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Abstract

Due to COVID-19, many other pandemics have been overlooked in the past few years.
Antimicrobial resistance (AMR) is a pandemic that have killed more people than Human
Immunodeficiency Virus (HIV) and malaria in 2019 and ranked only behind COVID-19 and
tuberculosis. In addition, it is estimated that the mortality rate due to AMR will increase to 10
million deaths by the year 2050. Despite the increase in AMR, it is now evident that there is a
drastic decline in the development of novel antibiotics which further exacerbates the problem.
While antibiotic stewardship as well as infection prevention is important to combat AMR, only
novel antibiotics can treat resistant bacterial strains. Due to the high cost and attrition rates
with regards to the development of new drugs, drug repurposing is increasingly being used to

identify novel antibiotics.

Maleimides (1H-pyrrole-2,5-dione) are a fusion of maleic acid and imides and have been found
to exhibit antibacterial properties, however their antibacterial mechanism of action is unknown.
Agirbas and co-workers (2007:2324) synthesised 2,3,5-substituted
perhydropyrrolo[3,4-d]isoxazole-4,6-diones derivatives of maleimide and proved they had
antibacterial activity against Staphylococcus aureus and Enterococcus faecalis. These
derivatives are similar to a series of N-Methyl-2-phenyl-maleimide (1H-pyrrole-2,5-dione)
(NMP) derivatives that were previously synthesised by our research group and tested for

activity against monoamine oxidase B (MAO-B).

The aim of this study was to firstly use computer aided drug design (CADD) to create and
validate a pharmacophore model of the maleimide derivatives synthesised by Agirbas and
co-workers (2007:2324). The pharmacophore model was validated using the enrichment value
(EF), hit rate (HR) and the area under the receiver operating characteristic (AUC-ROC) curve
as metrics. The validated pharmacophore model was used to estimate the probability of the
NMP derivatives to also have antibacterial activity, whereafter the in vitro activity of the NMP
derivatives was determined against Enterococcus faecium, S. aureus,
Klebsiella pneumoniae, Acinetobacter baumannii and Pseudomonas aeruginosa. Lastly,
PharmMapper was used to conduct target fishing in an effort to identify potential antibacterial

targets.

A common feature pharmacophore model was created (rank score: 120.5; max. fit value: 4),
which was able to accurately identify active analogues out of the decoy set (EF%%: 4.3,
HR20%: 86.4%, AUC-ROC: 0.9 + 0.03). Three hydrogen bond acceptors and a ring aromatic
region was identified as important for in vitro antibacterial activity. The NMP compounds only

had antibacterial activity against S. aureus. The most active compound, i.e., 3, had a minimum
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inhibitory concentration (MIC) of 4 pg/ml, whilst the MIC of the other compounds ranged from
8 pug/ml to 16 pg/ml. Compound 5 was found to be bactericidal, whilst all other compounds
were bacteriostatic. A statistically significant correlation was observed between the log P and
the MIC of each compound, indicating that more lipophilic compounds have greater
antibacterial activity. Using PharmMapper three possible antibacterial targets were identified,
i.e., the malonyl coenzyme A (CoA)-acyl carrier protein (ACP) transacylase (MCAT), the signal
peptidase | (SPase) and topoisomerase VI. Further investigation will be needed to confirm the

PharmMapper findings.

Keywords: Discovery studio; Antibacterial activity; Antimicrobial resistance; Common feature

pharmacophore modelling; PharmMapper; Maleimide; Minimum inhibitory concentration
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Chapter 1: Introduction

1.1 Background
1.1.1 History of antibiotics

The discovery of antibiotics enabled various medical break throughs such as organ transplants
and open-heart surgery as well as increasing life expectancy with up to 30 years (Adedeji,
2016:56; Hutchings et al., 2019:72). Salvarsan was the first antibiotic and was followed by
prontosil and the well-known penicillin antibiotics (Aminov, 2010:135; Bentley, 2009:775). Due
to the increased prevalence of antimicrobial resistance (AMR) the golden age of antibiotics
ended in the 1960s (Robertsen & Musiol-Kroll, 2019:2). In addition, the decrease in the
discovery of novel antibiotics, is further exacerbating the problem. Novel antibiotics targeting
new targets could potentially evade resistance mechanisms thereby combating AMR (Levy &
Marshall, 2004:S126).

1.1.2 Bacteria

Bacteria are prokaryotic cells which can be classified in many ways, i.e., cell shape (coccus,
bacilli, vibrio or spirilla), gram-staining properties (Gram-positive or Gram-negative) or growth
requirements (aerobic, anaerobic or facultative anaerobic) (Cabeen & Jacobs-Wagner,
2005:601; Clements et al., 2002:284; Madani, 2003:235).

In contrast to Gram-positive bacteria, which mostly contain a thick peptidoglycan layer,
Gram-negative bacteria are composed of a layer of lipopolysaccharides (LPS) accompanied
by a thin layer of peptidoglycan (Abbaszadegan et al., 2015:2). Eukaryotes are multi-celled
larger organisms, whereas prokaryotes, e.g., bacteria, are small unicellular organisms.
Prokaryotic deoxyribonucleic acid (DNA) is kept in the cytoplasm, while DNA in eukaryotes is
stored in the nucleus (Shirzadfar, 2014:180).

Bacteria cause a range of diseases ranging from simple eye infections most commonly caused
by Haemophilus influenzae to more serious infections such as tuberculosis (TB) or
pneumoniae caused by Mycobacterium tuberculosis and Klebsiella spp. respectively
(Bhattarai et al., 2021:S417-S418; Watson et al.,, 2018:67). Enterococcus faecium,
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii,
Pseudomonas aeruginosa and Enterobacter aerogenes are collectively known as the
ESKAPE pathogens and are renowned for their high mortality rate, propensity to cause
nosocomial infections and ability to develop resistance against antibiotics (Mulani et al.,
2019:1-2; Pendleton et al., 2013:297-298).
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1.1.3 Antimicrobial resistance

AMR is described as a microorganism's capacity to adapt and proliferate in the presence of
drugs that earlier prevented their growth (Founou et al., 2017:1). According to studies,
antibiotic-resistant bacteria cause 99 000 fatalities and $35 billion financial losses annually in
the United States (US) alone (Aslam et al.,, 2018:1646). Bacteria are resistant against
antibiotics either inherently (intrinsic resistance) or due to mechanisms developed over time
(acquired resistance) (Peterson & Kaur, 2018:7). Various factors lead to the increase of AMR
such as inadequate use of antibiotics, overpopulation, poor sanitation and more (Aslam et al.,
2018:1645; Dadgostar, 2019:3903).

There are four basic mechanisms of resistance: drug inactivation, drug target modification,
drug uptake restriction, and active drug efflux (Reygaert, 2018:487). Bacteria have the ability
to develop multiple ways of resistance, causing resistance to humerous antibiotic classes,

these are known as multi drug resistant bacteria (MDR bacteria) (Gotte et al., 2017:182).

1.1.4 Drug repurposing

The process of discovering and developing de novo therapeutic agents is time-consuming and
expensive, often taking up to 16 years and costing up to $12 billion, with a high attrition rate
(Rudrapal et al., 2020:2). The term drug repurposing is used when novel indications are
identified for existing drugs that are already registered and in use. The advantages of drug
repurposing is lower development costs, lower chance of being rejected during the
pre-clinical / clinical phase of drug development, as well as significantly reducing the
development time (Farha & Brown, 2019:565). Examples of previously repurposed agents
include the anti-Parkinson disease drug, atomoxetine, used for attention-deficit/hyperactivity
disorder (ADHD) since 2002 (Ashburn & Thor, 2004:679). Drug repurposing, in addition to
combination therapy, risk assessment, and other strategies is essential for addressing AMR
(Pushpakom et al., 2019:41-51).

1.1.5 Maleimides

Cyclic imides have multiple known pharmacological effects including antibacterial and
anticancer (Hassanzadeh & Jafari, 2018:1). Maleimides are one of the subclasses of cyclic
imides, and have promising results in the scientific and industrial communities due to the
utilisation of Diels-alder reactions providing highly thermal stable polymers (Dolci et al.,
2016:512). The antibacterial mechanism of action of maleimides might be ascribed to their
ability to inhibit cysteine protease (Zentz et al., 2002:421). Derivatives of
2,3,5-substituted perhydropyrrolo[3,4-d]isoxazole-4,6-dione synthesised by Agirbas and

co-workers (2007:2324) include a maleimide moiety and have shown antibacterial activity
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against S. aureus and Enterococcus faecalis (Agirbas et al., 2007:2324). A series of
N-Methyl-2-phenyl-maleimide (1H-pyrrole-2,5-dione) (NMP) derivatives were previously
synthesised and tested for monoamine oxidase B (MAO-B) inhibition by our research group.
The NMP compounds share various structural similarities with those synthesised by Agirbas
and co-workers (2007:2324) and could also potentially possess antibacterial capabilities
(Figure 1.1) (Manley-King et al., 2009:14).

Rl
3
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R N 1
0PN © "R
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Figure 1.1. General structures of (A) the NMP compounds synthesised by our group
(Manley-King et al., 2009:14), and (B) the
2,3,5-substituted perhydropyrrolo[3,4-d]isoxazole-4,6-diones compounds synthesised by
Agirbas and co-workers (Agirbas et al., 2007:2324).

1.1.6 Computer aided drug design and target fishing

Within the pharmaceutical industry the term computer aided drug design (CADD) is used to
describe the use of computers to develop drugs (Baig et al., 2016:572). In an effort to enhance
the physicochemical, pharmaceutical and pharmacokinetic qualities of biologically active
compounds, CADD is used to find active drug candidates, and identify likely candidates for
future assessment (Kapetanovic, 2008:166; Yu & MacKerell, 2017:87).

Structure-based drug design (SBDD) and ligand-based drug design (LBDD) are two main
categories in which CADD can be subdivided (Gurung et al., 2021:13). When the target protein
or enzyme structure is known, SBDD can be used to predict the orientation of small ligands
within the active site, while LBDD on the other hand is utilised when the biological target is
unknown. LBDD aligns the structure of similar drug molecules with known activity and identify
which chemical entities and structural features are necessary to elicit a biological response,
then either a common feature pharmacophore model or a quantitative structure-activity
relationship (QSAR) is generated using this information (Ferreira et al., 2015:13387; John et

al., 2011:2). Pharmacophore models should be validated to ensure they can accurately
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differentiate between decoy and active compounds. The receiver operator characteristic
(ROC) curve, hit rate (HR), and enrichment factor (EF) are objective metrics that quantify the
ability of a pharmacophore model to differentiate between active and decoy compounds
(Bender & Glen, 2005:1369; Hamza et al., 2012:969; Lee & Yi, 2018:3218).

Target fishing is a tactic that facilitates the interpretation of biological activities and mode of
action (MOA) of compounds with unknown targets. Target fishing can also be used to identify
off targets of drug candidates as well as possibly preventing any potential side effects,
assisting in drug repurposing and the discovery of new therapeutic targets (Galati et al.,
2021:1). PharmMapper is a web-based tool that utilises reverse docking to search for
chemical-protein targets during pharmacophore modelling. According to fit values,
PharmMapper prioritises the pharmacophore model and the associated aligned pose (Shahid
et al., 2021:2; Wang et al., 2017:W356).

In silico target fishing programs use chemoinformatics, bioinformatics and machine learning
to identify possible biological targets for active compounds, based on their structural and in
vitro biological activity (Eri¢ et al., 2012:5220; Wang & Xie, 2014:247). The program uses a
databank of pharmacophore models which represents biological targets and determines the
fit value between the known active compound and each pharmacophore. A high fit value
indicates a strong probability that the active compound might be a valid substrate for the
relevant target. PharmMapper is an example of an online target fishing program which uses
reverse pharmacophore mapping to identify potential biological targets for known active
ligands (Liu et al., 2010:W609).

1.2 Research problem

AMR has significantly raised the morbidity and mortality rates of people with resistant
pathogen infections around the world as well as the relevant healthcare treatment costs
(Dadgostar, 2019:3903). The food and drug administration (FDA) has only registered eight
novel antibiotics or combinational treatments between 2011 to 2014. Although the situation
has progressively been improving, the number of drug candidates in either phase Il or IV
clinical trials is low (da Cunha et al., 2019:2). The last class of antibiotics registered to treat
Gram-negative bacteria is the quinolone antibiotics, discovered in 1962, along with ceftaroline
and tazobactam (Brown, 2017:683; Tacconelli et al., 2018:318).
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1.3 Aims and objectives
1.3.1 Aim

This study has been divided into two stages, namely an in vitro and in silico stage. The aim of
the in silico stage was to create and validate a common feature pharmacophore model using
the 2,3,5-substituted perhydropyrrolo[3,4-d]isoxazole-4,6-diones derivatives of Agirbas and
co-workers (2007:2324). This model was used to screen NMP derivatives previously
synthesised by our research group for their potential as antibacterial compounds (Manley-King
et al.,, 2009:14). The aim of the subsequent in vitro stage was to determine the actual

antibacterial activity of the NMP compounds against the ESKAPE pathogens.

1.3.2 Objectives

1.3.2.1 In silico stage

o Create a training set and generate a pharmacophore model with known active
compounds.

e Using atest set, determine if the pharmacophore models can accurately predict in vitro
activity.

e Using a decoy set, determine the EF for each pharmacophore model.

e Using a decoy set, determine the AUC-ROC for each pharmacophore model.

e Using the pharmacophore model, determine whether the NMP derivatives should have

antibacterial activity.
1.3.2.2 In vitro stage

e Using the Kirby-Bauer disc diffusion method, determine the antimicrobial activity of the
NMP derivatives against selected pathogens.

e Determine the Minimum Inhibitory Concentration (MIC) of the NMP derivatives.

o Determine the Minimum Bactericidal Concentration (MBC) of the compounds that
exhibited activity.
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Chapter 2: Literature Review

2.1 The history of antibiotics and antimicrobial resistance

Antibiotics like we know today did not exist prior to the 1900s, however, antibiotics have been
used since ancient Egypt as evident by the use of bread with filamentous fungi to treat wounds
and burns (Durand et al., 2019:372). In addition to treating infectious disease, antibiotics have
enabled modern medicine to perform numerous medical procedures, e.g., organ transplants
and open-heart surgery, that was previously impossible (Hutchings et al., 2019:72). A
thorough understanding of the natural history of antibiotics can significantly contribute towards
innovative strategies for the development of novel compounds. Salvarsan, the first known
antibiotic, was discovered during the early 1900s and despite being regarded as the most
used drug for several years as well as the magic bullet for the treatment of syphilis, salvarsan's
mechanism of action (MOA) remains unclear to this day (Zaffiri et al., 2012:68). Salvarsan was
followed by prontosil, a sulphonamide, but also paved the way for the discovery of penicillin
(Figure 2.1) (Aminov, 2010:135).

Selman Waksman did research on the antimicrobial activity of soil bacteria and discovered a
number of bioactive compounds derived from soil-dwelling actinomycetes had potent
antibacterial activity, e.g., neomycin and streptomycin, which are still widely used today
(Durand et al., 2019:373). Antibiotics extended the average life expectancy from 47 years to
79 years and resulted in the leading cause of death changing from communicable to
non-communicable diseases, e.g., cardiovascular disease, stroke, cancer etc. (Adedeji,
2016:56). Unfortunately, the golden age of antibiotics ended in the 1960s after which the
discovery of novel antibiotic classes drastically declined as shown in figure 2.2, which shows
the dates when each antibiotic class was discovered (Robertsen & Musiol-Kroll, 2019:2).
Although oxazolidinones (e.g., linezolid) and the lipopeptides (e.g., daptomycin), were initially
discovered in 1978 and 1987 respectively, the two classes were only registered in the 2000s
(da Cunha et al., 2019:2). The quinolones were discovered in 1962 and are the last class of
antibiotics registered to treat Gram-negative infections until the recent discovery of the
cephalosporins fifth generation, ceftaroline and ceftolozane in combination with B-lactamase
inhibitor tazobactam (Brown, 2017:683).

29



OH

07"
HAs .AsH NH
_ \As — 2
N=N NH,,
OH
H,N
OH NH,,
— —n
Salvarsan Prontosil
R? .
o:< R H
O/
O/\OH

Penicillin core structure
Figure 2.1: The first antibiotics (Bush & Bradford, 2016:4; Christensen, 2021:4-7)

Because of the risks and costs associated with the development of new antibiotics,
present-day studies tend to focus on the development of analogues of existing drugs (Coates
et al., 2011:190). However, due to the lack of new antibiotics and the drastic increase in
antimicrobial resistance (AMR), there is a need for drugs targeting new antibacterial targets.
AMR is defined as the ability of a microorganism to adapt, enabling them to grow in the
presence of medication that once inhibited their growth (Founou et al., 2017:1). Bacteria have
been thriving for billions of years and thus it is not surprising that they have the ability to
become habituated to antibiotic exposure (Peterson, 2005:5). It was not long after the first
antibiotic classes were discovered in the 1930s that resistant strains started emerging,

especially in hospitals (Levy & Marshall, 2004:5122).
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Figure 2.2: Dates indicating the initial discovery of each antibiotic class adapted from Silver
(2011:73).

Giving antibiotics to healthy patients that, if left untreated, would have been able to recover,
and employing antibacterial agents to combat viral infections are also a cause for concern
(Palin et al., 2019:2443). Other causes of AMR include overpopulation, selection pressure,
global migration and poor sanitation (Aslam et al., 2018:1645). To prevent the increase in
AMR it is proposed that resistance should be monitored and patients with potentially
dangerous resistant strains should be isolated. The concept of antimicrobial stewardship is
also proposed as a novel approach, designed to decrease the spread of AMR. This
multifaceted approach provides a long-term management strategy by optimising antibiotic use,
while simultaneously minimising the risk of resistance and other adverse effects (Prescott,
2014:276).

2.2 Maleimides

Cyclic imides are building blocks for the production of various biological products with a variety
of pharmacological properties. Compounds containing cyclic imide rings have antibacterial,
anticonvulsant, anti-inflammatory, antifungal and anticancer activity (Hassanzadeh & Jafari,
2018:1). Cyclic imides are used in a wide range of chemical reactions such as cross coupling,
cycloaddition, hydrolysis, photochemical reaction and more (Kavitha et al., 2016:1971). The

subclasses of cyclic imides, i.e., phthalimides, maleimides, succinimides and glutarimides,
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have prompted interest from the scientific and pharmaceutical community for their wide range

of activity (Figure 2.3).

Cyclic imides in general are neutral and hydrophobic, aiding in the ability to cross cell
membranes (Chin et al., 2016:742). All derivatives of these subclasses have shown promising
pharmaceutical applications, such as phthalimide derivatives that portray antimicrobial,
antiviral, antimalarial and anxiolytic properties (Perillo et al., 2018:322). In the last 20 years,
interest in maleimides have increased considerably in both the scientific and industrial
communities due to their ability to provide highly thermal stable polymers and are used in
complex self-cleaning systems using Diels-alder reactions (Dolci et al., 2016:512). Numerous
fungi, yeasts, and bacteria are susceptible to N-methylmaleimides in vitro (Ma et al., 2022:5).
During infection a proteolytic enzyme namely proteases, are produced by bacteria,
maleimides can be classified as cysteine protease inhibitors potentially explaining their
antibacterial MOA (Rajeshwari & Manjula, 2015:B132—-B134; Zentz et al., 2002:421).

Agirbas and co-workers (2007:2324) synthesised a series of 2,3,5-substituted
perhydropyrrolo[3,4-d]isoxazole-4,6-dione derivatives and found they had in vitro antibacterial
activity against Staphylococcus aureus and Enterococcus faecalis (Agirbas et al., 2007:2324).
These derivatives share structural similarities with a series of
N-Methyl-2-phenyl-maleimide (1H-pyrrole-2,5-dione) (NMP) compounds that were
synthesised by our research group which were tested for activity against monoamine oxidase
B (MAO-B) (Manley-King et al., 2009:14). The similarity of these NMP compounds and the
derivatives tested by Agirbas and co-workers are highlighted in figure 2.4, and implied that the

NMP compounds might also have in vitro antibacterial activity.
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Figure 2.3: The subclasses of cyclic imides discussed in the text (Perillo et al., 2018:320).
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Figure 2.4: General structures of (A) the NMP compounds synthesised by our group
(Manley-King et al., 2009:14), and (B) the
2,3,5-substituted perhydropyrrolo[3,4-d]isoxazole-4,6-diones compounds synthesised by
Agirbas and co-workers (Agirbas et al., 2007:2324).

2.3 Drug repurposing

Research and development of new antimicrobial drugs is a lengthy and expensive procedure,
lasting up to 10 years and in some cases costing billions of dollars, all without any guarantee
of a final product (Pendleton et al., 2013:298). In addition to combination therapy, risk profiling
and more, drug repurposing is a vital way to combat the rising AMR problem (Pushpakom et
al., 2019:41). Drug repurposing entails identifying a new indication for a drug in addition to its
original indication, decreasing the time and costs needed to develop a drug (Gajdacs &
Spengler, 2019:3). Atomoxetine, known as an anti-Parkinson disease drug, has been used
since 2002 for attention deficit/hyperactivity disorder (ADHD), and is an example of a drug that
has previously been repurposed. It has been estimated that roughly 30% of drugs and
vaccines approved by the US Food and Drug Administration (FDA) have been repurposed
(Rudrapal et al., 2020:2). Unfortunately, antibiotics are used at higher doses, which is a
limitation when considering the drug repurposing strategy for antimicrobial drugs (Farha &
Brown, 2019:565). Computer modelling (discussed below) can be used to augment the drug

repurposing process (Pushpakom et al., 2019:6).
2.4 Bacteria

Bacteria (Figure 2.5) can be described as the most widespread and successful organisms on
earth (Thanbichler & Shapiro, 2008:28). Cell wall, shape and growth requirements are among
the different ways bacteria can be classified. Prokaryotes are simple cells which lack a cell
nucleus and membrane bound organelles and eukaryotes are more complex which have a

well-defined nucleus and membrane bound organelles. Bacteria are considered to be
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prokaryotes as they do not have double membrane cell organelles or a nucleus (Saier Jr. &
Bogdanov, 2013:5). Prokaryotic cells are far smaller than eukaryotic cells, which is a
significant difference between the two types of cells (Lane & Martin, 2010:929). The cell wall
is essential for the integrity of cell shape and consists mainly of peptidoglycan, this is the target
of many cell wall synthesis inhibitors that are discussed later (Dorr et al., 2019:1). The cell
shape is a very useful way of describing bacterial species which either has a spherical shape
(coccus), rod shape (bacilli), comma shape (vibrio) or a helicoidal shape (spirilla) (Cabeen &
Jacobs-Wagner, 2005:601).

Hans Christian Gram developed a staining method that classifies bacteria into two categories
namely Gram-positive and Gram-negative (Madani, 2003:235). Gram-positive bacteria consist
of a thicker peptidoglycan cell wall that when stained maintains a purple colour while
Gram-negative bacteria have a thinner peptidoglycan layer and remains clear (Actor,
2012a:93). The unique presence of an outer membrane present in Gram-negative bacteria
makes them inherently more resistant to antibiotics, with certain antibiotics simply lacking the
physical composition to penetrate the outer membrane (Breijyeh et al., 2020:1342; Miller,
2016:5-6). Mycobacterium species, often known as acid fast organisms, contain a waxy outer
layer that hinders stain penetration (Madani, 2003:236).

Bacterial growth relies on numerous factors, of which oxygen is one of the most important
factors, the availability of oxygen determines the growth of bacteria, i.e., aerobic bacteria
require oxygen to grow while anaerobic bacteria can grow in the absence of oxygen.
Facultative anaerobes have the ability to adapt their metabolism to fit their needs whether it
be aerobic or anaerobic including bacteria such as Escherichia coli and S. aureus (Clements
et al., 2002:284). The ESKAPE pathogens that will be used for this study are shown in table
2.1 with their respective cell shape, gram staining category, growth requirements and diseases

associated with the bacteria.

The six bacteria are collectively known as the ESKAPE pathogens and have been given this
acronym because of their ability to develop resistance against antibiotics and their prevalence

as hospital-acquired-infections (HAIs) (Leung et al., 2017:1; Mulani et al., 2019:1).
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Table 2.1: Bacteria relevant to this study with their respective properties

Diseases associated

) Cell Gram staining Growth
Bacteria _ . .
shape? category? requirements with bacteria
Urinary tract infection
_ (UTI), meningitis,
Enterococcus ) N Facultative )
, Cocci Gram-positive bacteraemia and
faecium anaerobe? ) )
intra-abdominal
infections 2
Endocarditis, septic
_ arthritis, pneumonia,
Staphylococcus . N Facultative N _
Cocci Gram-positive osteomyelitis, skin
aureus anaerobe?! ) _ _
infections and toxic
shock syndrome !
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Klebsiella Rod _ Facultative Pneumonia and UTI in
_ Gram-negative _ _
pneumoniae shaped anaerobe?® catharised patients.!
_ UTI, respiratory tract
Acinetobacter Rod _ Aerobe?* _ _ _
. Gram-negative infections, skin and eye
baumannii shaped _ _
infections *
UTI, pneumonia,
Pseudomonas Rod _ meningitis, dermatitis,
_ Gram-negative Aerobe? _ _ N
aeruginosa shaped septicaemia and otitis
externa !
_ _ Meningitis, dysentery,
Klebsiella Rod _ Facultative _ o _
Gram-negative intestinal infections and
aerogenes shaped anaerobe® o
food poisoning !

1(Actor, 2012b:105-107;112-116), %(Gilmore et al., 2014:15-24), 3 (Brabb et al., 2012:655), 4(Howard et al.,
2012:243-246), ® (Davin-Regli & Pages, 2015:1).

Despite the increase in AMR and significance of ESKAPE pathogens, there is a shortage of
new antimicrobials, with many scientists proposing the use of existing drug classes as lead
compounds, preferably against the ESKAPE pathogens

2.5 Antimicrobial resistance

HAIs as a result of antibiotic-resistant pathogens leads to 99 000 deaths annually in the United
States (US) alone and costs the US economy $35 billion per annum (Aslam et al., 2018:1646).
Studies have shown that resistance is more likely to develop against broad spectrum
antibiotics and even though there are at least 17 classes of antibiotics, a resistance
mechanism against each class has been identified (Alanis, 2005:698—-701). AMR can be either
intrinsic or acquired, intrinsic resistance being a naturally occurring phenomenon where the
microorganism either do not possess target sites for the antimicrobial drugs or could have low
permeability to the drug (Olivares et al., 2013:1). Acquired resistance on the other hand is
when a once susceptible micro-organism develops ways to circumvent the antimicrobial MOA
mainly due to horizontal gene transfer such as transformation, transduction or conjugation
(Peterson & Kaur, 2018:7). Intrinsic or acquired resistance utilise all or some of the four main
mechanisms of resistance, i.e., limiting the uptake of the drug, modifying the drug target,
inactivating the drug and active drug efflux (Reygaert, 2018:487). Bacteria with multiple
resistance mechanisms (MDR bacteria) may be resistant to a variety of antibiotic classes
(Gotte et al., 2017:182).

The first general mechanism of resistance entails decreasing the drug concentration at the

site of action. Bacterial lipopolysaccharides (LPS) provide a barrier that prevents hydrophilic
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drugs from easily crossing the cell membrane. This barrier provides easier access to
hydrophobic agents, e.g., rifampin and quinolones. LPSs are more prevalent in Gram-negative
bacteria which explains their tendency to be more resistant towards antimicrobial drugs
(Lambert, 2002:46S). The majority of hydrophilic drugs enter bacteria through passive
diffusion using porin channels (Gill et al., 1998:2799). Bacteria often decrease the number of
porins or change the selectivity of their porin channels to limit the uptake of antibiotics. By
forming a biofilm, bacteria can also reduce their exposure to antibiotics. A biofilm is formed
when normally free-swimming bacteria form multicellular communities on a solid surface. A
biofilm acts as a barrier for various antibiotics because of its thick sticky nature (Yin et al.,
2019:3423).

The second general mechanism of resistance entails modifying the drug target rendering the
antibiotic less effective (Reygaert, 2018:488-489). This includes either target protection or
modification of the site itself, the first causing the bacteria to avoid the antibiotics and the latter
causing a decrease in affinity (Munita & Arias, 2016:494—499).

The third general mechanism of resistance consists of modifying the drug itself either by
chemical alteration or destruction. Chemical processes such as acetylation, phosphorylation
and adenylation alter antibiotics and causes the drug to be unable to bind to the target (Munita
& Arias, 2016:485). Other than chemical alteration the antibiotic can be destroyed preventing

the drug to interact with the intended target, e.g., f-lactamase (Blair et al., 2015:47).

Lastly, efflux pumps play a significant role in the emergence of AMR. Efflux pumps are used
by bacteria to remove any substance deemed toxic, including antibiotics (Soto, 2013:223).
The efflux pumps can be divided into five main groups, i.e., the adenosine triphosphate (ATP)
binding cassette efflux pumps (ABC), the multidrug and toxic compound extrusion (MATE)
group, the small multidrug resistance (SMR) group, the major facilitator superfamily (MFS)
group, and resistance nodulation cell division (RND) group (Kumar et al., 2013:2). All of these
efflux pumps can potentially remove drug compounds from the bacterial cell, decreasing the
drug concentration within the bacteria thereby decreasing their effectiveness (Soto,
2013:223).

2.6 Antibiotics and antibiotic resistance

Most antibiotics can be classified as either cell wall synthesis inhibitors, protein synthesis
inhibitors, folic acid inhibitors or nucleic acid synthesis inhibitors. Some antibiotics Kkill the
bacteria and are referred to as bactericidal, whilst others inhibit their growth and are referred

to as bacteriostatic (Brunton et al., 2005:1096). Depending on the concentration, some
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antibiotics can possess both bactericidal and bacteriostatic properties (Pankey & Sabath,
2004:865).

2.6.1 Cell wall synthesis inhibitors

The majority of bacteria have peptidoglycan in their cell walls, which helps to preserve the cell
structure and prevent lysis due to internal pressure (Scheffers & Pinho, 2005:586). Bacterial
cell wall synthesis is categorised into three stages, i.e., the cytoplasmic-, membrane
associated- and the extra cytoplasmic stage. During the first cytoplasmic stage both
N-acetylglucosamine (GIcNAc) pentapeptides and N-acetyl-glucosamine (MurNAc) are
formed. The second stage takes place at the cytoplasmic membrane and results in the
formation of precursor lipid intermediates. Lastly, enzyme transpeptidases also known as
penicillin binding proteins (PBPs), catalyses the process whereby short peptides are
cross-linked with long glycan chains forming peptidoglycan (Barreteau et al., 2008:168;
Papp-Wallace et al., 2011:4945; Scheffers & Pinho, 2005:587).

As shown in table 2.2, various targets within these biosynthetic processes are the targets of
the cell wall synthesis inhibitors (Sarkar et al., 2017:517). The cell wall synthesis inhibitors
consist of the B-lactams (penicillins, cephalosporins, carbapenems and monobactams),
isoniazid, the cyclic lipopeptides, lipoglycopeptides as well as glycopeptides, the latter being

used as a drug of last resort (Bionda et al., 2013:1311).

B-lactam antibiotics

The B-lactam antibiotics all contain a B-lactam ring that is responsible for their activity and
allows them to inhibit the extra cytoplasmic stage of the cell wall biosynthesis (Actor,
2012a:102). The different structures of the B-lactam antibiotics can be seen in figure 2.6. The
B-lactam ring is a heterocyclic ring that consists of three carbon atoms, a nitrogen and an
oxygen (Balsalobre et al., 2019:58). Penicillins as well as other 3-lactam antibiotics inhibit the
cross-linking of peptidoglycan by covalently binding to the PBPs (Bush & Bradford, 2016:2).
Penicillin G and V are very active against Gram-positive cocci, whilst nafcillin and methicillin
are active against [-lactamase producing S. aureus, which is responsible for
methicillin-resistant  S. aureus (MRSA) as well as methicillin resistant
Staphylococcus epidermidis (MRSE). Aminopenicillins (ampicillin and amoxicillin) have
improved Gram-negative activity especially in combination with 3-lactam inhibitors (discussed
later), these penicillins are used against Listeria monocytogenes, Haemophilus influenzae and
Helicobacter pylori. Antipseudomonal penicillins (piperacillin and ticarcillin) have extended
activity against Gram-negative and Gram-positive bacteria; however they are mostly used
against P. aeruginosa (Craig & Stitzel, 2004:585-586).
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Table 2.2: Cell wall synthesis inhibitors

L Bactericidal /
Antibiotic class Target _ .
Bacteriostatic

Penicillins (B-lactam)?!
Penicillin G, penicillin V, methicillin, nafcillin, PBPs ? Bactericidal ?

ampicillin, amoxicillin, piperacillin and ticarcillin

Cephalosporins (B-lactam)
First generation®
Cefadroxil, cephalexin and cefazolin
Second generation*
Cefoxitin, cefuroxime, cephalexin, cefaclor
and loracarbef
Third generation? PBPs 2 Bactericidal 2
Cefotaxime, ceftizoxime, ceftriaxone,
cefdinir, cefoperazone and ceftazidime
Fourth generation®
Cefpirome and cefepime
Fifth generation?®

Ceftaroline, ceftobiprole and ceftolozane

Carbapenems (B-lactam)®
Imipenem, meropenem, biapenem, ertapenem, PBPs 2 Bactericidal 2

panipenem, tebipenem and doripenem.

Monobactams (B-lactam)!

PBPs? Bactericidal 2
Aztreonam
o _ . Bacteriostatic or
Isoniazid® Mycolic acid © o
bactericidal *
. : LPS ’ .
Cyclic lipopeptide _ Bactericidal ’
_ _ Cytoplasmic
Polymyxins* and daptomycin®
membrane ’
Glycopeptides® D-Alanine o
, , _ , Bactericidal °
Vancomycin and teicoplanin terminal *
Lipoglycopeptides® D-Alanine o
_ i _ _ Bactericidal 8
Oritavancin and dalbavancin terminal &

Y(Brunton et al., 2005:1130-1151) ,>(Bush & Bradford, 2016:2), 3(Hughes, 2017:432), 4(Velkov et al., 2013:721),
5(Katzung, 2014:822-825), 6(Stagg et al., 2017:129), “(Ledger et al., 2022:2-5), 8(Guskey & Tsuji, 2010:83),
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As with penicillins, cephalosporins also inhibit PBPs and are considered bactericidal (Bush &
Bradford, 2016:2). This group is divided into five generations according to the range of their
antimicrobial activity (Table 2.2). The first generation is active against Gram-positive cocci with
the exclusion of enterococci. The second generation has activity against aerobic
Gram-negative bacteria. The third generation is less susceptible to hydrolyses by
B-lactamases and is less active against Gram-positive cocci, however they have excellent
activity against Gram-negative rods (Fernandes et al., 2013:9). Enterobacter and
Citrobacter spp. are resistant against third generation cephalosporins whereas the fourth
generation cephalosporins have activity against these species. None of the early
cephalosporins are active against enterococci, MRSA or MRSE because of an inability to bind
to their PBPs. The final generation that was developed does portray activity against MRSA as
well as antipseudomonal activity with ceftolozane in combination with the -lactamase inhibitor
tazobactam being the most recent antibiotic registered against Gram-negative infections since
the 1962 discovery of quinolones (Brown, 2017:683; Gotte et al., 2017:181).

Carbapenems have the ability to enter Gram-negative bacteria through porins where they
acylate the PBPs and bind to multiple PBPs (Bush & Bradford, 2016:12). Gram-positive
bacteria are more susceptible to imipenem and panipenem whereas meropenem, biapenem
and ertapenem are more active against Gram-negative bacteria and doripenem shows potent
inhibitory abilities to both classes of bacteria (Papp-Wallace et al., 2011:4944). Imipenem was
one of the first carbapenems registered for human use, however the drug is readily deactivated
by dehydropeptidase-1 (DHP-1) and has to be used in combination with DHP-I inhibitors such
as cilastatin or betamiprol whereas this is unnecessary for newer carbapenems (Zhanel et al.,
2007:1028).

Monobactams such as aztreonam interact with PBPs after which the B-lactam ring is activated
and transpeptidase follows, leading to cell wall lysis. Aztreonam is active against
Gram-negative aerobic bacilli and has very similar antimicrobial action compared with
antibiotics such as aminoglycosides however aztreonam does not exhibit the same side
effects e.g., nephrotoxicity (Brewer & Hellinger, 1991:1152; Bush & Bradford, 2016:14).
Monotherapy is very uncommon for monobactams because of their narrow spectrum, thus

combination therapy with vancomycin is frequently seen (Gotte et al., 2017:182).

Although penicillin was discovered in 1928, it was only used therapeutically since 1941
because of the difficulty extracting the active compound (Zaffiri et al., 2012:70). Unfortunately,
resistance against penicillin developed quickly and in 1944 the first strain of penicillin resistant
S. aureus was reported (Worthington & Melander, 2013:4207). By the late 1960s, it was found

that more than 80% of community and hospital-acquired S. aureus strains were resistant to
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penicillin (Lobanovska & Pilla, 2017:139). The spread of penicillin resistance came to a hiatus
with the introduction of the second-generation penicillins, e.g., methicillin, however resistance
soon started to develop against methicillin with the first methicillin-resistant bacteria strains
reported in the 1970s (Pootoolal et al., 2002:381). Recently, MRSA was responsible for more
deaths in the US than homicide, Parkinson’s disease, emphysema and HIV/AIDS combined
(Ventola, 2015:280). Bacteria such as Mycoplasma spp. lack a cell wall and are thus
intrinsically resistant to these drugs (Bebear & Pereyre, 2005:263). The mechanisms of
resistance against the B-lactam antibiotics in general can either be the result of the production
of B-lactamase enzymes (most common), alteration of the target PBPs structure, decreasing
the number of porins resulting in subtherapeutic drug concentrations and through efflux pumps
(RND family) that extrude the antibiotics. To prevent inactivation via B-lactamases,
B-lactamases inhibitors (e.g., clavulanic acid) are co-administered with susceptible antibiotics
and prevent the B-lactamase enzymes from cleaving to the B-lactam ring (Drawz & Bonomo,
2010:169). Gram-positive bacteria mainly modify the PBPs structure, whereas resistance
exhibited by Gram-negative bacteria mostly rely on the production of B-lactamases and efflux
pumps (Papp-Wallace et al., 2011:4946; Reygaert, 2018:494).

Isoniazid

Isoniazid is a well-known prodrug used as first-line therapy against
Mycobacterium tuberculosis, due to the inhibition of mycolic acid, an essential component
present in the mycobacterial cell wall responsible for the structural integrity of the cell
membrane (Stagg et al., 2017:129). Mycolic acid can also be found in Gram-positive bacteria
such as Corynebacterium, Nocardia and Rhodococcus spp. however activity against non-
mycobacterial organisms was only recently discovered. In an effort to combat the rising
problem of AMR, isoniazid was tested in combination with magnetic nanoparticles and
antibacterial activity was found against E. faecalis, E. coli, S. aureus and P. aeruginosa
(Nataraj et al., 2015:8; Zargarnezhad et al., 2020:7). Isoniazid can either be bactericidal or
bacteriostatic depending on the rate of which bacteria divides (Brunton et al., 2005:1204).
Resistance to isoniazid is mainly due to gene mutation that leads to the prodrug being unable

to convert to its active metabolite (Cohen et al., 2004:280).
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Figure 2.6: The pharmacophores of the different B-lactam antibiotics (Bush & Bradford,
2016:4-14).

Cyclic lipopeptide antibiotics

Cyclic lipopeptides is a group of antibiotics that also inhibit cell wall synthesis and consists of
polymyxins and a calcium dependant antibiotic namely daptomycin (Figure 2.7) (Kleijn &
Martin, 2017:28).

By removing calcium and magnesium and destabilising LPS, polymyxins, also known as
colistins, target Gram-negative bacteria. Changes to the LPS structure results in resistance
against polymyxins (Moffatt et al., 2019:55). Polymyxins are last line drugs used against

Gram-negative superbugs, mainly K. pneumoniae and E. coli (Velkov et al., 2013:712).

Daptomycin is considered a calcium dependent antibiotic that requires the presence of free
calcium to effectively kill Gram-positive bacteria (Kleijn & Martin, 2017:32). Cell death is
caused by potassium ion efflux and membrane depolarization (Steenbergen et al., 2005:283).

The exact mechanism of resistance against daptomycin has not been identified. Possible

42



mechanisms that are implicated include alterations in the stress response of bacteria as well
as alterations in the enzymes involved in the metabolism of phospholipids and the
homeostasis of the membrane (Miller et al., 2016:6). Daptomycin is known for being an
alternative to vancomycin resistant pathogens, however studies have shown an absence of
affinity to daptomycin in glycopeptide-intermediate S. aureus strains, this could be due to
vancomycin thickening the walls of bacteria cells (Montero et al., 2008:1167).
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NH NH
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; ; H2
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Figure 2.7: Daptomycin and the polymyxins core structure (Ledger et al., 2022:3).

Glycopeptide and lipoglycopeptide antibiotics

Glycopeptides, of which only vancomycin is clinically relevant, inhibit cell wall synthesis by
binding to the D-alanine terminal on the peptidoglycan precursor, inhibiting transpeptidation
required for cross-linking (Kang & Park, 2015:67; Rice, 2012:203). Vancomycin is only active

against Gram-positive bacteria as its size, seen in figure 2.8, prevents it from entering
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Gram-negative bacteria through porins (Rice, 2012:203). Clinically, vancomycin is used to
treat aerobic and anaerobic Gram-positive bacteria including staphylococci, streptococci,

enterococci and clostridia (Pootoolal et al., 2002:381).

Figure 2.8: Vancomycin structure (Rubinstein & Keynan, 2014:2).

Lipoglycopeptides are similar to glycopeptides but have an additional lipophilic side chain. The
MOA of lipoglycopeptides are similar to their counterpart with additional antibacterial
properties such as membrane depolarization, lysis of bacteria and a more rapid bactericidal
effect (Van Bambeke, 2015:2075-2076). Lipoglycopeptides also show activity against
Gram-positive bacteria such as staphylococci, streptococci and enterococci as well as
Clostridium spp. (Guskey & Tsuji, 2010:83). Although lipoglycopeptides are mostly
bactericidal, teicoplanin has been found to be bacteriostatic against Clostridium difficile (Van
Bambeke, 2015:2081).

Resistance against glycopeptides firstly appeared in 1986 and can be ascribed to the ability
of bacteria to replace the D-alanine present on the pentapeptide stem of peptidoglycan
precursors with either a D-lactate or D-serine, thereby reducing the binding affinity of
antibiotics (Rice, 2012:203). Ten different gene clusters, called operons, have been identified
and are responsible for conferring resistance against glycopeptides. They are named
according to the sequence of genes with ligase activity, i.e., D-ala-D-lac ligase (vanA, vanB,
vanD and vanM) and D-ala-D-ser ligase (van C, vanE, vanG, vanL and vanN) (Lebreton &
Cattoir, 2019:58). Considering the similar MOA of glycopeptides and lipoglycopeptides,

bacteria also exhibit the same mechanisms of resistance against lipoglycopeptides, although
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the hydrophobic tail of oritavancin aids in higher efficiency against vanA and vanB mediated
bacteria (Brade et al., 2016:4).

2.6.2 Protein synthesis inhibitors

Ribosomes are important components found in bacteria, responsible for producing protein
peptide chains needed for the growth and survival of the bacteria. Genetic information from
messenger ribonucleic acid (MRNA) is converted into polypeptide chains by using transfer
RNA (tRNA) which acts as a link between mRNA and the amino acid sequence responsible
for resulting in the correct proteins (Arenz & Wilson, 2016:2). In prokaryotic cells all ribosomes
are comprised of two unequal subunits, i.e., the 50s and 30s subunits, that together form a
complete 70S ribosome represented in figure 2.9 (Hogg, 2013:69—70). Protein synthesis
inhibitors disrupt either the 30s subunit, i.e., aminoglycosides and tetracycline, or the 50s
subunit, i.e., chloramphenicol, macrolide, lincosamides, streptogramins and oxazolidinones
(Table 2.3) (Brunton et al., 2005:1096; Serio et al., 2017:214).

Chloramphenicol

Oxazolidinones
_ Macrolides
Lincosamides
Streptogramins

505 subunit

| Complete 705
ribosome

305 subunit @ ) Aminoglycosides

Tetracyclines

Figure 2.9: Ribosomal subunits in prokaryatic cells adapted from Etebu & Arikekpar (2016:97).

The process of protein synthesis consists of DNA being transcribed into a single strand of
MRNA which is translated by means of tRNA into the amino acid sequence needed for
proteins. During this process amino acids that correspond to each codon of the mRNA are
fetched and attached to the aminoacyl site (A-site) which binds with aminoacylated tRNA, the
polypeptide carrying tRNA bind to the peptidyl site (P-site) where the amino acid sequence for
the protein is assembled, any deacylated tRNA binds to the exit site (E-site) before

dissociating from the ribosome (Arenz & Wilson, 2016:1-2).
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Table 2.3: Protein synthesis inhibitors

Antibiotic class

Target!

Bactericidal/

Bacteriostatic*

Aminoglycosides?
Streptomycin, neomycin,
kanamycin, gentamicin,

tobramycin and amikacin

30S ribosomal subunit

Bactericidal

Tetracyclines?
Tetracycline, doxycycline,
demeclocycline and

minocycline

30S ribosomal subunit

Bacteriostatic

Chloramphenicol?!

50S ribosomal subunit

Bacteriostatic or bactericidal

Macrolides?
Erythromycin, clarithromycin

and azithromycin

50S ribosomal subunit

Bacteriostatic or bactericidal

Lincosamides?

Clindamycin and lincomycin

50S ribosomal subunit

Bacteriostatic or bactericidal

Streptogramin?®
Streptogramin type A
(M-virginiamycin,
[I-pristinamycin, A-synergistin,
A-mikamycin and dalfopristin)
Streptogramin type B
(S-virginiamycin,
[-pristinamycin, B-synergistin,

B-mikamycin and quinopristin)

50S ribosomal subunit

Bacteriostatic or bactericidal

Oxazolidinone!

Linezolid

50S ribosomal subunit

Bacteriostatic or bactericidal

}(Brunton et al., 2005:1156-1191), 2(Spizek & Rezanka, 2004:455), 3(Reissier & Cattoir, 2021:622) , 4(Pankey &

Sabath, 2004:864—-866) .

Aminoglycoside antibiotics

Aminoglycosides have the ability to bind to the A-site of the 30S subunit resulting in incorrect

amino acid sequencing due to non-cognate tRNA binding, which in turn results in the

misreading of MRNA (Becker & Cooper, 2013:105). The ability to cause misreading and
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having bactericidal activity appear to be strongly correlated (Brunton et al., 2005:1157).
Additional MOAs include breaking up polysomes, which aid in translating mRNA or restrict
peptide formation (Katzung, 2014:841).

Aminoglycosides were originally indicated for use against M. tuberculosis but has a broad
spectrum of use including P. aeruginosa, E. coli, Salmonella spp., staphylococci spp. and
K. pneumoniae, being mostly used against Gram-negative bacteria however in combination
with B-lactam antibiotics Gram-positive bacteria can also be inhibited (Aggen et al.,
2010:4636; Forge & Schacht, 2000:3).

Bacteria acquires resistance against aminoglycosides through various mechanisms, i.e.,
enzymatic modification of the antibiotic (acetylation, phosphorylation or adenylation), target
modification that prevents the antibiotic from binding to the ribosome subunit or efflux
mediated resistance (RND family) that results in various pathogens being intrinsically resistant

to aminoglycosides (Krause et al., 2016:5).

Tetracycline antibiotics

Tetracyclines prohibit aminoacyl tRNA from attaching to the ribosomal A-site on the 30S
ribosomes, which inhibits the production of proteins. They have broad-spectrum activity
against both Gram-positive and Gram-negative bacteria including Chlamydia, Mycoplasma
and Rickettsia spp. (Chopra & Roberts, 2001:232).

Resistance to tetracyclines is mainly caused by efflux pumps (RND and MFS family),
ribosomal protection, inactivation of the antibiotics through drug modification and oxidation as
well as decreasing the number of porins limiting the uptake of the drug (Grossman, 2016:3).
Export proteins form part of the MFS family and are coded for by tet efflux genes. Ribosomes
are protected by the reduced intracellular concentration caused by the export proteins as well

as cytoplasmic proteins which prevent tetracycline from binding (Sosa et al., 2010:21).

Chloramphenicol

Chloramphenicol inhibits the transpeptidation step of protein synthesis after binding to the 50S
ribosomal subunit preventing the chemical process when a residue of an amino acid or peptide
is transferred from one amino acid to another. It has a wide range of antibacterial activity
against bacteria such H. influenza, Neisseria meningitides (bactericidal) as well as
staphylococci, streptococci and Salmonella spp. (bacteriostatic) (Brunton et al., 2005:1179;
Spirin, 1999:195).

Resistance to chloramphenicol is usually achieved by inactivating the drug using

plasmid-encoded acetyltransferase or by ribosomal mutation thus decreasing the binding
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affinity (Brunton et al., 2005:1180). The MFS or RND efflux families can also be a possible
cause of resistance specifically in Gram-negative bacteria but is uncommon (Sosa et al.,
2010:21).

Macrolides, Lincosamides and Streptogramins

Macrolides, lincosamides and streptogramins have similar MOAs, bacterial activity and
mechanisms of resistance in spite of having such diverse structures (Figure 2.10). Macrolides
influence peptide chain formation by inhibiting transpeptidation and thus interfere with the
translocation step during protein synthesis, preventing the peptide chain to move from the
A-site to the P-site (Gaynor & Mankin, 2012:4). Macrolides have a broad range of activity;
erythromycin being most active against Gram-positive cocci and bacilli however clarithromycin
has been proven to be more active against streptococci and staphylococci. Azithromycin on
the other hand exhibits activity against Gram-negative bacilli such as Campylobacter spp. and
H. influenzae (Brunton et al., 2005:1183). Although erythromycin is considered bacteriostatic,

it has bactericidal effects at high concentrations (Pankey & Sabath, 2004:3).

Lincosamides, i.e., clindamycin and lincomycin, also prevent transpeptidation by inhibiting
peptidyl transferase, responsible for peptide bond formation (Spizek & Rezanka, 2004:457).
Even though the range of activity is similar to macrolides, this group has unique activity against
Clostridium spp, Peptostreptococcus spp. as well as Gram-negative rods (Canu & Leclercq,
2009:3). Lincosamides are bactericidal at higher concentrations, however they have a delayed
onset of action making them less effective as compared to 3-lactam antibiotics, resulting in
less efficient bactericidal effects (Spizek & Rezanka, 2004:457).

Streptogramins can be categorised into two distinct groups, i.e., group A, consisting of
polyunsaturated macrolactones and group B, consisting of amino acids in cyclic arrays (Table
2.3). Both groups inactivate bacteria by interfering with the translation process, group A
prevents relevant tRNA from binding to applicable A or P site and in response inhibits
transpeptidation (Bonfiglio & Furneri, 2001:186). The binding site of group B streptogramins
overlap with the binding sites of macrolides and lincosamides, and also inhibit translocation
thereby preventing polypeptide extension causing premature release of defective protein
chains (Reissier & Cattoir, 2021:594). When used together, group A and B streptogramins
have a synergistic antibacterial effect, dalfopristin (group A) cause conformational changes to
the 50S subunit and increases the binding affinity of quinopristin (type B) to the ribosomal
binding site (Brunton et al., 2005:1191).

Similar to macrolides and lincosamides, streptogramins inhibit Gram-positive bacteria

(staphylococci, streptococci, Campylobacter spp. etc.) and Gram-negative bacteria
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(Neisseria spp., Moraxella cattarhalis and Legionella pneumophila) (Reissier & Cattoir,
2021:595). Streptogramins are bactericidal against streptococci and staphylococci but
bacteriostatic against E. faecium, however in combination (group A and B) they exhibit
bactericidal effects (Pankey & Sabath, 2004:866).
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Figure 2.10: Most relevant macrolide, lincosamide and streptogramin structures discussed in
text (McCoy et al., 2011:216-219).

Because of their similar MOA, resistance against the macrolide, lincosamide and
streptogramin antibiotics develop in the same manner. The three main mechanisms in which
bacteria acquire resistance against these antibiotics include enzymatic drug inactivation,

impaired permeability (or active efflux) and target modification (Canu & Leclercq, 2009:213).

Enzymes such as esterases, phosphotransferases, hydrolases and acetyltransferases have
been identified in strains resistant to macrolides and lincosamides. Esterase is known to

inactivate the lactone ring found on erythromycin whereas the hydroxyl group of lincosamides
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are affected by phosphorylation as well as nucleotidylation (Canu & Leclercq, 2009:216).
Resistances caused by active efflux pumps are due to the following drug exports mentioned
earlier, macrolides and lincosamides through ABC, MFS and RND family and streptogramin
mainly through the ABC family, affecting a wide range of Gram-positive and Gram-negative
bacteria (Poole, 2005:22). Target maodification is considered the most common resistance
mechanism concerning these drugs and involves demethylation of the adenosine residue at
the peptidyl transferase region, and leads to the macrolide-lincosamide-streptogramin B
phenotype in bacteria (Witte & Cuny, 2011:925). This phenotype is responsible for cross
resistance among macrolides, lincosamides and streptogramin type B antibiotics, whereas

type A streptogramins are not affected (Johnston et al., 2005:343).

Oxazolidinones

Linezolid (Figure 2.11) has a unique ability to bind to the 23S ribosomal-RNA of the 50S
subunit and prevents the ribosome complex responsible for initiating protein synthesis from
forming. Linezolid is mostly known to be active against Gram-positive organisms, i.e.,
staphylococci and enterococci (bacteriostatic) as well as streptococci (bactericidal). Linezolid
has activity against penicillin resistant Streptococcus pneumoniae, MRSA as well as
vancomycin resistant staphylococci and enterococci (Brunton et al., 2005:1192). Resistance
to linezolid mainly occurs because of mutations to the central loop of the 23S ribosomal RNA
(rRNA) within the 50S ribosomal subunit, which results in alteration of the linezolid target site
(Livermore, 2003:S13).
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Figure 2.11: Linezolid structure (Foti et al., 2021:3).

2.6.3 Folic acid synthesis inhibitors

Numerous biosynthetic processes, including the creation of proteins, nucleic acids, amino
acids, purine and pyrimidine nitrogenous bases, depend on folic acid (Ducker & Rabinowitz,
2017:27; Fowler, 2001:223-226). Whilst bacteria cells must synthesise folate from scratch,
human cells have the ability to obtain it directly from their environment via transport proteins
making the folate biosynthetic pathway an ideal target for selectively suppressing bacteria
(Fernandez-Villa et al., 2019:2). The bacterial folate biosynthesis pathway is depicted in figure
2.12.
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Figure 2.12: The metabolic pathway of folic acid simplified (Matos & Esteves, 2010:220).

Two distinct groups of antibiotics inhibit the metabolic pathway, i.e., sulphonamides, which
inhibits the dihydropteroate synthase (DHPS) enzyme, and the dihydrofolate reductase
(DHFR) inhibitors (trimethoprim, methotrexate and iclaprim) (Table 2.4). Sulphonamides have
been widely used as treatment against UTIs, bronchitis, pneumonia, meningitis as well as ear
and eye infections, however due to resistance they are mainly utilised in veterinary medication
today (Garcia-Galan et al., 2008:1008).

Table 2.4: Folic acid synthesis inhibitors

Bactericidal/
Antibiotic class? Target?! . .
Bacteriostatic?

Sulphonamides

Sulfadiazine, sulfamethoxazole and DHPS Bacteriostatic
sulfisoxazole

DHFR Inhibitors

Trimethoprim, methotrexate and iclaprim

DHFR Bacteriostatic

1(Fernandez-Villa et al., 2019:3), 2(Pankey & Sabath, 2004:4).

Methotrexate

Methotrexate is the most common first-line therapy drug used against rheumatoid arthritis
along with being utilised in anticancer treatment (Braun & Rau, 2009:216; Levéque et al.,
2011:743). Despite having a similar structure and MOA to trimethoprim (Figure 2.13),

methotrexate has not been utilised in antibacterial therapy although a recent drug repurposing
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study found evidence of methotrexate displaying antibacterial activity against
Chromobacterium violaceum, Sphingomonas paucimobilis and
Novosphingobium spp.(Campbell et al.,, 2019:354; Gajdacs & Spengler, 2019:271;
Gudmundsdottir et al.,, 2021:2). Resistance to methotrexate can be attributed to
overproduction of DHFR, efflux pumps as well as modification in the uptake of methotrexate
(Kremer, 2004:1373-1375).

Trimethoprim and sulphonamides

Although trimethoprim and sulphonamides can be used as monotherapy, sulphonamides are
used less frequently as mono treatment due to the advent of resistance and substantial
adverse effects (Skoéld, 2000:155). The synergistic effect of sulfamethoxazole and
trimethoprim has been utilised since 1968 and has a wide range of activity against
Shigella spp., E. coli, H. influenzae, M. catarrhalis as well as against the ESKAPE pathogens
(Eliopoulos & Huovinen, 2001:1608).

Resistance to either sulphonamides or trimethoprim mainly occur due to alterations of the drug
target caused by chromosomal mutations or horizontal transfer of plasmid-encoded genes,
additionally the MFS and RND transporter families play a role in the efflux of either
sulfamethoxazole or trimethoprim (Estrada et al., 2016:6; Reygaert, 2018:495). Iclaprim is a
DHFR inhibitor that was developed to overcome the resistance caused by

chromosomal-mediated gene transfer (Estrada et al., 2016:6).
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Figure 2.13: Structure of (A) trimethoprim and (B) methotrexate (Mauldin et al., 2009:387).

2.6.4 Nucleic acid synthesis inhibitors

Nucleic acids consist of DNA and RNA, both of whom are polymers made up of smaller
molecules named nucleotides (Hogg, 2013:43). DNA transcription is responsible for all RNA
whereas DNA replication is responsible for DNA formation, RNA or DNA polymerase enzymes

are used respectively to build new nucleic acids through the use of base pairing (Lambert,

52



2004:212-214). Each strand of DNA acts as a template for the synthesis of a new
complementary strand during the replication of the bacterial genome utilising the helicase
enzyme to separate the double helix strands (Klug, 2004:22). Some antibiotics inhibit certain
steps of DNA or RNA synthesis and are known as nucleic acid synthesis inhibitors, i.e.,
rifampin. metronidazole and quinolones. The target of each antibiotic and their effect on
bacterial cells are summarised in table 2.5 whereas figure 2.14 illustrates the process of DNA

transcription and replication.

Table 2.5: Nucleic acid synthesis inhibitors

Bactericidal/

Antibiotic class Target* . _
Bacteriostatic*
Rif - B-subunit of RNA Bactericidal
ifampin
P polymerase
Metronidazole? DNA Bactericidal

Quinolones?®
First generation
Nalidixic acid

Second generation
Norfloxacin, ciprofloxacin and
ofloxacin/levofloxacin
Gyrase and o
_ Bactericidal
) ] topoisomerase IV
Third generation
Sparfloxacin, grepafloxacin,

clinafloxacin and gatifloxacin

Fourth generation
Trovafloxacin, moxifloxacin,

gemifloxacin and garenoxacin

1(Campbell et al., 2001:901) ?(Lee, 2016:408) 3(Pham et al., 2019:7-8)- 4(Katzung, 2014:852—-925).
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Figure 2.14: A shows the simplified process of DNA transcription while B represents DNA
replication, adapted from Klug (2004:22—24). lllustration produced by Servier Medical Art

(smart.servier.com).

Rifampin

Rifampin inhibits DNA-dependent RNA polymerase by sterically restricting RNA elongation or
by lowering the selectivity of RNA polymerase for short RNA transcripts (Campbell et al.,
2001:907). Rifampin is mostly known for its activity against M. tuberculosis however, its
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spectrum of antibacterial activity include Gram-positive and Gram-negative bacteria such as
S. aureus, H. influenza, E. coli, N. meningitidis as well as Proteus and Klebsiella spp. (Brunton
et al., 2005:1208). Resistance is mainly due to modification of the B-subunit target that leads
to reduced binding abilities of rifampin (Katzung, 2014:860).

Metronidazole

Metronidazole is classified as a prodrug that targets the DNA of anaerobic bacteria which
causes the structure of the nucleic acid to become unstable and leads to strand breakage
(Jenks & Edwards, 2002:2). This antibiotic is widely used for bacterial vaginosis,
trichomoniasis and infections caused by bacteria such as C. difficile, H. pylori and
Streptomyces spp. (Alauzet et al., 2019:44). Mechanisms of resistance against metronidazole
vary depending on the organism, possible mechanisms include a slower rate of metronidazole
uptake into the bacterial cell, drug inactivation, active efflux as well as enhanced DNA damage
repair as a result of reduced antibiotic susceptibility (L6fmark et al., 2010:5S19-S20).

Quinolones

Bacterial type Il topoisomerase, i.e., topoisomerase IV and gyrase, act as catalysts for
chromosomal supercoiling which is a process required for DNA replication, mRNA
transcription, and division of cells. Quinolones target these enzymes which prevents bacteria
from synthesising DNA (Kohanski et al., 2010:424; Pham et al., 2019:1724). The quinolone
antibiotics can be divided into first-, second-, third and fourth generations (Bhattacharjee,
2016:117). The similarities in structures of each generation can be seen in figure 2.15 whereas

the antibacterial spectrum of each generation is discussed in table 2.6.

Target-, plasmid-, and chromosome-mediated resistance are the three main forms of
resistance against these antibiotics. A weaker drug-enzyme interaction results from changes
to the target enzyme in target-mediated resistance (Kim & Hooper, 2014:227).
Plasmid-mediated resistance involves the horizontal transfer of resistant genes, which may
lead to a reduction in enzyme-DNA binding, enzymatic modification of the drug molecule, or

an increase in efflux pumps (Aldred et al., 2014:1570).

Table 2.6: The antibacterial activity of different generations of quinolone antibiotics

Generation Antibacterial activity?!?

_ _ Moderate activity against Gram-negative
First generation ]
bacteria.

_ Good activity against Gram-negative
Second generation _
bacteria.
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Limited activity against Gram-positive

bacteria.

Good activity against Gram-negative
_ ) bacteria.

Third generation _ _ _ N
Active against streptococci (Gram-positive

bacteria).

Good activity against Gram-negative and

Fourth generation N _
Gram-positive bacteria.

1(Zhang et al., 2018:711); ?(Oliphant & Green, 2002:455).
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Figure 2.15: Structures of each generation of quinolones (Pham et al., 2019:7-8)

2.7 Computer aided drug design

Computer aided drug design (CADD) is a useful tool that can drastically decrease the cost

and optimise the process involved in developing new drugs (Fan et al., 2019:83). CADD can

be used to model interactions between small molecules and proteins at the molecular level.

This allows scientists to characterise the behaviour of small molecules at the target protein

binding site and elucidate basic biochemical processes (Meng et al., 2011:147). CADD is a

valuable screening process and can be utilised during drug repurposing, which can help find
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potential leads by estimating the likelihood that a compound might bind to a drug target (Farha
& Brown, 2019:561).

CADD can be divided into structure-based drug design (SBDD) and ligand-based drug design
(LBDD) (Gurung et al.,, 2021:13). SBDD is used when the structure of the target
protein/enzyme is known, it has the ability to predict with remarkable accuracy the orientation
of small ligands within an appropriate target binding site (Ferreira et al., 2015:13387). Docked
molecules are ranked and scored according to their steric and electrostatic interactions with

the active site of the enzyme/protein (Anderson, 2003:787).

LBDD is used when the precise three-dimensional (3D) structure of the target molecule is
unknown. With the LBDD approach the chemical entities of all molecules with similar in vitro
activity are aligned and used to create a quantitative structure-activity relationship (QSAR) or
a common feature pharmacophore model (John et al., 2011:2). A pharmacophore model can
be used to find molecules with similar features or to predict the activity of novel compounds
(Lee et al., 2011:5305). Examples of chemical entities include hydrogen bond acceptors
(HBA), hydrogen bond donors (HBD), hydrophobic moieties (HYD) and aromatic regions (Ar)
(Vuorinen et al., 2014:5996).

All ligands that are available and have known activity are split into a training set and a test set
in order to develop and validate a pharmacophore model. The pharmacophore model is
developed using the training set, and the model is validated using the test set. Optimal
selection of compounds used for either the test- or training set is important and influences the
accuracy (Gurung et al., 2021:6). A number of possible pharmacophore models are generated,
of which the researcher determines which one is the most accurate. The antibacterial activity
of the test set compounds are predicted by the pharmacophore models and compared to their
known in vitro activity (Lee & Yi, 2018:3218).

The ability of a pharmacophore model to differentiate between active and decoy compounds
in the test set is measured by using the area under the receiver-operator characteristic curve
(AUC-ROC) and enrichment factor (EF). EF is defined as the ratio of the amount of active
compounds in a chosen subset (between 0.1 — 10 %) and the percentage in the total database
(Chen et al., 2006:409). The results can be expressed by calculating the EF with equation 1
(Hamza et al., 2012:969). Hits is the total quantity of active ligands in the database, Hitsse is
the number of compounds in the top percentile of database, and NCi is the number of active
ligands throughout the entire database. NCse indicates the number of compounds that were
identified in the selected subset of the database (Bender & Glen, 2005:1369; Hamza et al.,
2012:969). The hit rate (HR) is another way of validating the pharmacophore model, a method

which corresponds to the ratio of the known hits, illustrating the effectiveness at specified
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percentages through the database, using equation 2. The HR is much less sensitive to the
number of compounds found in the database compared to the EF (Hamza et al., 2012:968—
969).

Enrichment factor (EF) = (HitSsei / HitSto) X (NCiot / NCsel) covvveeevviiiiiiiiiiieeeeeeeeeiiinnn, Equation 1
HR = (HitSsel / HitStor) X 100 ...ttt e e e e e e en s Equation 2

The AUC-ROC curve shows sensitivity (true positive rate) versus specificity (Pascual et al.,
2019:6). The AUC-ROC can be interpreted as follow: 0.9 < AUC < 1 is excellent; 0.8 < AUC <
0.9is good; 0.7 < AUC < 0.8 is fair; 0.5 < AUC < 0.7 is poor; and AUC < 0.5 is a failure (Wieder
et al., 2017:381).

2.8 Target fishing

Target fishing is very useful in identifying possible targets for bioactive compounds without a
known MOA (Shahid et al., 2021:2). PharmMapper is a web-based tool that uses reverse
mapping to predict potential biological targets. PharmMapper firstly aligns the active
compound onto pharmacophore models in its databank, and then calculates the fit values
between the compound and each pharmacophore. A high fit value is indicative that the active
compound might be a valid substrate for the relevant target. Lastly, PharmMapper presents
the pharmacophore model and the corresponding aligned pose, prioritised based on the fit
values (Wang et al., 2017:W356).
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Chapter 3: Research Article

The following article has been submitted to the journal BMC Research Notes. All co-authors
provided permission to use this manuscript as part of this MSc dissertation as indicated in the
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according to the author notes The credit author statement sent to the journal is provided as

annexure A.
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3.1 Introduction

Globally, approximately 1.27 million deaths could be attributed directly to antimicrobial
resistance (AMR) in 2019, making it more deadly than both human immunodeficiency virus
(HIV) and malaria and ranked only behind COVID-19 and tuberculosis (TB) (Laxminarayan,
2022:606; Murray et al., 2022:629). The ESKAPE pathogens consists of
Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae,

Acinetobacter baumannii, Pseudomonas aeruginosa and Enterobacter spp, and are
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increasingly responsible for human mortality and nosocomial infections (Pendleton et al.,
2013:301). These pathogens have been added to the World Health Organisations’ (WHO)
priority list for which new antibacterial drugs are needed (Tacconelli et al., 2018:323). The goal
of the priority list was to promote and guide the development of new antibiotics to address the
AMR pandemic, however the drug development pipeline still remains insufficient to adequately
address this crisis (Zhen et al., 2019:2).

A study done by Agirbas and co-workers (2007:2324) found @ that
2,3,5-substituted perhydropyrrolo[3,4-d]isoxazole-4,6-diones derivatives had a range of
activity against bacteria such as S. aureus and Enterococcus faecalis. These derivatives
share structural similarities with a series of
N-Methyl-2-phenyl-maleimide (1H-pyrrole-2,5-dione) (NMP) derivatives (Figure 3.1) that were
previously synthesised by our research group and tested for activity against monoamine
oxidase B (MAO-B) (Manley-King et al., 2009:14). These derivatives may therefore potentially
have antibacterial properties and may be repurposed, i.e., identifying a new activity outside of

the compounds’ original indication (Pushpakom et al., 2019:41).
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Figure 3.1: General structures of (A) the NMP compounds synthesised by our group
(Manley-King et al., 2009:14), and (B) the
2,3,5-substituted perhydropyrrolo[3,4-d]isoxazole-4,6-diones synthesised by Agirbas and
co-workers (2007:2324).

Maleimides (1H-pyrrole-2,5-dione) are a fusion of maleic acid and imides (Figure 3.2) (Pandey
et al., 2019:167), both known to have antibacterial properties (Ferrer-Luque et al., 2010; Ma
et al., 2022). Maleic acid, an organic compound containing two carboxyl groups, is most
commonly used in the manufacturing of lubricant additives (Wojcieszak et al., 2015:1). A
maleimide compound, maleic acid-divinyl ether copolymer (DIVEMA), has been reported to
possess antibacterial, antiviral and antitumor activity, however due to toxicity the compound

did not pass clinical trials (Popescu, 2015:281). Imides are valuable lactam/amide derivatives
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that can be found in important biological compounds such as phthalimides and glutarimides,
both with promising antibacterial activity (Othman et al., 2019:1269; Popovic¢-Djordjevic et al.,
2016:920).
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Figure 3.2: Important structures discussed in text (Chin et al., 2016:748; Dhaliwal & Dosanjh,
2019:3; Yunes et al., 2008:677).

Maleimides are known thiol-reactive compounds and are classified as cysteine protease
inhibitors, which could explain their antibacterial mode of action (MOA) (Zentz et al.,
2002:421). Cysteine protease is produced by microorganisms during infection which assists
them in evading the hosts’ immune system. Inhibition of this enzyme results in antibacterial
activity against a large range of bacteria such as S.aureus, P.aeruginosa and
Streptococcus pyogenes (Kedzior et al., 2016:275-282).

Modelling interactions between small compounds and proteins at the molecular level can be
done using molecular docking programs. This allows scientists to characterise the behaviour
of small molecules at the target protein binding site and elucidate basic biochemical
interactions (Meng et al., 2011:2). When the precise three-dimensional (3D) structure of the
target is unclear, ligand-based drug design (LBDD) is employed. However, the
structure-Based Drug Design (SBDD) approach aligns the chemical entities of all molecules
with similar in vitro activity to create a quantitative structure-activity relationship (QSAR) or a
common feature pharmacophore model. These pharmacophore models are used to find
molecules with similar features or to predict the activity of novel compounds (Lee et al.,
2011:5305). Chemical entities comprise of hydrogen bond acceptors (HBA), hydrogen bond
donors (HBD), hydrophobic moieties (HYD) and aromatic regions (Ar) (Vuorinen et al.,
2014:5996). In order to create and validate a pharmacophore model, all ligands that are
available and have known activity are divided into a training set and a test set. The
pharmacophore model is constructed using the training set and validated using the test set.
The accuracy is impacted by choosing the ideal compounds which will be utilised for either

the test or training set (Gurung et al., 2021:6).
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In this study, the compounds synthesised by Agirbas and co-workers (2007:2324) were used
to create and validate a common feature pharmacophore model, which was validated by using
the enrichment factor (EF), hit rate (HR) and the receiver operating characteristic curve (ROC)
metrics. The antibacterial activity of the NMP derivatives previously synthesised by our group
was determined against E.faecium, S. aureus, K.pneumoniae, A.baumannii and
P. aeruginosa. The pharmacophore model, in silico target fishing and the physicochemical
properties of the NMP derivatives was used to explain any in vitro antibacterial activity that is
found (Wang & Xie, 2014:247).

3.2 Materials and methods

The NMP derivatives have been previously synthesised by our group and are presented in
figure 3.3 (Manley-King et al., 2009:14). Using the Kirby Bauer Disc diffusion method, the
antibacterial activities of the compounds were determined against E. faecium (ATCC 35667)
(Gram-positive), S. aureus (ATCC 29213) (Gram-positive), K. pneumoniae (ATCC 10031)
(Gram-negative), A. baumannii (ATCC 19606) (Gram-negative) and P. aeruginosa (ATCC
10145) (Gram-negative) (Virginia, United States).

Compound 1: R'=H

Rt
Compound 2: R'=Cl
Compound 3: R'=Br
N0 Compound 4: R'=F

J—N Compound 5: R'= CH,
O N Compound 6: R'= OCH,

Compound 7: R'= CF,

Figure 3.3: NMP derivatives previously synthesised by our group (Manley-King et al.,
2009:14).

All pathogens were handled in a level 2 biosafety cabinet (Bioair, s@femate 1.2) (EuroClone
S.p.A, ltaly). A Shimadzu MultiSpec-1501 photodiode array spectrophotometer was used to
measure the optical densities of the pathogens (Shimadzu Corporation, Kyoto, Japan).
Bacterial growth in 96-well plates (Lasec, South Africa) was measured with a SpectraMax iD3
multi-mode microplate reader (Molecular Devices, San Jose, CA, USA). All non-sterile
equipment were autoclaved at 121 °C for 15 min using an Equitron Medica autoclave (Equitron
Medica Ltd) (United Scientific, South Africa). The positive control (PC), i.e., tetracycline, was

obtained from Industrial Analytical Pty. Ltd. (South Africa).
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3.2.1 Kirby Bauer disc diffusion

The Kirby Bauer disc diffusion method was adapted from a previous method (Hudzicki,
2009:8). An inoculum (ODego: 0.1) was created for each bacterium and lawned (100 pul) onto
a Mueller-Hinton Agar (MHA) (Separations, South Africa) containing petri dish (90 x 15 mm)
(Lasec, South Africa). Filter paper discs (@: 6 mm) (Lasec, South Africa) were impregnated
with each test compound (n = 3, 240 ug), positive control (n =1, 30 ug) or solvent control
(n = 1) [4% dimethyl sulfoxide (DMSO)] and spaced out evenly across the petri dish. Each test
compound was dissolved in 4% DMSO and filter sterilised by using a 0.2 um syringe filter
(United Scientific, South Africa). Each petri dish was incubated at 35 £ 2°C for 20-24 h
(Labotec, South Africa), whereafter the zone of inhibition (ZOI) was measured and recorded
as the average * standard deviation. When a compound was inactive the results were

recorded as < 6 mm.

3.2.2 Minimum inhibitory concentration

The minimum inhibitory concentration (MIC) of each test compound with proven activity was
determined according to the Clinical and Laboratory Standards Institute (CLSI) guidelines
(Cockerill et al., 2012:1; Wiegand et al., 2008:164). The lowest concentration of a substance
at which growth was inhibited 280%, is referred to as the MIC. Each test compound
(256 pg/ml) was dissolved in 4% DMSO resulting in a final concentration of 128 ug/ml
(2% DMSO), whereas tetracycline was dissolved in distilled water (64 pug/ml) to produce a final
concentration of 32 ug/ml. All the stock solutions were filter sterilised (0.2 pum). For each test
compound as well as the positive control, two-fold serial dilutions (n = 12) were made. Each
96-well plate was primed with the dilution series of two test compounds (100 pl, n = 3 rows
each) and the PC (100 pl, n = 1 row) and also contained a sterility control (200 ul, n = 6 wells),
which consisted of Mueller Hinton Broth (MHB) (Lasec, South Africa) as well as a growth
control (100 ul, n = 6 wells), which consisted of 4% DMSO.

Each inoculum was created by direct colony suspension (ODsgo: 0.35) and diluted to a
concentration of 1 x 108 CFU/mI. Finally, 100 pl inoculum was added to all wells (excluding
the sterility control which resulted in a final bacterial concentration of 5 x 10° CFU/ml. The
96-well plates were incubated at 35 £ 2°C for 20 - 24 h. To prevent changes in the bacterial
cell count the inoculum was used within 30 min. For the viability count, 10 ul from a GC well
was suspended in 10 ml sterile MHB, plated (100 pl) onto MHA petri dishes (n=3) and
incubated at 35 + 2°C for 20 — 24 h, after which the colonies were counted to confirm the
correct concentration of bacterium was used (Cockerill et al., 2012:19). The bacterial growth
in the 96-well plates was measured with a plate reader (ODsoo) before (baseline) and after

incubation. The baseline ODgy Was subtracted from the 20 — 24 h ODgyo values and the
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average was used to determine the MIC value. Each experiment was repeated a second time

and if the results differed by less than one two-fold dilution the higher MIC value was recorded.

3.2.3 Minimum bactericidal concentration

Using the same 96-well plate as described above, the well content (100 pl) of each repeat
(n = 3) of four concentrations above the MIC, the MIC and one concentration below the MIC
were plated onto a MHA containing petri dish. The MHA petri dishes were incubated at

35 + 2°C for 16 — 20 h whereafter the colonies were counted.

The minimal bactericidal concentration (MBC) is the concentration where 99.9% of all bacteria
are killed. Equation 1 is used to determine the quantitative endpoint at which a 95% confidence
interval has been achieved. In this calculation, n is 0.1% of the experiment’s initial colony count

as determined by the viability count (described above) (Hacek et al., 1999:1882).

N2V ettt ettt et ettt et n e, Equation 1

If there were inconclusive results or if the results differed by more than 1 two-fold dilution,
100 pl of the applicable wells was re-subcultured. A compound was defined as bactericidal if
the MBC concentration was less than 4 two-fold concentrations from the MIC (French,
2006:1109).

3.2.4 Common feature pharmacophore modelling

A common feature pharmacophore model was generated and validated using Accelrys

Discovery studio (DS) version 3.1 (San Diego, United States).

All molecules were typed with the CHARMM force field and prepared with the Prepare Ligands
protocol. The principal values for both the training- and test set were assigned as indicated in
table 3.1. The Feature Mapping protocol identified common chemical groups within the training
set. To obtain a diverse set of conformations the BEST 200 conformations within a 10 kcal/ml
threshold and a maximum interference distance of 2 A were considered during the Common
Feature Pharmacophore Generation protocol. The generated pharmacophore models were

then ranked by their fit value.
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Table 3.7 : Compounds and corresponding principal values used to create the pharmacophore

models.
RZ\N/Q Hog
R N\Rs
O

Compound R! R? R3 Test set (TS.)/ Principal value
(Cis/Trans) Training set (TA)

Compound A p-Et2NCgH4 Me Me TA (Cis) / TS (Trans) | 2 (Cis) /2 (Trans)
Compound B p-Me2NCeH4 Me Me TS (Cis) / TA (Trans) | 1 (Cis)/ 1 (Trans)
Compound C p-Me2OCsH4 Me Me TA (Cis) / TS (Trans) | 0 (Cis)/ 1 (Trans)
Compound D 4-Bz0-3-MeOC¢H3; | Me Me TS (Cis) / TA (Trans) | 2 (Cis) /2 (Trans)
Compound E p-MeCgH. Me Me TA (Cis) / TS (Trans) | 0 (Cis) /0 (Trans)
Compound F CeHs Me Me TS (Cis) / TA (Trans) | 2 (Cis) /2 (Trans)
Compound G m-CICsHa Me Me TA (Cis) / TS (Trans) | 1 (Cis)/ 2 (Trans)
Compound H m-BrCe¢Hs4 Me Me TS (Cis) / TA (Trans) | 1 (Cis)/ 2 (Trans)
Compound | p-CICsH4 Me Me TA (Cis) / TS (Trans) | 1 (Cis)/ 1 (Trans)
Compound J p-BrCeH4 Me Me TS (Cis) / TA (Trans) | 1 (Cis)/ 2 (Trans)
Compound K p-NO2CgH4 Me Me TA (Cis) / TS (Trans) | 1 (Cis)/0 (Trans)
Compound L p-EtaNCeH4 Me Ph TS (Cis) / TA (Trans) | 2 (Cis) /0 (Trans)
Compound M p-Me>2NCsHa Me Ph TA (Cis) / TS (Trans) | 0 (Cis) /2 (Trans)
Compound N p-Me>OCgH4 Me Ph TS (Cis) / TA (Trans) | 2 (Cis)/ 1 (Trans)
Compound O 4-Bz0-3-MeOC¢Hs | Me Ph TA (Cis) / TS (Trans) | 0 (Cis) /2 (Trans)
Compound P p-MeCgHa4 Me Ph TS (Cis) / TA (Trans) | 0 (Cis) /2 (Trans)
Compound Q CeHs Me Ph TA (Cis) / TS (Trans) | 0 (Cis)/ 2 (Trans)
Compound R m-BrCe¢Hs4 Me Ph TS (Cis) / TA (Trans) | 2 (Cis) /2 (Trans)
Compound S p-CICgH4 Me Ph TA (Cis) / TS (Trans) | 2 (Cis)/ 1 (Trans)
Compound T p-BrCsHa Me Ph TS (Cis) / TA (Trans) | 2 (Cis) /2 (Trans)
Compound U p-NO,CgHa Me Ph TA (Cis) / TS (Trans) | 2 (Cis) /2 (Trans)
Compound V p-Me2NCsHa Ph Me TS (Cis) / TA (Trans) | 2 (Cis) /2 (Trans)

(Agirbas et al., 2007:2325)
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3.2.4.1 Enrichment factor and Hit Rate

The EF?” and HR*% were determined using Microsoft Excel for Microsoft 365 (Microsoft,
Unites States) and equations 2 and 3, respectively. A set of 1250 decoys were downloaded
from the Directory of Useful Decoys Enhanced (DUD-E) database and included in the test set
(Mysinger et al., 2012:6582). The EF?** and HR?” for each pharmacophore model were
determined by docking the test set into each of the 10 pharmacophore models using the

Ligand Profiler protocol, employing the same settings as previously mentioned.

The EF?°% was calculated using equation 2, where Hitsse represents the number of hits (active
ligands) found at the top 20% of the database, Hitsi is the total number of active ligands in
the entire database and NCi is the total number of compounds in the entire database. NCsel
represents the number of compounds screened at the top 20% of the database (Bender &
Glen, 2005:1369).

EF = (Hitssel / HitStor) X (NCiot / NCsal) coeeeeeeiiiiiiiiiiiiiie et Equation 2
HR = (HitSsel / HitSto) X 200 .. .ottt Equation 3

The EF is affected by the amount of active compounds in the database whereas the HR is

much less sensitive (Hamza et al., 2012:969).
3.2.4.2 Receiver operating characteristics

To determine the AUC-ROC, SPSS Statistics for Windows, version 27 (SPSS Inc. Chicago,
lll., USA) was used. The AUC-ROC is another metric used to validate a pharmacophore model
(Khanfar et al., 2013:41). The AUC-ROC values can be interpreted as follow: 0.9 < AUC<1
is excellent; 0.8 < AUC < 0.9 is good; 0.7 < AUC < 0.8 is fair; 0.5 < AUC < 0.7 is poor; and
AUC < 0.5 is a failure (Hamza et al., 2012:970; Wieder et al., 2017:381).

3.2.4.3 Structure-activity relationship

The physicochemical properties (molecular weight, partition coefficient (log P), molar
refractivity, molar volume, surface tension, density) of all the compounds previously
synthesised by our group were calculated using ACDLabs ChemSketch V2021.1.2 (ACD,
ChemSketch Version 12: 2021). The Pearson correlation coefficient between the
physicochemical properties and the antibacterial activity was determined using SPSS

Statistics for Windows, version 27.
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3.2.4.4 In silico target fishing

PharmMapper is a web-based tool that uses reverse mapping to predict potential biological
targets. PharmMapper firstly aligns the active compound onto pharmacophore models in the
databank, and then calculates the fit values between the compound and each pharmacophore.
Lastly, PharmMapper presents the pharmacophore model and the corresponding aligned
pose, prioritised based on the fit values (Wang et al., 2016:1176). Target fishing is very useful
in identifying possible targets for bioactive compounds without a known mechanism of action
(Shahid et al., 2021:1595). The 3-dimentional (3D) structure of compound 3, which had the
lowest MIC, was drawn in Discovery Studio and uploaded to PharmMapper in a mol2 format,
whereafter the results were generated and ranked based on the best normalised fit values
(Wang et al., 2017:W357).

3.3 Results

3.3.1 Kirby Bauer disc diffusion

All compounds showed antibacterial activity against S. aureus with no activity against any
other bacteria (Table 3.2). Compounds 2 and 3 were significantly more active than compound
4 and 6, whereas compound 6 was significantly less active than all the other compounds. The
positive control (tetracycline) had a ZOI of 38 £0.5 mm and the sterility control had a ZOI of
6.0 £ 0.0 mm, indicating that the solvent did not inhibit the bacteria. The sterility control

showed no growth, indicating no contamination had taken place.

Table 3.8: Kirby Bauer disc diffusion results against the relative bacteria

Test compound ZOIl (mm)
E. faecium | S.aureus | K.pneumoniae | A. baumannii | P. aeruginosa

Compound 1 6.0£0.0 12.3+1.28¢ 6.0+0.0 6.0+0.0 6.0+0.0
Compound 2 6.0£0.0 13.7£1.2¢ 6.0+0.0 6.0+0.0 6.0+0.0
Compound 3 6.0+0.0 13.0+1.0° 6.0+0.0 6.0+0.0 6.0+0.0
Compound 4 6.0£0.0 10.3+0.6 8 6.0+0.0 6.0+0.0 6.0+0.0
Compound 5 6.0£0.0 12.7+0.68¢ 6.0£0.0 6.0£0.0 6.0+0.0
Compound 6 6.0£0.0 7.0+£0.04 6.0£0.0 6.0£0.0 6.0+0.0
Compound 7 6.0£0.0 12.3+1.28¢ 6.0£0.0 6.0£0.0 6.0+0.0
Tetracycline* 29.01£0.0 37.61£0.5 28.71£0.8 21.9+1.1 14.31£0.8
Solvent control 6.0+0.0 6.0+0.0 6.0+0.0 6.0+0.0 6.0+0.0

*Tetracycline was used as the positive control

A A value belonging to group A according to the Tukey HSD variability test. This value will differ statistically

significant compared to a value belonging to group B or C.
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B A value belonging to group B according to the Tukey HSD variability test. This value will differ statistically

significant compared to a value belonging to group A or B.

€ A value belonging to group C according to the Tukey HSD variability test. This value will differ statistically
significant compared to a value belonging to group A or B.

BC A value belonging to both group B and C. This value does not differ statistically significant from either a value in

group B or C according to the Tukey HSD variability test, however they will still differ from a value in group A.

3.3.2 Minimum inhibitory concentration and minimum bactericidal concentration

The MIC and MBC results are depicted in table 3.3. All compounds showed activity ranging
from 4 pg/ml to 16 pg/ml. Tetracycline was also active against S. aureus and had an MIC of
1 pg/ml. If the MBC was < fourfold the MIC, the compound is considered bactericidal (French,
2006:1107). All compounds were found to be bacteriostatic except for compound 5 which was

bactericidal. For compound 6, the MBC was inconclusive (discussed below).

Table 3.9: MIC and MBC results against S. aureus

Test Compounds S. aureus
MIC (ug/ml)* MBC (ug/ml) Bactericidal/Bacteriostatic

Compound 1 16 >128 Bacteriostatic
Compound 2 8 >64 Bacteriostatic
Compound 3 4 >32 Bacteriostatic
Compound 4 16 >128 Bacteriostatic
Compound 5 8 32 Bactericidal

Compound 6 16 N/A Inconclusive’
Compound 7 16 >128 Bacteriostatic

Positive control* 1 Not determined -

*Positive control was tetracycline

T Possible Eagle effect (discussed below)

3.3.3 Common feature pharmacophore modelling

The ten pharmacophore hypotheses created for S. aureus either contained an aromatic ring
(R) or HBA (A). The rank scores ranged from 137.1 - 120.5 and all hypotheses (hypo.) had a
max fit value of 4 (Table 3.4).

The hypotheses of the pharmacophore models were validated by determining the accuracy
with which they can identify active compounds that can be found within a database containing
active and decoy compounds. The EF?*, HR*% and AUC-ROC of each hypothesis are
compared to one another at a MaxOmitFeat of 0, 1 and -1 (Table 3.5). A MaxOmitFeat of O
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indicates that a compound needs to map all chemical features to be considered, 1 indicates
that all features except one should be mapped and a value of -1 indicates that only one feature
needs to be mapped. In general, Hypo. 8, 9 and 10 correctly identified the active compounds.
Hypo. 10 gave the best results at a MaxOmitFeat of -1, however it could not map any
compounds at a MaxOmitFeat of 0 or 1. Hypo. 8 and 9 gave excellent results at a

MaxOmitFeat of 0 and -1, however hypo. 8 could not map any active compounds at a

MaxOmitFeat of 1.

Table 3.10: Information with regards to the S. aureus pharmacophore hypothesis

Hypothesis | Feature’ Rank Direct hit? Partial hit¥ Max

score fit
01 RAAA 137.1 111111721117111111 | 0000000000000000 4
02 RAAA 137.1 11111121117111111 | 0000000000000000 4
03 RAAA 130.5 11111121117111111 | 0000000000000000 4
04 RAAA 126.4 1117122211111117221 | 00O00000000O0O0O0O000 4
05 RAAA 123.1 1117122211111117221 | 00O00000000O0O0O0O000 4
06 RAAA 120.8 1117122211111112221 | 0O00000000O0O00000 4
07 RAAA 120.8 1117122211111112221 | 0O00000000O0O00000 4
08 RAAA 120.5 111111721117111111 | 0O000000000000000 4
09 RAAA 120.5 111111721117211111 | 0000000000000000 4
10 RAAA 120.5 1111117221117211111 | 0000000000000000 4

* R = Ring aromatic, A = Hydrogen bond acceptor

T Indicates whether (1) or not (0) a molecule is mapped

* Indicates whether (1) or not (0) a molecule mapped all but one feature

3.3.4 Structure-activity relationship

A Pearson correlation coefficient was computed to assess the linear relationship between the
MIC and different physicochemical properties, i.e., molecular weight, log P, molar refractivity,
molar volume, surface tension and density (Table 3.6). A negative correlation between the

MIC and the calculated log P values was observed, r(5) =-0.973, p = 0.00.
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Table 3.11: EF?**, HR%*% and AUC-ROC values for Hypo. 1-10 at different MaxOmitFeat values.

Hypo. EF20% HR20% AUC-ROC values
MaxOmit | MaxOmit | MaxOmit | MaxOmit | MaxOmit | MaxOmit | MaxOmit MaxOmit MaxOmit
0 1 -1 0 1 -1 0 1 -1

01 0.0 0.0 0.0 0.0% 0.0% 0.0% | 0.4+0.04* | 0.3+0.04* | 0.3 +0.04*
02 NAT 0.5 0.5 NAT 9.1% 9.1% NAT 0.4 £ 0.06* | 0.4 £ 0.06*
03 NAT 0.2 0.2 NAT 4.5% 4.5% NAT 0.4 £ 0.04** | 0.4 £ 0.04*
04 NAT NAT NAT NAT NAT NAT NAT NAT NAT

05 1.4 14 14 27.3% 27.3% 27.3% 0.6 +0.05* | 0.5+0.05* | 0.5+0.06*
06 0.2 0.0 0.0 4.5% 0.0% 0.0% 0.5 +0.04** | 0.4 +0.04* | 0.4 + 0.04**
07 NAT NAT 11 NAT NAT 22.7% NAT NAT 0.5+ 0.07*
08 4.8 N/AT 4.8 95.4% NAT 95.5% | 0.9+0.01* NAT 0.9 £ 0.01*
09 4.3 4.3 4.3 86.4% 86.4% 86.4% | 0.9+0.03** | 0.9+0.04 | 0.9+0.04*
10 NAT NAT 5.0 NAT NAT 100.0% NAT NAT 0.9 + 0.00**

T The pharmacophore model could not map any compound at the relevant MaxOmitFeat value.

* Statistically significant (p < 0.05).

** Statistically significant (p < 0.01
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Table 3.12: Pearson’s correlation coefficient between the MIC and physicochemical properties

Test Physicochemical properties

Compounds Molecular rt(p) | Log | rT(p) Molar rt (p) Molar rt (p) Surface rt (p) | Density | rt (p)
weight P refractivity volume tension (g/cm?)
(g/mol) (cm?d) (cm?d) (dyne/cm)

Compound 1 187.19 2.35 51.02 148.20 50.40 1.26

Compound 2 221.64 2.96 55.92 160.10 52.90 1.38

Compound 3 266.09 -0.40 | 3.19 | -0.973* 58.71 -0.57 | 164.40 0.01 54.10 -0.62 1.62 -0.55

Compound 4 205.19 (0.37) | 2.48 | (0.00) 51.02 (0.18) | 152.40 |(0.98) 48.50 (013)| 1.35 |(0.21)

Compound 5 201.22 2.81 55.85 164.50 48.10 1.22

Compound 6 217.22 2.33 57.70 172.20 48.10 1.26

Compound 7 255.19 2.23 56.00 181.70 39.90 1.40

T Pearson’s’ correlation coefficient.

** Correlation significant at the 0.01 level (2-tailed).
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3.3.5 [In silicotarget fishing

PharmMapper produced a ranked list of 299 possible targets of which only the antibacterial
targets are reported in table 3.7. Three potential protein targets were identified. The results
were ranked by normalised fit score and are malonyl coenzyme A (CoA)-acyl carrier protein
(ACP) transacylase (MCAT), signal peptidase | (SPase) and type Il DNA topoisomerase VI
subunit A.

Table 3.13: Antibacterial targets identified by PharmMapper

Rank | PDB ID Target Name Target Score Reference
type
34 2QC3 Malonyl coenzyme A Protein 0.4 Li et al., 2007:1075

(CoA)-acyl carrier protein
(ACP) transacylase (MCAT)

66 1KN9 Signal Peptidase | (SPase) Enzyme 0.4 Paetzel et al.,
2002:9512-9517

158 2ZBK Topoisomerase VI Enzyme 0.3 Graille et al., 2008:360

3.4 Discussion
3.4.1 Kirby-Bauer disc diffusion

Using the Kirby Bauer disc diffusion test as a screening tool, it was shown that the compounds
only had activity against S. aureus, the only Gram-positive bacterium used in this study. This
compares with Agirbas and co-workers (2007:2325) that found antibacterial activity against
E. faecalis and S. aureus, both Gram-positive bacteria. Gram-negative bacteria have an outer
membrane that makes it difficult for antibiotics to reach their intended targets, making

Gram-negative bacteria intrinsically more resistant against antibiotics (Breijyeh et al., 2020:4).

The two most active compounds, 2 and 3, have a chlorine and bromide atom on the meta
position of the benzene ring, respectively, and were significantly more active than both 4 and
6, which have a fluorine and methoxyl group on the meta position, respectively. This could
indicate that an increase in electronegativity results in increased antibacterial activity, however
1 had similar antibacterial activity to both 2 and 3 but has no substituent on the meta position
of the benzyl ring. Considering the size of the substituents on the meta-position, compound 7

has a much larger substituent compared to 1, however both had similar antibacterial activity.
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Thus, considering both the electronegativity and size of the substituents no conclusion could

be made with regards to their influence on the antibacterial activity of these compounds.

3.4.2 Broth microdilution method and minimum bactericidal concentration

The MIC of all compounds ranged from 4 to 16 pg/ml, with the most active being compound 3,
having an MIC of 4 yug/ml, which is only slightly less active than the PC, i.e., tetracycline
(1 pg/ml). Both 2 and 3 were found to be the most active using both the Kirby Bauer and broth
microdilution methods. Interestingly, compound 4 which is substituted with fluorine on the meta
position of the benzyl ring is slightly less active, indicating that electronegativity might play a
role in activity. However, compound 1 has the same MIC as compound 4 but has no
substituent on the phenyl. Again, no conclusion could be made with regards to the effect of

electronegativity on the antibacterial activity of these compounds.

The majority of the compounds were found to be bacteriostatic, however compound 5 showed
bactericidal activity. In general, bactericidal tests are difficult to reproduce and extremely
sensitive to numerous variables (Hacek et al., 1999:1881; Shanholtzer et al., 1984:214).
Additionally, the Eagle effect, reported by Harry Eagle in 1948, also negatively affects
reproducibility (Eagle & Musselman, 1949:489). The Eagle effect is defined as an increased
number of bacterial cells that survive antibiotic concentrations above the MBC and is also
known as the “more Kills less” effect (Jarrad et al., 2018:1). The exact molecular basis for the
eagle effect has been reported for several bacteria, including Clostridium difficile,
Mycobacterium smegmatis, S. aureus, etc. (Gresser-Burns et al., 1987:335; Wu et al.,

2015:7786). This may explain the inconclusive results observed with compound 6.

3.4.3 Common feature pharmacophore modelling

Hypo. 8, 9 and 10 had good EF?** and AUC-ROC values, however only hypo. 9 was able to
map the synthesised NMP test compounds and was thus selected as the best pharmacophore
model at a MaxOmitFeat of 1 (Figure 3.4). A rank score of 120.5 indicates there is a small
probability that the training set compounds mapped the hypothesis by chance correlation
(Table 3.4) (Sakkiah et al., 2012:2). When mapping both compound 3 (Figure 3.3)
(synthesised by our group) and the cis conformation of compound D (synthesised by Agirbas
and co-workers (2007:2324) with hypo. 9, it appears that the two carboxyl groups present in
the maleimide moiety act as important HBA, whereas the phenyl moiety present in all the
compounds is an important aromatic feature required for antibacterial activity. The compounds
synthesised by Agirbas and co-workers (2007:2324) however, have an additional oxygen
which acts as a HBA and also appears to contribute to the antibacterial activity. For future

studies, NMP derivatives with HBAs on this position may increase antibacterial activity.
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3151

c)

Figure 3.4: Hypothesis 9 with (a) inter-feature distance constraints, (b) compound 3
(Manley-King et al., 2009:14), and (c) the cis conformation of compound D (Agirbas et al.,
2007:2325). The colours of the pharmacophore features are; green [hydrogen bond acceptor

(A)] and orange [ring aromatic (R)].

3.4.4 Structure-activity relationship

No correlation was observed between the MIC and either the molecular weight, molar
refractivity, molar volume, surface tension or density, however a strong negative correlation
was observed between the MIC and the log P values. This indicates that an increase in log P
results in more potent antibacterial activity and have also been observed by others
(Podunavac-Kuzmanovic et al., 2008:967; Tokuyama et al., 2001:356). The lipophilicity of an
organic compound is described by the log P and is known to influence the solubility,
permeability, potency, selectivity, absorption, distribution, metabolism, excretion and toxicity
(ADMET) of drugs (Gao et al., 2017:461). The log P of drugs can be increased by masking

polar groups or by introducing alkyl groups and should be between 1 - 4 to promote optimal
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physicochemical properties for oral drugs (Gao et al., 2017:461; Mandal et al., 2016:1;
Tokuyama et al., 2001:349).

3.4.5 In silico target fishing

Target fishing is used for identifying potential or unintended targets for a given compound.

Three potential antibacterial targets were identified (Table 3.6) and are discussed below.

The MCAT is essential for bacterial cell wall biosynthesis and have been shown to be a valid
antibacterial target against numerous bacteria including Mycobacterium tuberculosis.
According to PharmMapper, the antibacterial activity of compound 3 may be a result of MCAT
inhibition. SPase is a membrane bound serine peptidase found at the membrane surface of
bacteria and is responsible for the cleavage of leader peptide extensions from secondary
proteins as well as membrane proteins. Because it is an essential enzyme it has been
identified as a potential antibacterial target (Paetzel et al., 2002:9512-9517). Lastly, DNA
topoisomerases are essential enzymes for resolving DNA topological complications during
transcription, replication and recombination. Topoisomerase VI is a type Il enzyme and a

potent target for antibacterial drugs (Graille et al., 2008:360).

Further in vitro investigation is needed to confirm whether the NMP derivatives target any of
these proteins, and whether or not these interactions are responsible for the antibacterial

activity.

3.5 Conclusion

Compounds previously synthesised by Agirbas and co-workers (2007:2324), i.e.,
2,3,5-substituted perhydropyrrolo[3,4-d]isoxazole-4,6-diones, were reported to have
antibacterial activity and are structural analogues to compounds previously synthesised by our

research group, i.e., NMP derivatives.

In this study, the NMP compounds were firstly screened for antibacterial activity against
E. faecium, S. aureus, K. pneumoniae, A. baumannii and P. aeruginosa. Activity was only
found against S. aureus, a Gram-positive bacterium, a finding which agrees with the results
obtained by Agirbas and co-workers (Agirbas et al., 2007:2325). The MIC of all the compounds
were determined, and compound 3 (4 pg/ml) was found to be most active, whilst the other
compounds had activity ranging from 8 pg/ml to 16 pg/ml. No conclusion could be made with
regards to the effects that the substituents have on the MIC. Most compounds were
bacteriostatic, whilst only compound 5 showed bactericidal activity against S. aureus. The
compounds synthesised by Agirbas and co-workers (2007:2324) were used to construct a

common feature pharmacophore model that was evaluated by using the rank score, fit value,
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EF2°% and AUC-ROC metrics. Hypo. 9 (EF?°%: 4.3; HR?%%: 86.4%; AUC-ROC: 0.9 + 0.03) was
shown to be the most accurate pharmacophore model and identified three HBAs and a ring
Ar that are necessary for in vitro antibacterial activity. Mapping the NMP compounds with
hypo. 9, showed that an additional HBA on the maleimide ring may increase antibacterial
activity. Comparing the physicochemical properties of the NMP compounds to the antibacterial
activity, it was found that more lipophilic compounds were significantly more active.
Synthesising NMP derivatives with higher log P values could therefore increase antibacterial
activity. Lastly, PharmMapper identified MCAT, SPase and topoisomerase VI as possible
targets through which the maleimide compounds exert antibacterial activity. Further

investigation will be needed to confirm the PharmMapper findings.
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Chapter 4: In vitro antibacterial activity of quinolinone,
anthraquinone, phenothiazine and other tricyclic

derivatives

The original aim of this study was to screen compounds that have already been synthesised
by our research group for in vitro antibacterial activity. Once antibacterial compounds were
identified, the minimum inhibitory concentration (MIC) of these compounds would be
determined and used to create and validate a pharmacophore model which could be used to
explain the antibacterial activity. Unfortunately, the compounds originally tested, i.e.,
quinolinones, anthraquinones, phenothiazines and other tricyclic derivatives, showed poor
antibacterial activity.

Chapter 4 contains a short introduction which explains why these compounds were originally
considered, as well as the materials, methods, results and discussions that were not included

in the article.

4.1 Introduction

Quinolone antibiotics were discovered in 1962 and are among the last novel antibiotic class
registered to treat Gram-negative bacteria (Tacconelli et al., 2018:138). A quinolinone, e.g.,
3,4-dihydro-1H-quinolin-2-one, is a cyclic ketone derivative of quinoline and consists of a
double ring structure where a phenyl ring is fused with piperidine at two adjacent carbon atoms
(Figure 4.1). A wide variety of biological activities are exhibited by quinolinone derivatives,
including antibacterial, anticancer, anti-viral, anti-inflammatory, anticancer, antidiabetic,
anticonvulsant and antipsychotic activities (Kwak et al., 2015:60). Our research group has
previously synthesised 3,4-dihydro-1H-quinolin-2-one derivatives which proved to be highly
potent and selective monoamine oxidase B (MAO-B) inhibitors (Meiring et al., 2016:172,
2013:5500). These structures are represented in figure 4.1, because of the previously reported
antibacterial activity of similar derivatives there was a high probability that these derivatives

would also exhibit antibacterial activity.

Heterocyclic dyes have been used as antibacterial agents since the late nineteenth century
and led to the development of methylene blue which has various therapeutic properties,
including antibacterial activity (Thesnaar et al., 2021:105605; Wainwright, 2001:1). Methylene
blue has aided in the development of structurally similar phenothiazines, these heterocyclic
compounds are mostly known to treat serious psychotic disorders as well as having strong
antihistaminergic properties (Varga et al.,, 2017:5984). Phenothiazine derivatives are also

known to show prominent antibacterial activity against bacteria such as
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Staphylococcus aureus and mycobacteria, some even inhibiting Gram-negative rods such as
Shigella spp. (Amaral et al., 2004:725).

0
Rl
R §
NH YO 0 NH YO

Compound Q1: R* = 3CH,C¢H,CH, Compound Q8: R!=4CICH,CH,
Compound Q2: R* = 4CH,C¢H,CH, Compound Q9: R! = 4BrC,H,CH,
Compound Q3: R* = 4CH,C;H,(CH,),  Compound Q10: R* = 3CH,C¢H,CH,
Compound Q4: R* = 3CIC,H,CH, Compound Q11: R* = 4CIC;H,O(CH,),
Compound Q5: R* = 3BrC¢H,CH, Compound Q12: R* = 3CIC,H,CH,
Compound Q6: R* = C;Hy(CH,), Compound Q13: R* = 3BrC,H,CH,
Compound Q7: R* = C;Hy(CH,), Compound Q14: R! = CH,(CH,),

Figure 4.1: 3,4-dihydro-1H-quinolin-2-one derivatives synthesised by our group (Meiring et
al., 2016:172, 2013:5500).

The natural dye, anthraquinone and its derivatives show structural similarities to these
phenothiazine compounds, differing from methylene blue mainly due to their manner of
refracting light (Wainwright & Crossley, 2002:435). These aromatic compounds have antiviral,
antifungal, antioxidant and antibacterial activity against Gram-positive and Gram-negative
bacteria (Malmir et al., 2017:55). Antibacterial properties could be contributed to the molecules
ability to react with deoxyribonucleic acid (DNA) and its inhibition of topoisomerase Il enzyme
which leads to cell death (Diaz-Mufioz et al., 2018:315). Tricyclic compounds are most widely
known for their effects on the central nervous system but have been used as antihistamines,
antiretroviral and gastric acid inhibitors (Fedi et al., 2008:1464). Inhibition of various
Gram-positive and Gram-negative bacteria have been observed from various compounds
containing a tricyclic moiety, possibly by degrading the DNA of the bacteria (Elghamry et al.,
2017:3,8; Nasrullaev et al., 2017:359). Our group has previously determined the in vitro
activity of phenothiazine, anthraquinone and other tricyclic derivatives against the D-amino
acid oxidase (DAAO) enzyme which is used to treat schizophrenia (Figure 4.2) (Lefin et al.,
2022:3). Because of the previously reported antibacterial activity of similar derivatives there

were a high probability that these derivatives would also exhibit antibacterial activity.

4.2 Materials

As mentioned above, compound Q1-Q14 were synthesised by our research group, whereas
the anthraquinones, phenothiazines and other tricyclic derivatives were purchased from
commercial vendors i.e., anthraflavic acid, anthraquinone, anthrarufin, 9-chloroacradine,

2-chlorophenothiazine, 1,2-diaminoanthraquinone, 1,4-diaminoanthraquinone,
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2,6-diaminoanthraquinone, 1,5-diaminoanthraquinone, 1,8-dihydroxyanthraquinone,
2,7-dimethyl-9-(10H)-acridinone, 10-methylphenothiazine, nuclear fast red, purpurin,
xanthene, xanthone, xanthydrol and xanthene-9-carboxylic acid (Sigma-Aldrich, Unites
States) (Lefin et al, 2022:3). The antibacterial activity was determined against
Enterococcus faecium (ATCC 35667), S. aureus (ATCC 29213), Klebsiella pneumoniae
(ATCC 13883), Acinetobacter baumannii (ATCC 19606), Pseudomonas aeruginosa (ATCC
27853) and Klebsiella aerogenes (ATCC 13048) (previously Enterobacter aerogenes)
(Virginia, United States). A Shimadzu MultiSpec-1501 photodiode array spectrophotometer
was used to measure the optical density of the bacteria (Shimadzu Corporation, Kyoto,
Japan). Equipment was sterilised by using an Equitron Medica autoclave and autoclaving the
products at 121°C for 15 mins (Equitron Medica Ltd) (United Scientific, South Africa).
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Anthraflavic acid

gy

2-chlorophenotiazine

1,4-diaminoanthraquinone 2,6-diaminoanthraquinone

2,7-dimethyl-9-(10H)-acridinone 10-methylphenothiazine

Nuclear fast red Purpurin Xanthene Xanthone

HO,

Xanthydrol Xanthene-9-carboxylic acid

Figure 4.2: Phenothiazines, anthraquinones and other tricyclic derivatives tested in this study
(Lefin et al., 2022:3).

4.3 Methods

For the initial in vitro antibacterial screening the microbroth dilution method was used however,
the majority of the quinolinones, anthraquinones, phenothiazines and tricyclic derivatives had
poor solubility making this method unfeasible. Subsequently, the agar dilution method was
used which is considered the preferred method for insoluble compounds (Turlej-Rogacka et
al., 2018:351; Wu et al., 2015:664).
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4.3.1 Agar dilution method

The test compounds were weighed (6.4 mg) and dissolved in their respected solvents,
because of poor solubility either 4% dimethyl sulfoxide (DMSO), or 25% acetonitrile were
used. The solutions were filter sterilised (0.2 um) (United Scientific, South Africa), whereafter
a Mueller Hinton agar (MHA)/compound mixture (256 pg/ml) was prepared and poured into a
petri dish (90 x 15 mm) (Lasec, South Africa) and left to solidify in a laminar flow hood. Nine
positive control (tetracycline) petri dishes (32 — 0125 pg/ml) were created in a similar fashion.
Using the direct colony suspension method an inoculum was created (ODeoo = 0.35) in Mueller
Hinton broth (MHB) (Separations, South Africa) for each bacterium, which were then further
diluted to a concentration of 2 x 108 CFU/ml. Of each bacterial inoculum, 5 pl was dotted
(n = 3) onto the MHA petri dishes containing the relevant test compound, after which they
were incubated for 19 - 20 h at 35+ 2°C. Three petri dishes, containing only MHA, were
incubated at the same as a sterility control. A test compound was deemed as active against a

bacterium when no growth was observed.

4.4 Results and discussion

With regards to the quinolinone compounds Q12, Q13 and Q14 showed activity against
P. aeruginosa (Table 4.1). Unfortunately, no other antibacterial activity was observed. The
lack of a cyclopropyl on position one, a sulphur on position two, 3-carboxylate on position
three, a 4-carbonyl on position four, an electron donating moiety on position five, a fluorine on
position six or a nitrogen containing heterocyclic ring on position seven might have contributed
to the dearth of activity observed by the test compounds (Figure 4.3) (Daneshtalab & Ahmed,
2011:55). Other compounds lacking these features have however been found to have weak
antibacterial activity, although their substituents were on position three, whereas the
compounds tested in this study had substituents on position six and seven (Li et al., 2020:6).
Additionally, the poor solubility of the test compounds could also have decreased the in vitro

antibacterial activity.

Figure 4.3: General structure of quinoline molecules (Daneshtalab & Ahmed, 2011:55).
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With regards to the anthraquinones, phenothiazines and other tricyclic derivatives, both
anthraquinone (A. baumannii) as well as purpurin (E. faecium and S. aureus) showed some
antibacterial activity (Table 4.1). The antibacterial activity of acridine derivatives is dependent
on the cationic ionization of the amine at physiological pH and is greatly influenced by
substitution on position 6, 9 and 12 (Figure 4.4) (Wainwright, 2001:3). The two acridine
derivatives tested in this study, i.e., 9-chloroacradine and 2,7-dimethyl-9-(10H)-acridinone, did
not have substituents present that could alter ionization of the amine and could explain the

lack of antibacterial activity.

3 9 13
5 N 11
S
6 AN 12
4 10 14

Figure 4.4: The acridine chromophore (Wainwright, 2001:3).

Considering the phenothiazine derivatives, numerous derivatives have been tested against a
variety of bacteria (Pluta et al., 2011:3182). The majority of these derivatives however, had a
bulkier substituent on the amine group whereas the two derivatives tested in this study either
had no substituents or only a methyl. This difference, as well as the poor solubility of these

two compounds, could explain the poor antibacterial activity observed in this study.

Xanthene and xanthone derivatives have been widely tested for their antibacterial activity and
it has been found that side chains play a vital role in antibacterial activity as well as substituents
on the ninth position, the derivatives seem to possess much greater activity than the parent
structure used in this study (Figure 4.5) (Maia et al., 2021:2; Marona et al., 2009:14). In
general, xanthene derivatives mostly exhibit activity against bacteria such as Bacillus subtilis
and Escherichia coli, with only some showing activity against S. aureus and/or P. aeruginosa
(Barmak et al., 2019:97; Maia et al., 2021:15). The lack of activity against ESKAPE pathogens

portrayed by tricyclic derivatives could potentially explain the lack of activity found in this study.

3 9 13

5 1 U 11

6 08 12
4 10 14

Figure 4.5: General structure of xanthene (Maia et al., 2021:3).

Concerning anthraquinone derivatives (Figure 4.6), position 6, 11 and 12 play dominant roles

in aiding antibacterial activity. Unsaturated substituents to position 11, as well as long chain
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methoxy groups on either position 6 or 12 increases antibacterial activity. Studies have also
found that increased lipophilicity and steric weight greatly impact antibacterial activity (Figure
4.6). The lack of these substituents might explain the lack of antibacterial activity in the
compounds tested in this study. Others have found anthraquinone derivatives portrayed
activity against a large list of bacteria, the majority not included in this study, i.e., B. subtills,
E. coli, Helicobacter pylori and more (Malmir et al., 2017:56). Cationic anthraquinone
analogues have also been found by others to have activity against S. aureus and due to the
mode of action (MOA) has a preference to longer alkyl chains (Subedi et al., 2018:687). Even
though Comini and co-workers identified anthraguinone derivatives active against the same
strain of S. aureus as used in this study, the majority of compounds had an MIC > 256 ug/ml

implying no significant clinical use (Comini et al., 2011:110).

Figure 4.6: General structure of anthraquinone (Li & Jiang, 2018:6064)
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Table 4.14: Results of the agar dilution method at 256 pg/ml

Test compound E. faecium | S. aureus | K. pneumoniae | A. baumannii | P. aeruginosa | K. aerogenes
Q1 Inactive* Inactive* Inactive* Inactive* Inactive* Inactive*
Q2 Inactive* Inactive* Inactive* Inactive* Inactive* Inactive*
Q3 Inactive* Inactive* Inactive* Inactive* Inactive* Inactive*
Q4 Inactive* Inactive* Inactive* Inactive* Inactive* Inactive*
Q5 Inactive* Inactive* Inactive* Inactive* Inactive* Inactive*
Q6 Inactive* Inactive* Inactive* Inactive* Inactive* Inactive*
Q7 Inactive* Inactive* Inactive* Inactive* Inactive* Inactive*
Q8 Inactive* Inactive* Inactive* Inactive* Inactive* Inactive*
Q9 Inactive* Inactive* Inactive* Inactive* Inactive* Inactive*
Q10 Inactive* Inactive* Inactive* Inactive* Inactive* Inactive*
Q11 Inactive* Inactive* Inactive* Inactive* Inactive* Inactive*
Q12 Inactive* Inactive* Inactive* Inactive* Active' Inactive*
Q13 Inactive* Inactive* Inactive* Inactive* Active® Inactive*
Q14 Inactive* Inactive* Inactive* Inactive* Active® Inactive*
Anthraflavic acid Inactive* Inactive* Inactive* Inactive* Inactive* Inactive*
Anthraquinone Inactive* Inactive* Inactive* Active® Inactive* Inactive*
Anthrarufin Inactive* Inactive* Inactive* Inactive* Inactive* Inactive*
9-chloroacradine Inactive* Inactive* Inactive* Inactive* Inactive* Inactive*
2-chlorophenothiazine Inactive* Inactive* Inactive* Inactive* Inactive* Inactive*
1,2-diaminoanthraquinone Inactive* Inactive* Inactive* Inactive* Inactive* Inactive*
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1,4-diaminoanthraquinone Inactive* Inactive* Inactive* Inactive* Inactive* Inactive*
2,6-diaminoanthraquinone Inactive* Inactive* Inactive* Inactive* Inactive* Inactive*
1,5-diaminoanthraquinone Inactive* Inactive* Inactive* Inactive* Inactive* Inactive*
1,8-dihydroxyanthraquinone Inactive* Inactive* Inactive* Inactive* Inactive* Inactive
2,7-dimethyl-9-(10H)-acridinone | Inactive* Inactive* Inactive* Inactive* Inactive* Inactive*
10-methylphenothiazine Inactive* Inactive* Inactive* Inactive* Inactive* Inactive*
Nuclear fast red Inactive* Inactive* Inactive* Inactive* Inactive* Inactive*
Purpurin Activet Activet Inactive* Inactive* Inactive* Inactive*
Xanthene Inactive* Inactive* Inactive* Inactive* Inactive* Inactive*
Xanthone Inactive* Inactive* Inactive* Inactive* Inactive* Inactive*
Xanthydrol Inactive* Inactive* Inactive* Inactive* Inactive* Inactive*
Xanthene-9-carboxylic acid Inactive* Inactive* Inactive* Inactive* Inactive* Inactive*

* Inactive: A compound had an MIC > 256 ug/ml.

T Active: A compound had an MIC of < 256 ug/ml
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45 Conclusion

An initial literature review indicated that there was a reasonable chance quinolinones,
anthraguinones, phenothiazines and other tricyclic derivatives would exhibit antibacterial activity.
Unfortunately, using the agar dilution method only three quinolinone compounds (Q12, Q13 and
Q14) as well as two anthraquinones (anthraquinone and purpurin) had in vitro antibacterial activity
against P. aeruginosa, A. baumannii, E. faecium or S. aureus. The lack of in vitro antibacterial
activity can be explained by the poor solubility of these compounds as well as various factors

such as compound size, functional groups, and position of the substituents.
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Chapter 5: Summary and conclusion

The antibiotic era started with the discovery of Salvarsan in the early 1900s paving the way for
the golden age of antibiotics from 1940’s- 1960’s (Robertsen & Musiol-Kroll, 2019:2; Zaffiri et al.,
2012:68). Antibiotics significantly reduced the morbidity and mortality rates by treating previous
untreatable infections (Dhingra et al., 2020:2).

Due to the development of resistance mechanisms by bacteria resulting from improper use of
antibiotic, antibiotic-resistant infections have been on the rise while the production of new
antibiotics has severely decreased (Prestinaci et al., 2015:310). Prior to the recent discovery of
the fifth generation cephalosporins, i.e., ceftaroline and ceftolozane, the quinolones were the last
registered antibiotics available to treat Gram-negative bacteria (Brown, 2017:683; Tacconelli et
al., 2018:1). The necessity for novel antibiotics has significantly increased due to the rapid

development of resistant bacteria and the lack of newly developed antibiotics.

Maleimide derivatives are known to exhibit antibacterial activity however, their antibacterial
mechanism of action is unknown (Ma et al., 2022:5). Agirbas and co-workers (2007: 2324) have
previously synthesised 2,3,5-substituted perhydropyrrolo[3,4-dlisoxazole-4,6-diones derivatives
of maleimide, which are similar to N-Methyl-2-phenylmaleimide (1H-pyrrole-2,5-dione) (NMP)
derivative compounds previously synthesised by our research group (Manley-King et al.,
2009:14). The aim of this study was to use the known antibacterial activity of the derivatives
synthesised by Agirbas and co-workers (2007: 2324) to create and validate a common feature
pharmacophore model. The enrichment factor (EF), hit rate (HR) and the area under the receiver
operating characteristic (AUC-ROC) curve were used as validation metrics, which measures the
ability of a pharmacophore model to differentiate between an active and decoy compound. This
pharmacophore model was used to screen the NMP derivatives previously synthesised by our
research group to determine their potential as antibacterial compounds (Manley-King et al.,
2009:14). Secondly, the in vitro antibacterial activity of the NMP compounds were determined
against Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae,
Acinetobacter baumannii and Pseudomonas aeruginosa. The physicochemical properties of the
NMP compounds and the validated pharmacophore model were used to explain any antibacterial
results. Lastly, possible antibacterial targets were identified by using the web-based tool

PharmMapper.

Common feature pharmacophore models were successfully validated and assessed by their rank
scores and fit values and by using the EF?** and AUC-ROC metrics. Hypo. 9 (EF?**: 4.3;
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HR2%%: 86.4%; AUC-ROC: 0.9 + 0.03) was identified as the most promising pharmacophore model
and was able to accurately identify active compounds out of a decoy database. The
pharmacophore model found that three hydrogen bond acceptors and a ring aromatic region are
important for in vitro antibacterial activity, which indicated the NMP compounds would probably
also exhibit activity. Mapping the NMP compounds with hypo. 9, showed that an additional
hydrogen bond acceptor on the maleimide ring may increase antibacterial activity.

Thereafter, the NMP compounds were screened for antibacterial activity against E. faecium,
S. aureus, K. pneumoniae, A. baumannii and P. aeruginosa, and activity was only found against
S. aureus (Gram-positive) which agrees with the results obtained by Agirbas and co-workers
(Agirbas et al., 2007:2325). Compound 3 (4 pg/ml) was found to be most active, whilst the other
compounds had activity ranging from 8 pg/ml to 16 pg/ml. Whilst the majority of compounds were
bacteriostatic, compound 5 were found to be bactericidal. Comparing the physicochemical
properties of the NMP compounds to the antibacterial activity, it was found that more lipophilic
compounds were significantly more active. Synthesising NMP derivatives with higher log P values
could therefore increase antibacterial activity. Lastly, PharmMapper identified
Malonyl coenzyme A carrier protein (MCAT), Signal peptidase 1 (SPase) and topoisomerase VI
as possible targets through which the maleimide compounds might exert antibacterial activity.
Further investigation will be needed to confirm the PharmMapper findings.
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