. aureus USA300, 

which implies that it is the most effective antimicrobial agent. This assay revealed that 

the most potent compounds were GSK-J4 and 140 which display the most inhibition 

against S. aureus USA300. 
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Table 3 Inhibitory concentrations for focus compounds against a range of 

bacteria. Minimum Inhibitory Concentration (MIC), above MIC and Minimum 

Bactericidal Concentration (MBC) against S. aureus strains USA300 and SH1000, E. 

faecalis 12697 and E. faecium 7171. 

 
compo
und 

 
S.aureus USA300 

 
S.aureus SH1000 

 
E.faecalis 12697 

 
E.faecium 7171 

Above 

MIC 

(mM) 

MIC 

(mM) 

MBC 

(mM) 

Above     
 
MIC  
 
(mM) 

MIC 
 
(mM) 

MBC 
 
(mM) 

Above  
 
MIC 
 
(mM) 

MIC 
 
(mM) 

MBC 
 
(mM) 

Above  
 
MIC 
 
(mM) 

MIC 
 
(mM) 

MBC 
 
(mM) 

89 0.25 0.125 0.5 0.5 0.25 1 NA NA NA NA NA NA 

140 0.0468
75 

0.0312

5 

0.0625 0.5 0.25 1 NA NA NA NA NA NA 

163 0.5 0.25 1 0.25 0.125 0.5 0.25 0.125 0.5 0.25 0.125 0.5 

126 0.5 0.25 1 0.5 0.25 1 0.25 0.125 0.5 0.5 0.25 1 

132  0.5 1 0.55 0.5 1 NA NA NA NA NA NA 

101 0.25 0.125 0.5 0.25 0.125 0.5 0.25 0.125 0.5 0.25 0.125 0.5 

GSK-J4 0.0078
12 

0.0039

06 

0.0156

25 

>1 >1 >1 >1 >1 >1 >1 >1 >1 

 
 

 



35 
 

 

3.3  Antimicrobial activity of lead compounds using the disc diffusion assay 

Compounds 140, 89, 101, 132 and GSK-J4 were diluted to their MIC and MBC values 

and each one was added to filter paper discs on pre-inoculated Mueller Hinton agar 

containing S. aureus USA300. Plates were incubated for 24 hrs and zones of inhibition 

were measured. However, all compounds did not produce any noticeable inhibitory 

zones (table 4) which suggests they are unable to diffuse through the agar.  

Table 4 Disc diffusion assay zones of inhibition when bacterial strains are 

exposed to focus compounds at MBC concentration. 

 
compound 

Diameter of Inhibition Zones (mm) 

S. aureus USA300 S. aureus SH1000 E.faecalis 12697 E. faecium 7171 

89 0.0 0.0 0.0 0.0 

140 0.0 0.0 0.0 0.0 

163 0.0 0.0 0.0 0.0 

126 0.0 0.0 0.0 0.0 

132 0.0 0.0 0.0 0.0 

101 0.0 0.0 0.0 0.0 

GSK-J4 0.0 0.0 0.0 0.0 

 

3.4 Time-kill kinetics of lead compounds against S. aureus USA300 

Time-kill assays were performed to determine the rate of antimicrobial activity of 

compounds 140, 89, 101, 132 and GSK-J4 against S. aureus USA300. This assay  

identifies which compounds had the most fast-acting inhibitory ability against bacterial 

growth. The assay was performed by exposing bacterial cells to MIC, MBC, and above 

MIC concentrations of each compound, along with controls of DMSO and no 

compound. Compounds 140 and GSK-J4 both rendered S. aureus USA300 non-viable 
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by 6 h (Fig. 1A and B), however compounds 89 (Fig. 1C), 101 (Fig. 1D), and 132 (Fig. 

1E) required the full 24 h to get to that stage. Control conditions both showed no signs 

of inhibition over the full 24 hrs.  

A, Compound 140 had the most potent inhibitory effect when used at concentrations 

0.5mM and 0.25mM as they achieved total inhibition somewhere between 4 and 6 

hours of treatment. Compound 140 at 0.125mM did inhibit but did slow bacterial 

growth. B, Compound 89’s highest inhibitory activity at 0.5mM and increasing the 

concentration to 1 mM did not change the time taken to achieve total inhibition, which 

occurred between 6 and 24 hrs of treatment. Compound 86 at 0.25mM did inhibit 

growth from 1.48e+07 cfu/ml to 19400 cfu/ml but did not achieve total inhibition. C, 

Compound 101 also achieved full inhibition between 6 and 24 hrs, but only at 

concentrations 0.5 mM and 0.25 mM. The 0.125 mM concentration achieved partial 

inhibition from 4.5e+06 cfu/ml to 9720 cfu/ml after 24 hrs of treatment. D, Compound 

132 treatment resulted in total inhibition after 24 hrs at concentrations 0.5mM and 

0.25mM. At 6 hrs, the 0.5 mM treated cultured broth was at 43300 cfu/ml and the 

0.25mM broth was at 756000 cfu/ml, which shows the higher concentration producing 

a stronger inhibitory effect. The 0.125 mM treated broth had 461,000 cfu/ml after 24 

hrs, which is around the same value as the highest treatment concentration achieved 

at 6 hrs. E, Compound GSK-J4 only achieved total inhibition at concentration 3.125 

µM between 4 and 6 hrs of treatment. Concentration 1.625 µM treatment after 24 hrs 

resulted in 211 cfu/ml which is very close to full inhibition. Treatment at concentration 

0.78125 µM only slightly changed the starting value of 2.39e+06 at 0 hrs to 4e+06 at 

24 hrs. However, this is a large inhibitory effect when compared to the DMSO treated 

broth cultures at 2.11e+09 after 24 hrs.  
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A       140                                                                          B       89 

 

 

 

 

A     140                                                                           B       89                

 

C      101                                                                           D       132 

 

 

 

 

 

 E      GSK-J4                                                                           

 

 

 

 

 

 

Figure 1, The rate at which antimicrobial activity occurs when S. aureus USA300 

is exposed to each compound. Time-kill graph that shows the effect of treatment 

from 0 to 24 hrs quantified using the number of colony forming units produced from 

samples taken at each time point (p = 0.001). The concentrations used were the above 

MIC, MIC and MBC values previously explained in table 3. 
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3.5 Evaluation of bacterial cell ultrastructure by Scanning Electron Microscopy 

(SEM) 

 

A range of images were taken of each sample at 5,000x, 10,000x and 100,000x 

magnification of areas of interest. This was carried out to observe the method of 

inhibition of each compound by looking at the bacterial cell structure after exposure to 

the compounds and would provide further evidence for small-molecule inhibitors 

affecting cells intracellularly resulting in inhibition of bacterial cell growth. The images 

do not display any significant cellular morphology differences, however, there is an 

increase in bacterial cell density on control samples, compared to samples treated 

with GSK-J4.  

 

 

i) Triton                                                                      iii) GSK-J4 0.03125mM 

 

 

 

 

 

 

 

 

 

 

 

A B A B 

C D C D 

C 
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ii) GSK-J4 1.562μM                                                    iiii) Water 

 

 

 

 

 

 

 

iiiii) DMSO 

 

 

 

 

 

 

 

Figure 2. Scanning Electron Microscopy images at 10,000x magnification to 

observe cell morphology when exposed to GSK-J4. 

The effect of GSK-J4 at 1.562μM and 0.03125mM on S. aureus USA300 during a 

time-kill following exposure for (A) 0 hrs, (B) 4 hrs, (C) 6 hrs and (D) 24 hrs at 10,000x 

magnification. Triton-x100, DMSO and water were used as controls. Triton-x100 

eliminates bacterial cell growth, water in order to compare the effect of no compound 

exposure and neat DMSO was used as the solvent for all compounds. Scale bar is 

shown and images represent the field of view for three biological replicates.  

 

A A B B 

C C D D 

 

D C 

A B 
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i) A depicts cells from 0 hrs of triton exposure and shows what looks like damaged 

cells that are spread across the plane of view. B, after  4 hrs of exposure to triton there 

are only 4 cells in this image which shows the inhibitors effects of triton which has 

impeded cell proliferation. C, shows only two cells which confirms the further inhibitory 

effects of triton. D, although this image shows more cells, each image is from a 

different area of the silicon wafer, so these cells are most likely damaged by triton but 

remain visible. 

Although no morphology differences were observed as a result of the SEM images, 

intracellular changes may be occurring which this type of microscopy could not detect. 

 ii) A shows 0 hrs of GSK-J4 treatment at 1.562µM and has only 3 cells of S. aureus 

USA300 in the field of view. B, at 4 hrs of treatment there is a collection of 8 cells that 

have proliferated. C, at 6 hrs of treatment there are many congregations of proliferating 

cells which shows that growth has not been impeded as the cells are thriving. D, at 24 

hrs of treatment, there are many cells which do not show signs of damage or impeded 

growth. 

iii) A displays 0 hrs of GSK-J4 treatment at 3.125 µM. There are 9 cells congregated 

together before the compound has time to take effect. B, at 4 hrs of treatment shows 

many cells collected in what could be the early stages of a biofilm formation. Judging 

by the previous time-kill assay, this compound takes effect between 6 to 24 hrs, which 

could be why there are no inhibitory signs. C, at 6 hrs of treatment, the cells look more 

spread out however, there are still many cells present. D, at 24 hours cells are seen 

in smaller groups, with the largest group of cells comprising of 5. These cells are more 

spread out than in the previous images and more spars, which may be indicative of 

inhibition. 
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iiii) A shows at 0 hrs of treatment with water, there are just 3 cells in the field of view. 

B, at 4 hrs, clusters of cells have become to form with the largest being 8 cells large. 

C, at 6 hrs shows many cells with a mixture of congregation and smaller groups spread 

across the area, showing no impediment of cell proliferation. D, at 24 hrs shows a very 

similar picture to the 6 hr image, with the only difference being it was taken in a 

different area of the silicon disc.000x  

iiiii) A, shows a small collection of 3 cells at 0 hrs of DMSO treatment. B, at 4 hrs of 

treatment has a pair of two cells and a cluster of 3, showing the start of cell 

proliferation. C, at 6 hrs the cells have proliferated dramatically as it shows large 

groups of cells as well as pairs, in a large quantity, spread across the area. D, this 

image is very similar to image C, indicating no displays of inhibition. 

Images that were treated with GSK-J4 did not exhibit any changes in terms of 

morphology, however there was a visible reduction of bacterial cells in the images 

treated with the compound.  

 

3.6 Galleria Mellonella larvae infection modelling  

 

The compounds focused on in this study have established inhibition of bacterial growth 

in media, however an in vivo test shows how the compounds interact with components 

of a living organism e.g the immune system. It also shows if the compound would be 

toxic in a living system, which would prove it to be ineffective as an anti-virulence oral 

drug.   An infection model was also performed where Galleria mellonella were 

inoculated by injection with approximately 1 x 106 CFU mL-1 S. aureus USA300. GSK-

J4 at concentrations of 1 μM and 5 μM respectively were subsequently administered 

to larvae and survival was monitored every 24 hrs over a 72 hr period. After 24 hrs, 
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90% of larvae survived following the addition of 1 μM and 5 μM GSK-J4, compared to 

76.5% after 48 hrs. Following 72 hrs of infection, G. mellonella infected with S. aureus 

USA300 had a survival rate of 53.55% (for 1 μM GKS-J4) (Fig. 3, green diamond) and 

45.9% (for 5 μM GSK-J4) (Fig. 3, clear triangle), which was significant compared to 

the bacterial inoculated control group of G. mellonella (P = 0.0062). The no injection, 

1% DMSO and S. aureus USA300 plus vancomycin, PBS injected control groups all 

had a 100% survival rate after 72 hrs. In contrast, larvae infected with S. aureus 

USA300, S. aureus USA300 plus PBS or 1% DMSO all had a 0% survival rate after 

72 hrs. The larvae were able to tolerate GSK-J4 alone with 85.5% survival following 

administration of a concentration of 1 μM (Fig. 3, green circle)  and 5 μM respectively  

(Fig. 3, green square with orange outline). This shows that GSK-J4 being a non-toxic 

drug that is not hindered in terms of inhibition of bacterial growth when in a living 

system, which is evident by having the highest survival rate. 

 

 

 

 

 

 

 



43 
 

 

Figure 3. Galleria mellonella survival after exposure to S. aureus USA300 and 

following treatment with differing concentrations of GSK-J4 over 72 hrs. Control 

groups containing bacteria inoculated with S. aureus USA300 alone and in 

combination with PBS, 1% DMSO and vancomycin are shown. Additionally, control 

groups without bacteria were also used for comparison of survival. Significance was 

determined by One-way ANOVA (P=0.0062) for larvae inoculated with bacteria alone 

compared to those following subsequent addition of GSK-J4 at both concentrations. 

Number of larvae per group = 10. 

 

3.7 Use of GSK-J4 against biofilms of S. aureus USA300.  

Biofilms were tested against as they are more complex than a normal infection and 

are more difficult to inhibit. This assay was performed to see if GSK-J4 possessed 

anti-virulent activity against biofilms which would be indicated by a reduction or an 

inhibition of bacterial growth. Biofilms of S. aureus USA300 were formed within 96 well 

plates over a 48 h period and treated with GSK-J4. Biofilm recovery was analysed 
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using the crystal violet biofilm assay, but there was no evidence of biofilm eradication 

(data not shown). However, biofilms of S. aureus USA300 were also grown using a 

CDC reactor system. Coupons containing 24 hr biofilms were treated with GSK-J4 and 

bacterial viability was assessed by Miles and Misra techniques. No differences in 

bacterial recovery were seen following incubation with 1 μM compared to untreated 

bacterial controls. However, a one-log reduction in viability was observed after biofilms 

were exposed to 5 μM GSK-J4 (1.52 x 106  CFU mL-1) (Fig. 4, black bar) compared 

untreated biofilms (1.38 x 107 CFU mL-1) (Fig. 4, dark grey bar), which was deemed a 

significant reduction (P < 0.0001). No evidence of biofilm eradication was observed 

with 1% DMSO or PBS control groups, whereas biofilm viability was zero after 

exposure to vancomycin. The results of this assay observed a reduction of viable 

bacterial cells when exposed to 5μM GSK-J4, however there were no differences in 

bacterial growth when exposed to 1μM and neither were able to inhibit all viable 

bacterial cells of the biofilm. 
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Figure 4. Biofilm eradication assay using S. aureus USA300 biofilms treated with 

concentrations of GSK-J4. Biofilms were grown over 2 days and were treated with 

1μM and 5μM of GSK-J4 for 24hrs. A one-way ANOVA was performed to confirm the 

data is significant with a p value of <0.0001. Control variables included were the S. 

aureus USA300 bacteria alone, 1% DMSO, vancomycin and PBS. 

 

3.8 Determining the demethylase inhibitory activity of GSK-J4. 

Demethylase enzyme inhibition was tested as a possible method of action that enables 

GSK-J4 to inhibit bacterial growth. The inhibitory activity of GSK-J4 against bacterial 

demethylases was assessed using a colorimetric assay.  The demethylase assay 

produced a colour change, and the absorbance was read from a microplate reader. 

The mean of each condition repeated in triplicate were entered into the equation 

below, to calculate percentage inhibition. The 5 mM treated wells exhibited a 

23.8833% inhibition of histone demethylases, while 1mM treated wells showed a 

9.62667% inhibition. This assay showed that the higher concentration of 5 mM GSK-
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J4 exhibits the most inhibition of histone demethylases compared to the lower 

concentration of 1 mM 

 

 

 

Figure 5. Percentage of demethylase inhibition when S. aureus USA300 is 

treated with GSK-J4. S. aureus USA300 was exposed to 5μM and 1μM of GSK-J4 

and the demethylase inhibition percentage was assessed. The control variable used 

was S. aureus USA300 without GSK-J4 treatment to compare the compound's effects. 

The assay was performed in triplicate and an average value was used. A one-way 

ANOVA showed that the data is significant (P = 0.0009). 

 

 

4 Discussion 

       Epigenetic target inhibitors are a promising novel treatment against antibiotic 

resistant strains of bacterial pathogens. The results of this study have demonstrated 

the antimicrobial activity and efficacy of both kinase and demethylase inhibitors. These 

SMIs all had chemical structures which appear to enable bacterial inhibition without 

10 
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targeting the cellular ultrastructure. Indeed, kinase inhibitors disrupt the intercellular 

signalling cascade which decreases virulence and possible biofilm formation 

communications (King and Blackledge, 2021).  

The present study screened a library of 103 putative kinase inhibitors and 36 

epigenetic inhibitors of which 6 were identified which inhibited bacterial growth at 1 

mM concentrations. Compounds did not achieve complete dissolution when diluted 

with DMSO, which were removed from the study. Compounds 140, 89, 132 and GSK-

J4 all showed inhibitory activity against the Gram-positive S.aureus strains  USA300 

and SH1000. Compound 140 had the lowest MIC against S.aureus USA300, and 

subsequently became the focus kinase inhibitor compound, along with GSK-J4 (table 

3). Compound 140 and GSK-J4 have very similar molecular structures and the same 

molecular weights (table 2). Both GSK-J4 and compound 140 achieved complete 

USA300 bacterial inhibition by 6 h during the time-kill kinetic assay, whereas the 

remaining compounds required the full 24 hrs. Higher concentrations of the other 

compounds would be required to kill the bacteria in a shorter amount of time, meaning 

they are far less potent than GSK-J4 and compound 140 which already inhibit the 

bacteria at a lower concentration.  

GSK-J4 was highly active in resolving S.aureus USA300 infections using the in vivo 

Galleria mellonella model (figure 3). It was discovered that using 100% DMSO as a 

solvent was toxic towards the G.mellonella (data not shown), so a 1% DMSO dilution 

was used, which improved survival rates considerably and had no detrimental effect 

on antibacterial activity. Using G.mellonella  as an in vivo model is an established 

method to evaluate immune response, tissue burden and replicate mammalian 

systems (Kay et al., 2019). They have a complex innate and adaptive immune system 

including phagocytes, encapsulation, clotting, the phenol-oxidase pathway and 
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opsonins. The results build upon previous studies where GSK-J4 treated mice 

prevented the onset of Escherichia coli infections (Pan et al., 2018). Treatment 

increased survival rates by 50% after infection, and the bacterial viability from the mice 

blood samples had significantly decreased. This could be due to a decrease in 

virulence within the bacterial cell and supports the theory that GSK-J4 is an 

intracellular inhibitor, which disrupts signalling cascades and communication within the 

bacterial cell. This would also account for the lack of noticeable changes in cellular 

ultrastructure as shown by the SEM imaging as internal components are being 

targeted by SEM imaging rather than physical disruption to the cell. Another study also 

treated mice with GSK-J4 after exposing them to toxoplasmosis (Liu et al., 2020). Mice 

were infected with strain 100RH T. gondii  strain which were then treated with GSK-

J4 and continued treatment for the following 4 days. The GSK-J4 treated mice had 

significantly longer survival rates (15.2±1.69 days, P=0.001) than the mice treated with 

DMSO (11.9±0.74 days). 

GSK-J4 did not have a large inhibitory effect on biofilm formation and did not achieve 

complete inhibition even at levels above MBC values (figure 4). This may be due to 

biofilms being notoriously difficult to penetrate and impede growth. Factors working 

against GSK-J4 include; the extracellular matrix which protects bacterial cells from 

outer stress and antimicrobial exposure and the secretion of extracellular 

polysaccharide substance (Roy et al., 2018). This substance traps other bacterial cells 

in a bio-molecular layer which gives the biofilm structure and stability and channels for 

waste, nutrients, and water. These assets provide the biofilm with sustenance and 

defence to survive, which can make it very challenging for compounds to penetrate. 

However, to advance this study, antibiotics could be used in synergy with GSK-J4.  



49 
 

           The histone demethylase assay showed that the highest concentration of GSK-

J4 was able to inhibit a higher percentage of demethylation (figure 5). This is evidence 

to support the hypothesis that GSK-J4 can catalyse the H3K27me3 (trimethylated-

histone lysine) to H3K27me2/1 (di/mono-methylated histone lysine) which then is 

detrimental to virulence gene expression (Wang et al., 2020). Prokaryotic cells do not 

possess a noticeable homologue for the eukaryotic target of GSK-J4, therefore it is 

likely there will be low binding affinity for the novel target. Although the percentage 

inhibition was relatively low, this provided a useful insight to further investigate the 

binding partner of GSK-J4 within the S.aureus bacteria.  

 

            Based on the knowledge that the schistosome life cycle needs highly controlled 

gene-transcription, the effects of GSK-J4 chemotherapy on Schistosoma  mansoni 

Schistosomula parasitic infections have been reported (Adeyemi et al., 2018) (Lobo-

Silva et al., 2020). Observation of schistosomula exposed to the compound revealed 

that motility was impaired and adult worm mortality was also induced. These effects 

became more pronounced when the drug concentration was increased from 5 µM to 

10-20 µM. This data demonstrates the potential for using GSK-J4 as a therapeutic 

application in other areas associated with H3K27 methylation. The study attempted to 

elucidate the therapeutic target in the inhibition of Smp_034000 protein, however 

methylation levels of H3K27me3 did not increase during 7.5 µM GSK-J4 treatment 

and a small decrease at 20 µM. This could be due to a similar observation found in 

another study where no modulation of H3K27me3 was observed, whereas a decrease 

in H3K27me1 levels were reported (Morozov et al., 2017). In this study, the inhibition 

of JMJD3 by GSK-J4 did not cause a global accumulation of H3K27me3, but increased 
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levels in other promoter regions. This may be the case; however, the target of this 

drug has not been found so other mechanistic possibilities cannot be discounted.  

         The histone demethylase inhibitor GSK-J4 is a competitive inhibitor of two 

cofactors which are required for enzymatic activity and can initiate catalytic reactions 

to regulate gene expression inside a bacterial cell (Heinemann et al., 2014). The 

methylation process of lysines by histone methyltransferases can be reversed by 

lysine demethylases (KDMs), which are known to demethylate histones H3K4, H3K9, 

H3K27, H3K26 and H4K20 (Maes et al., 2015). GSK-J1 was the first potent KDM6 

inhibitor described and inhibits KDM6B in vitro (Kruidenier et al., 2012). However, it is 

not active in cells due to the highly polar carboxylate group of GSK-J1 which impedes 

cellular permeability. GSK-J4 is the ethyl ester form of GSK-J1, inhibits H3K27 

demethylation and can penetrate the cell. Recent studies have focused on GSK-J4 as 

treatment for parasitic infections such as Schistosomiasis (Lobo-Silva et al., 2020) 

(Whatley et al., 2019). It has been found that a potential drug target for eukaryotic 

pathogens could be eraser enzymes which remove epigenetic markers like 

demethylases and deacetylases (Arrowsmith et al., 2012).  

 The major reason for the increased development of antibiotic resistance is the lack of 

available alternative therapies (Bush et al., 2011). Antimicrobial resistant genes can 

be acquired by genetic recombination which can include horizontal gene transfer, 

conjugation, phage transduction, or transformation (Brinkac et al., 2017). Many 

antibiotics are naturally derived, however synthetic drugs, such as quinolones, can 

also produce therapeutic inhibition of bacterial growth (Gil-Gil et al., 2019). The 

essential attributes of these new synthetic drugs are to demonstrate differential toxicity 

between prokaryotic and eukaryotic cells, demonstrate a broad spectrum of activity 

and possess a low propensity for resistance generation. For example, the antibacterial 
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efficacy of several 1,3‐bis(aryloxy)propan‐2‐amines by MIC and MBC assays, 

exposure to mammalian cells, identifying molecular targets using interaction profiling 

and homology modelling (Serafim et al. 2019). The results found that the compounds 

CPD20, CPD21 and CPD22 successfully disrupted the growth of S. aureus, S. 

pyogenes and E. faecalis. However, the molecular target of the three candidates could 

not be determined and required further in vitro modelling. 

 

5. Future Work 

The research performed has great potential as a basis for further study. A pull-down 

assay to investigate the protein-SMI interactions occurring in the cell would be integral 

in finding the drug target within the bacterial cell. This would be the next aim and could 

enable the screening of more drugs that have a complementary active site to the drug 

target. GSK-J4 could also be assayed to determine cytotoxicity on human cell-lines 

such as HeLa, to assess their toxicity on human cells. If successful, an animal model 

could be used to find the therapeutic concentration in a more complex system beyond 

the G.mellonella model employed in this study.  

 

 

Conclusions 

Antimicrobial resistance presents a major global issue and there is now an increasing 

pressure to develop novel methods for targeting bacterial cells beyond the traditional 

paradigm of antibiotic therapy. Developing SMIs against key bacterial processes which 

regulate virulence traits represents an emerging area of antimicrobial chemotherapy 

(Mühlen and Dersch, 2016). The compounds mentioned in this study provide a 

representation of potential epigenetic targets. GSK-J4 became the focus of this study 



52 
 

due to the ability to inhibit S.aureus USA300 bacterial growth at lower concentrations, 

potentially decreasing the cell virulence abilities in G.mellonella with low cytotoxicity. 

To advance this line of study, further assays should be carried out to discover the 

GSK-J4 binding site within the bacterial cell. This study has highlighted the 

demethylase inhibition abilities of GSK-J4 and provides evidence to link the activity to 

bacterial inhibition. Further research is needed to determine the efficacy of identified 

kinase inhibitors. Cytotoxicity should also be assessed further, for example by using 

HeLa and Caco-2 cell lines or mammalian cell lines. If successful, this could create 

the potential for human trials in later studies to introduce a new antimicrobial drug for 

use within human healthcare.  
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