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1. Introduction

1.1 Antibiotics

In order to survive, all organisms must overcome what Charles Darwin described as “the
struggle for existence”. Many have evolved unique ways of doing this, with microbes
demonstrating a remarkable ability to interact and thrive in complex communities often
vying for the same resources (Merritt & Kuehn, 2016). Some bacteria for example, produce
antimicrobial secondary metabolites capable of eliminating such competition. These
substances act to kill (bactericidal) or simply inhibit the growth (bacteriostatic) of other
bacteria and in a secondary display of resource competition, humans have long exploited

this antibiosis as means of tackling infectious diseases.

The term antibiotic was coined by Selman Waksman in 1943 to describe “a compound made
by a microbe to destroy other microbes”, and today that definition remains largely
unchanged (Waksman & Woodruff, 1940). These compounds are categorised by the
physiological components or biochemical pathways they disrupt in the target organism and/
or the mechanism through which they achieve this. Such effects can be brought about by;
disruption of membranes (e.g. polymyxins), targeting nucleic acid production and/ or repair
mechanisms (e.g. rifampicin and fluoroquinolones), interference with metabolic pathways
(e.g. sulphonamides), disruption of cell wall biosynthesis (e.g. -lactams) or inhibition of
protein synthesis generally through binding to ribosomal subunits (e.g. aminoglycosides,

chloramphenicol and tetracycline)(Sengupta et al., 2013; Sultan et al., 2018).

Antibiotics are now widely considered one of the greatest medical breakthroughs of the
20" century due to both their standalone capabilities and the medical advances that have
been made possible through their use (Hutchings et al., 2019). One of the most significant
benefits is their ability to differentiate between prokaryotic and eukaryotic targets,
therefore focussing the impact on the pathogen with minimal effects on the host. Unlike
some pharmaceuticals, antibiotics are curative measures, used to completely eradicate
infection as opposed to simply being palliative. When the exact cause of an infection is
unknown, an empiric approach allows a broad-spectrum antibiotic to be administered,
progressing to definitive therapy using an alternative narrow spectrum antibiotic once the
causative pathogen has been identified (Leekha et al.,, 2011). This extensive range of
applications has meant that previously fatal infections have not only become treatable but
preventable, extending the average life span by 23 years (Shrethsa L, 2005).
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The informal use of antibiotics has been recorded throughout history, with Eber’s papyrus
dating back to 1500 BC detailing the use of mouldy bread, honey and soil as part of wound
care and in the management of infections (Haas, 1999). However, in 1928 a Petri dish with
a culture of Staphylococcus aureus bacteria was noted by Alexander Fleming to be
contaminated with Penicillium notatum, which was inhibiting the bacterial growth (Fleming,
1929). With the assistance of Howard Florey, Ernst Chain and Norman Heatley, this
observation led to the discovery, purification, and later commercial production of penicillin.
This marked the first formal and regular use of an antibiotic in a clinical setting and the
pertinent development promoted others to investigate the antibacterial properties of other
such microbes. Later, in 1945, Dorothy Hodgkin would solve the now infamous [-lactam
structure of penicillin (Hodgkin, 1949). The discovery of penicillin and a growing number of
reports of the production of antimicrobial compounds by microorganisms led to the
development of a systematic screening platform by Selman Waksman in the late 1930s
(Lyddiard et al., 2016; Waksman & Woodruff, 1940). This quickly identified the soil as a
brilliant source of these new strains and products, and worked to methodically screen
samples against pathogens, marking the start of the “Golden Age of Antibiotic Discovery”

that spanned the 1940s and 50s (Dubos, 1939).

The reason behind the wealth of potential was Streptomyces, a genus of soil-dwelling,
chemoheterotrophic actinomycetes with extensive and complex metabolic capacity. Over
12,000 antibiotics have been characterised, falling into 38 classes, and more than two thirds
of those currently prescribed are derivatives of Streptomyces natural products (Demain,
2009; Watve et al., 2001). However, the repeated discovery of known strains and their
compounds meant that this pipeline dried up and discovery peaked in the mid-1950s.
Pharmaceutical companies instead turned their efforts towards the development of
synthetic, target-based molecules, but this proved largely unsuccessful. Several factors
subsequently contributed to industry virtually abandoning research efforts and reducing
funding. Initially this was driven by the belief that there was no longer a need for new drugs
as experts claimed infectious diseases were defeated, making continued research less of a
priority (Projan & Shlaes, 2004). Later came the realisation of poor investment return;
antibiotics are generally used in acute conditions and are typically only required for a matter
of days or weeks. However, pharmaceuticals used to treat chronic conditions (e.g. statins)
or relieve symptoms (e.g. analgesics) typically demand long-term prescription or have a

higher, more widespread requirement and therefore are more profitable (Overbye &
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Barrett, 2005; Projan, 2003). The ensuing increased costs of development, pricing controls
and pre-placed government restrictions on any new products have massively decreased the
commercial potential of any new antibiotics (Norrby et al., 2005). The number of newly
approved antibiotics has fallen significantly (68% reduction from 1980 to 2014) and
currently only three large pharmaceutical companies are actively investigating new
antibiotics (Bartlett et al., 2013; Ventola, 2015). Instead, the effort is being led by small and
medium sized enterprises that are struggling to front the significant costs associated with
this research and development pipeline (WHO, 2019). This lack of new discovery has in part
contributed to the development of the antimicrobial resistance (AMR) crisis that is being

faced on a global scale.

1.2 Antimicrobial Resistance

Even before the end of the Golden Age of Discovery, resistance was emerging and now, less
than 100 years after the surge in discovery, death due to bacterial infection is once again
posing a serious threat to humanity. A report commissioned by the UK government
predicted that by the year 2050, up to 10 million people a year could die worldwide as a
result of infectious diseases if nothing is done to combat AMR (O’Neill, 2016). The
revolutionary nature of antibiotics meant that they were used relentlessly from the point
of discovery. The apparent wealth of potential from the soil was widely hailed as a never-
ending source of new treatments, leading many to dismiss even Alexander Fleming in his
Nobel Prize Lecture in 1945 where he warned of resistance to penicillin (Fleming A, 1945).
Before the structure of this ground-breaking antibiotic had even been solved, resistance
was emerging, with four clinical isolates of S. aureus having been found to be
res(Lobanovska & Pilla, 2017)ment (Lobanovska & Pilla, 2017). Despite Fleming’s warnings,
antibiotics were used in a vast number of settings, from clinical practice to agriculture,
ultimately leading to an increased prevalence in the environment (Larsson, 2014). This
sudden, large-scale exposure to selection pressure triggered an evolutionary response in
pathogens, with many becoming resistant (Sykes, 2010). As a result, almost all antibiotics
have progressively seen the development of resistance in organisms they were once

capable of eliminating (Figure 1.1).
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Antibiotic

Deployed Erythromycin (macrolides) 952 Antibiotics derived from Actinomycetes
Vancomycin (glycopeptides) 195 Antibiotics derived from other sources

Colistin (polypeptides) 1959
Rifamycin (ansamycins) 1959

Penicillin (penicillins) 1943
Streptomycin (aminoglycosides)943

Cephalosporin (cephalosporins) 1945 Methicillin (penicillins) 1960 Linezolid (oxazolidinone) 2000
Chloramphenicol (peptidyl transferase) 1947 Ampicillin (penicillins) 1961 Daptomycin (lipopeptide) 2003
Tetracycline (tetracyclines) 1948 Lincomycin (lincosamides) 1964 |

1940 1950 1960 1970 1980 1990 2000 2010

Penicillin 1946 Tetracycline 1953 Methicillin 1961 Rifamycin 1973 Vancomycin 1986 Linezolid 2003 |

Cephalosporin 1945 Ampicillin 1973 Erythromycin 1988 Daptomycin 2005
. Streptomycin 1959
Resistance Chloramphenicol 19%¢

Observed

Figure 1.1 Timeline of antibiotic deployment (above) compared to initial observation of resistance
(below). The first antibiotics to be produced from several key classes are shown in addition to their
source. Note: some classes have multiple antibiotics detailed due to clinical significance and
observed resistance does not denote a subsequent lack of clinical use. Figure adapted from
(Hutchings, Truman and Wilkinson, 2019)

1.2.1 Mechanisms of Resistance

There are four main mechanisms through which bacteria resist antibiotics: limiting the
uptake, active efflux, inactivation and modification of the target (Figure 1.2). The extent to
which these are used depends on the type of bacteria, with variation seen between Gram-
positive and Gram-negative bacteria due to their structural differences, however all four

types have been observed across the domain (W. C. Reygaert, 2018).
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Figure 1.2 Diagrammatic representation of the four main mechanisms of antibiotic resistance
employed by bacteria including limiting drug uptake, active efflux from the cell, inactivation of the
drug and modification of the drug target. Adapted from (Reygaert, 2018)
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By limiting the uptake of antibiotics into the cell, bacteria can physically block compounds
from accessing their intracellular or periplasmic targets. In Gram-negative bacteria, the
thick lipopolysaccharide layer acts as an effective barrier against antimicrobial agents (Blair
et al., 2014). For example, the Gram-negative Pseudomonas aeruginosa has an innate low
susceptibility to B-lactams as a result of its thick LPS outer membrane (OM) layer and a
reduced number of porins being expressed in the OM (Hancock & Brinkman, 2002). The
incredibly powerful vancomycin, which exerts its effects by inhibiting cell wall synthesis, is
ineffective against Gram-negative bacteria due to its inability to cross the OM (Selim, 2022).
Whilst using a physical barrier to reduce uptake is a mechanism largely employed by Gram-
negative bacteria, there are well documented examples of Gram-positive bacteria also
utilising this mechanism as a form of resistance. For example, Mycobacterium tuberculosis
has an unusually thick peptidoglycan layer and a mycobacterial OM which means it is largely
impermeable to hydrophilic antibiotics (Gygli et al., 2017). Similar thickening of the
peptidoglycan layer has been seen in vancomycin intermediate S. aureus (VISA) strains but

this only provides low level resistance (Miller et al., 2014).

Active efflux of an antibiotic out of the cell was first documented in 1980 and since then five
distinct families have been documented in bacteria. These can range from substrate specific
pumps, which generally confer resistance to a single antibiotic, to broad range pumps which
transport a number of substrates out of the cell and are associated with multi-drug
resistance. The five families are: the major facilitator superfamily (MFS), the small drug
resistance family (SMR), the resistance-nodulation-cell-division family (RND), the ATP-
binding family (ABC), and the multi-drug and toxic compound extrusion family (MATE)
(Kumar & Schweizer, 2005; Poole, 2007). Each family uses a different energy source,
transports a different range of substrates and holds different conformations, meaning that
collectively efflux pumps are one of the most widespread mechanisms through which
bacteria are known to be resistant to antibiotics. In Gram-positive bacteria the efflux pumps
are typically encoded within the chromosome, conferring intrinsic resistance through
mainly MFS and MATE families, however other pumps have been identified and some are
known to be encoded on plasmids. In Gram-negative bacteria, all five families are well

documented as mechanisms of resistance (Blair et al., 2014; Poole, 2007).

If bacteria are unable to block the antibiotic from entering the cell or remove it if it does
manage to cross the external membrane, inactivation of the antibiotic is an alternative

mechanism of preventing it from acting upon its cellular target. Whilst it was not
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understood at the time, one of the now most studied and document examples of this is one
of the mechanisms that caused Alexander Fleming to warn against resistance to penicillin.
The B-lactamase enzymes act to hydrolyse the B-lactam ring, breaking it open and rendering
the antibiotic unable to bind to their target penicillin binding proteins (PBPs). Various
families of these enzymes, which are classified based on their molecular structure, are
found between both Gram-positive and Gram-negative bacteria, conferring resistance to
any antibiotics containing this pB-lactam ring structure (Zapun et al.,, 2008). Enzymatic
modification of the antibiotic can also involve the introduction of chemical groups to the
compound such as acetylation, adenylation or phosphorylation (Blair et al., 2015). Often
these changes mean that steric hindrance decreases the avidity of the antibiotic for its

target, preventing it from exerting its effects on the cell.

A final common mechanism of resistance is for the bacteria to modify the target of the
antibiotic, this can include increasing the production of the target to counteract inhibitory
effects (e.g. VISA strains) or altering the target site to prevent antibiotic binding. Both of
these examples can be seen in different mechanisms of penicillin and other B-lactam
resistance. The B-lactam antibiotic normally exerts its effects by binding to PBPs with the 3-
lactam ring inhibiting the transpeptidases that facilitate the final crosslinking step in
peptidoglycan formation, ultimately disrupting cell wall biosynthesis. However, some
strains of the Gram-positive S. aureus have been shown to produce a modified copy of PBP
(PBP-2a), which the B-lactam ring is unable to bind to, meaning it can no longer disrupt cell
wall formation. This low-affinity copy of PBP, encoded by the mecA gene, is over-produced
within the strain to minimise the impact of B-lactams on native copies of the target

(Fishovitz et al., 2014).

1.2.2 The Spread of Resistance

When discussing the development of AMR, it is important to consider the ability of
pathogenic bacteria to acquire and disseminate resistance, the human factors involved in

further spread and of course the ways of minimising the impact of resistance.

There are three distinct ways in which bacteria develop resistance to antibiotics; having
intrinsic resistance due to certain structural or functional components, acquiring genetic

material that confers resistance or developing mutations that inhibit antibiotic activity (Cox
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& Wright, 2013). For some bacteria, natural resistance is always actively expressed while
for others it is only seen once cells have been exposed to the antibiotic. In Gram-negative
bacteria and in mycobacteria, the presence of an outer membrane means many antibiotics
are unable to permeate into the cell in the first place, while Gram-positive bacteria often
overexpress genes encoding efflux pumps (e.g. NorA for quinolone resistance and TetA for
tetracycline resistance) and antibiotic degrading enzymes (e.g. B-lactamases for penicillin
resistance) in response to exposure (Ng et al., 1994; Wang et al., 2014). Most antibiotic-
producing bacteria have co-evolved self-resistance mechanisms to minimise the toxicity of
the secondary metabolites on the producing cell, supporting both competition and defence.
This intrinsic resistance provides a suitable threat to our ability to out-compete bacteria and
eradicate infections, however, the efficiency with which bacteria can share DNA, from one
another coupled with short generation times means that this resistance can be
disseminated incredibly rapidly, making the threat even more significant (Hawkey, 1998).
The positioning of resistance genes on plasmids means they can be passed to other bacteria
through both vertical and horizontal gene transmission (Munita & Arias, 2016). The
development of an “environmental resistome” means that previously susceptible bacteria
can obtain such genes, survive antibiotic attacks and in turn spread the resistance even
further (Blair et al., 2015). Not only can resistance be obtained by acquiring genetic
information from other bacteria, but mutation can occur within the bacterium’s own DNA
through erroneous replication or exposure to stressors such as UV radiation, starvation or
antibiotics and other chemicals (W. C. Reygaert, 2018). Often mutations within the bacterial
DNA are deleterious and will only be beneficial in the context of developing resistance if
they occur in genes that are involved in the mechanisms previously outlined (Davies &
Davies, 2010). Whilst these mutations provide a selection advantage against antibiotics,
they generally do so at a cost to the organism e.g. methicillin resistant S. aureus (MRSA) has
a significantly slower growth rate than its antibiotic susceptible counterpart (W. Reygaert,

2009).

The arguably impressive ability of bacteria to obtain and disperse resistance genes has
contributed significantly to the development of AMR. However, the progression of this now
global crisis has also been influenced drastically by human behaviour. Global advances in
transport mean that countries are more connected than ever, with opposite sides of the
world (England to Australia, ¥9500 miles) being accessible in as little as 17 hours (Marks,

2009). Concerns about the potential of aviation playing a role in the spread of infectious
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diseases were confirmed during the SARS-CoV-2 outbreak in which only one country of the
193 recognised by the United Nations was unaffected (as of January 2023), and transmission
between the other 192 being largely attributed to international travel (List of Countries
Without Coronavirus; Kucharski et al., 2020). Whilst this is an extreme example of a global
pandemic, and viral transmission is typically more rapid than bacterial, the same principles
can be applied to the epidemiological spread. Resistant strains and resistance genes can
travel via human hosts to other countries and within those countries, introducing new
issues and increasing the need for alternative antibiotics to be used. In the UK, different
prescribing guidelines are in place in each NHS trust to factor in the current prevalent strains
in the local area and ensure that appropriate antibiotics are prescribed based on the most

up to date information surrounding resistance and susceptibility.

Additionally, a distinct lack of education surrounding the purpose, use and importantly
limitations of antibiotics has resulted in a divide between the scientific/ medical
community’s understanding and that of the general public (Castro-Sanchez et al., 2016).
Misconceptions about the appropriate context for antibiotic use and a lack of point of care
testing has resulted in increased pressure on clinicians to prescribe them even when not
necessarily indicated (Rather et al., 2017). In some countries, the availability of antibiotics
remains largely unregulated to enable those without regular healthcare access to utilise
their benefits. However, this also exacerbates the problem as a lack of clinical guidance
mediated via over-the-counter availability and unregulated supply chains leads to misuse
and in turn the development and spread of resistant strains through communities
(Ayukekbong et al., 2017; Byrne et al., 2019). The (mis)use of antibiotics by humans is not
just restricted to the clinical setting though; the agricultural industry is accountable for the
majority of their consumption though prophylactic use and by association the development
of resistance. This is an issue that went largely unnoticed, unmonitored and unregulated for
a significant amount of time and is still a cause for concern today. The routine use of
antibiotics to prevent and treat infection, improve feed conversion and as a growth
promoter in farm animals has resulted in wide-spread generation of AMR which has passed
into the environment and food chain, directly impacting on human health (Koike et al.,

2017; Manyi-Loh et al., 2018).

Whilst the combination of these factors has led to a global health crisis considered to be
one of the biggest threats to the modern world, the solutions to the problem also rely on

having a good understanding of how each contributed. Incentives for pharmaceutical
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companies to identify new antibiotics needs to be coupled with improved regulations and
education surrounding their use and availability. Development of rapid point of care testing
will allow for easier tracking of resistant infections while a greater understanding of
inherent and acquired resistance mechanisms already present in the environment prior to
their spread may also provide strong indication on how to prevent the same problems from
occurring again so quickly. In order for any of these strategies to be utilised though, new
compounds and products need to be found, to allow the solutions to be put in to practice

and tackle the already significant number of resistant infections.

1.3 Natural Products

The term natural product is used to describe a compound produced by a living organism as
part of its secondary metabolism and as such are interchangeably referred to as specialised
or secondary metabolites. These products are not required for the growth, development,
or reproduction of the producing organism under laboratory conditions but do typically
provide it with some form of selection, growth or competition advantage. A significant
number of these have been utilised by humans for a variety of purposes including food
additives, dyes, pesticides, and spices. However, their anticancer, antifungal, antibiotic and
immunosuppressant properties have proved hugely valuable in the medical fields.
Depending on the therapeutic class, an estimated 30-66% of active drug molecules are
natural products and up to 75% of antibiotics currently used today are either secondary
metabolites or their derivatives (Pye et al., 2017; Ventola, 2015). They are thought to be
better candidates as antimicrobials than synthetic alternatives due to their ease of transfer
across cell membranes, chemical stability and higher, naturally optimised affinity for protein

targets as a result of their cellular origin (Welsch et al., 2010).

Secondary metabolites are built using the products or intermediates of primary
metabolism. While the number of “building blocks” available to create secondary
metabolites may seem limited, the diversity and size of chemical structures seen across
natural products is vast. This is in part a result of the enzymes that facilitate their synthesis,
which generally evolved through gene duplication and divergence of those that serve
functions in primary metabolism (Dias et al., 2012). These often form large, multi-enzyme
complexes and the genes that encode them are clustered together in the genome. These

biosynthetic gene clusters (BGCs) typically encode the core biosynthetic machinery,
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accessory enzymes and regulatory, transport and self-resistance mechanisms involved in
the production of secondary metabolites. BGCs can range from a few thousand base pairs
to 100 kilobases in size and in some bacteria up to 15% of their genome is made up of these
BGCs (Bibb, 2005; Davies, 2013). The broad range of enzymes that make up BGCs, means
that natural products are an extremely diverse group of compounds. They are characterised
based on their structural scaffold and/ or enzyme complexes involved in their production.
Classes include polyketides, non-ribosomal peptides (NRPS), ribosomally synthesised and
post-translationally modified peptides (RiPPs), terpenes and alkaloids (Atanasov et al.,

2021).

The various classes of natural products are generally very well conserved among the
organisms that produce them, in part due to the significant selective advantage they
provide but also their compartmentalised encoding within the genome. The majority of
BGCs contained within an organism’s genome are not expressed under laboratory
conditions meaning that we are not able to exploit the full potential of natural products
available. However, genome sequencing techniques coupled with knowledge of BGCs

means some of the potential compounds produced by an organism can be predicted.

1.3.1 Polyketides

Many clinically relevant natural products such as antibiotics (e.g. erythromycin), anti-
parasitics (e.g. ivermectin) and chemotherapeutics (e.g. epothilone) are produced by
polyketide synthases (PKSs) (Nivina et al., 2019). The PKS BGCs give rise to large multi-
enzyme complexes or multi-domain enzymes that work systematically to generate highly
decorated and extremely diverse molecules. The polyketide compounds are formed by
sequential decarboxylative condensation of multiple extender units, typically using malonyl
CoA or methylmalonyl CoA, to create an elongated carbon chain skeleton (Fischbach &
Walsh, 2006). This chain then continues to be extensively modified in both oxidation and
stoichiometric states by the PKS enzymes until the final product is made (Ray & Moore,
2016). These modifications, alongside final chain length, starter units and extender units all
contribute towards the diversity of this group of natural products. PKS enzymes are
separated into three groups, type | (T1PKS), type Il (T2PKS) and type Ill (T3PKS), although

this has since been considered an over-simplified classification system (Shen, 2003).
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Type | Polyketide Synthases

Type | PKS are multifunctional enzymes that are organised into modules, with each having
a distinct catalytic domain that is responsible for the addition of one unit before passing the
extended chain on to the next module. Each module contains a ketosynthase (KS) domain,
an acyltransferase (AT) domain and an acyl-carrier protein (ACP) domain, as well as any
other domains required for the modification of the pB-keto intermediate (Robbins et al.,
2016). The AT loads the ACP with a single extender unit, on to which the KS can facilitate
formation of a carbon-carbon bond between this extender unit and the growing product.
The choice of extender unit used by the module is determined by the specificity of the AT
domain (Oliynyk et al., 1996; Ruan et al., 1997). The other domains present may include: an
enoylreductase (ER) that forms a single carbon-carbon bond, a dehydratase (DH) that forms
a double carbon-carbon bond or a ketoreductase (KR) that forms a hydroxyl group (Dutta
et al., 2014). Each module and the order that they exist in effectively acts as a “code” for
the structure of each 2-carbon unit extension that will be added on to the chain at each
stage of the process. Once the chain has passed through each module and been extended
to its predetermined length, the ACP in the final module transfers the polyketide to the
thioesterase (TE) unit where it is released from the multi-enzyme complex via a hydrolysis
reaction (Hwang et al., 2020). Post-PKS modifications are carried out by accessory enzymes

that create the final polyketide product.

One example of this modular T1PKS system is the biosynthesis of erythromycin A, a
macrolide produced by Saccharopolyspora erythraea. It is formed by the combined action
of a loading module, six extender modules and an end module, known as
deoxyerythronolide B synthase (DEBS), and a series of post-PKS tailoring enzymes (Cane,
2010). A propionyl-CoA starter unit is loaded onto the ACP before each of the extender
modules adds a methylmalonyl-CoA extender unit via the co-ordinated action of their AT
and KS domains. Except for module three, each extender also includes a KR domain that
modifies the B-keto group added by that module to a hydroxyl group. Module four also
includes ER and DH domains which facilitate the addition of a single and double carbon-
carbon bond, respectively. After the chain has passed through each module the poly-B-keto
intermediate, is released from the ACP by the TE domain. It is then cyclised to form 6-
deoxyerythronolide B before the post-PKS tailoring enzymes hydroxylase, O-
methytransferase and glycosyl transferase enable the formation of erythromycin A (Figure

1.3) (Cummings et al., 2014; Weissman & Leadlay, 2005).
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Figure 1.3 Diagrammatic representation of the biosynthetic pathway for #rythromycin A via the deoxyerythronolide synthase type 1 polyketide. Module formation is shown
through the lines above and individual domains are colour coded with abbreviations: AT acyltransferase, ACP acyl carrier protein, KS ketosynthase, KR ketoreductases, DH
dehydratase, ER enoylreductase, TE thioesterase. Adapted from Cane et al., 2010.
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Type |l Polyketide Synthases

Type |l PKS typically produce polycyclic aromatic compounds via a minimal set of individual
enzymes that act iteratively to produce the final polyketide via discrete, monofunctional
domains. A stand-alone ACP exists alongside two KS subunits (KS, and KSg) which form a
heterodimer, the three of which are collectively referred to as a minimal PKS. The KS
subunit facilitates the condensation carboxylation reaction between extender units while
the KSg subunit determines the final chain length and is also known as the chain length
factor. The ACP acts as an anchor for the growing polyketide chain and shuttles it between
each enzymatic domain alongside the malonyl-CoA extender units (McBride et al., 2023).
Once the chain has been through each of the domains and has reached its predetermined
length (usually between 10 and 30 carbons), the poly-B-keto intermediate is converted to
the aromatic polyketide core by ketoreductases (KR), cyclases (CYC), aromatases (AR) and
oxygenases (OX) (Tang et al., 2017). At this point a variety of post-PKS tailoring enzymes
such as halogenases, oxygenases, methyltransferases and glycosyltransferases complete
the final modifications, generating the range of structural diversities seen within this class
(Hertweck et al., 2007). Predicting the final structure of T2PKS products is notoriously
difficult due to the iterative addition of groups by multiple discreet enzymes as opposed to
the action of one multi-enzyme complex. This diversity is best displayed in Streptomyces
bacteria that employ a number of T2PKSs to produce an array of polyphonic compounds

with a broad range of bioactivity. For example, actinorhodin, tetracyclines, doxorubicin,
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Figure 1.4 Structure of several natural products produced by type Il polyketide synthases
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merdermycin, landomycin A and daunorubicin all originate as natural products produced by
various Streptomyces strains, some of which are currently used in clinical settings for their

antimicrobial activity (Fig 1.4) (Risdian et al., 2019).

Actinorhodin is the best model compound for understanding T2PKSs including the ancillary
enzymes involved in its biosynthesis and the post-PKS modifications that take place. The
connection between the final product and the BGC responsible for its production was first
made in 1984 (Malpartida & Hopwood, 1984). The actinorhodin minimal PKS is known to
catalyse at least 18 separate reactions that are divided into loading, initiation, extension,
cyclisation and release phases (Beltran-Alvarez et al., 2007). In the loading stage, malonate
is used as the first building block and attached to the ACP where it is converted into acetyl-
ACP to create the starter unit. This is then extended to a 16-carbon chain through seven
extension reactions through iterative reactions by the KS subunits. The chain is then cyclised
and released from the minimal PKS before a series of tailoring enzymes convert it to
dihydrokalafungin (DHK). Finally, two DHK molecules are ligated to generate the six-ring

actinorhodin final product (Okamoto et al., 2009; Y. Xu et al., 2012).

Type lll Polyketide Synthases

Unlike types | and Il, type Il PKSs do not utilise ACP to anchor the growing polyketide chain,
instead acyl-CoA is used directly as a substrate. Homodimeric enzymes act to iteratively
carry out the priming, extension and cyclisation of the polyketide in a simplified version of
the other previously described PKSs. Very few T3PKSs have been identified in bacteria with
the significant majority being utilised by plants to produce natural products (Risdian et al.,
2019). Of those identified, many are involved in the biosynthesis of precursor molecules
that are required in later stages of a glycopeptide biosynthetic pathways, such as
corbomycin. In addition, some T3PKSs have been exploited to produce novel compounds

through precursor-directed biosynthesis (D. Yu et al., 2012).

1.3.2 Non-Ribosomal Peptides

Non-ribosomal peptide synthases (NRPS) are large, multi-functional enzymes that facilitate
the production of peptide natural products without ribosomally synthesising the peptides.

The mega-proteins form a highly organised modular complex where each active site is
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responsible for catalysing a discreet reaction enabling amino acid monomers to be added
to a growing peptide chain. Unlike ribosomes, NRPSs can use a wider range of monomers
than the 20 proteinogenic amino acids and instead can utilise other amino acids such as
ornithine and methylglutamate or other monomers such as fatty acids. The BGCs that
encode the NRPS sometimes also include genes that produce amino acids specifically for
the purpose of incorporation into the final natural product, allowing for a significant amount

of diversity among this group (Walsh et al., 2013).

NRPS are minimal modules which consist of an adenylation (A) domain, a thiolation or
peptidyl carrier protein (PCP), a condensation (C) domain and a TE domain. The A domain
selects and activates the amino acid, the PCP tethers this activated amino acid alongside
the growing polypeptide intermediate and the C domain catalyses the formation of a
peptide bond between the two. Additional domains may also be present to facilitate
chemical alterations such as epimerisation (E), cyclisation (CYC), methyltransferase (MT)
and oxidation (O). Finally, the TE domain then releases the polypeptide chain from the NRPS
via a hydrolysis reaction (Stissmuth & Mainz, 2017). The A domain is responsible for the
diversity that is seen in this group of natural products as they can recognise a wide range of
substrates. The substrate can be predicted based on the specificity-conferring residues
within the binding pocket. In some cases, they can recognise several, structurally similar

amino acids resulting in analogous final products (Wenski et al., 2022).

The modular systems that form NRPSs are like PKSs in that they are divided into three
groups dependant on how the natural product progresses through the system. Type | is
linear, where the number of modules is directly linked to the number of monomers that are
put into the final product and the order in which they are incorporated into the nascent
oligopeptide chain. This correlation between NRPS structure and the final product is known
as the colinearity rule. In type Il NRPSs the modules or domains are used iteratively, and the
final biosynthetic product is made up of multiple repeated peptide sequences. Finally, type
[l NRPSs are non-linear where modules are rearranged and the final peptide product

sequence is independent of the NRPS structure (Mootz, Schwarzer and Marahiel, 2002).

A prime example of a type | NRPS is the system responsible for the production of
vancomycin, a tricyclic glycopeptide antibiotic made exclusively of non-proteinogenic
components (Nolan & Walsh, 2009). This glycopeptide is produced by seven NRPS modules,
each responsible for the addition of one amino acid subunit and are distributed into 3

enzyme complexes. The heptapeptide intermediate is generated as it progresses linearly
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through the NRPS before being cyclised by cytochrome P450 oxygenases. These are
recruited to the NRPS via a non-catalytic C domain-like X domain that is embedded in the
mega-enzyme complex (Wenski et al., 2022) (Fig 1.5). The final vancomycin product is
widely used in healthcare as a final line of treatment against Gram-positive bacterial

infections such as MRSA.
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Figure 1.5 Diagrammatic representation of the biosynthetic pathway for vancomycin via the non-ribosomal peptide synthase. Module formation is shown through the lines
above and individual domains are colour coded with abbreviations: A adenylation, PCP peptidyl carrier protein, C condensation, E epimerisation, TE thioesterase. Adapted
from Wenski, Thiengmag and Helfrich, 2022

32



1.3.3 Ribosomally Synthesised and Post-Translationally Modified Peptides

Another large class of natural products are the ribosomally synthesised and post-
translationally modified peptides, known as RiPPs. As suggested by the name, this family
are made up of short peptides that are synthesised by the ribosome from the 20
proteinogenic amino acids and are then post-translationally modified by tailoring enzymes
to create the final natural product. The variety of post-translational modifications that can
be carried out results in a significant level of structural diversity within this class alongside
a broad range of activity and targets. Typically, the precursor peptide for a RiPP consists of
a core peptide, a leader peptide and occasionally a recognition sequence. The core peptide
exists at the C-terminus and is the part of the precursor that is modified to create the final
product. The leader peptide is present at the N-terminus and is involved in the recognition
and binding of modifying enzymes and peptide cyclisation. If a recognition sequence is
present, it sits at the C-terminus and carries out a similar function to the leader peptide. In
eukaryotes, there may also be an N-terminal signal peptide that targets the peptide to the
correct subcellular location (Arnison et al., 2013). The peptide undergoes a series of post-
translational modifications before the leader peptide is cleaved by proteases to leave the

mature peptide to be exported or used within the cell (Fig 1.6).
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Recognition

Core Peptide sequence |

Signal

Posttranslational
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Proteolysis and
export
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Figure 1.6 Diagrammatic representation of the general biosynthetic pathway of ribosomally
synthesised and post-translationally modified natural products. The leader peptide acts to guide the
post-translational modifications to the core peptide. Some contain an additional C-terminal
recognition sequence and products of eukaryotic origin often contain an N-terminal signal sequence.
Adapted from Arnison et al., 2013
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Whilst RiPPs all abide by the same biosynthetic principles, the diversity seen in this class of
natural products is vast (Fig 1.7). This is largely due to the wide number of post-PKS tailoring
enzymes that can act on the precursor peptides. While there is a high degree of homology
between modifying enzymes within each family of RiPPs, there are no core domains or
genes that are conserved among all RiPPs. The leader peptides act to guide the order and
type of modifications that take place to generate the final mature peptide. This biosynthetic
insight means it is possible to anticipate the precursor sequences and type of post-
translational modifications that will take place for products within the same family, however
the number and regioselectivity are often very hard to predict (Montalban-Lépez et al.,

2021).
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Figure 1.7 Structure of several ribosomally synthesised and post-translationally modified peptide
natural products

1.3.4 Other Classes of Natural Products

In addition to the products derived from the PKS, NRPS and RiPP pathways, there are a
variety of other compounds produced as part of secondary metabolism. The biosynthetic
elements are more often than not encoded within BGCs and have evolved from those that
are used in primary metabolism. The building blocks used in these systems to create the
natural products are generally produced by the primary metabolism but can also be
obtained from outside the cell. Terpenes, indole alkaloids and saccharides are just some
examples of these classes of products that exist, but hybrid clusters have also been
discovered where different elements of these natural product pathways work together to

create the final product.
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1.3.5 Discovery of New Natural Products

While an array of natural products and their analogues are already being used in a variety
of settings both clinical and non-clinical, the need for bioactive substances continues to
grow with increasing threats of AMR. Recent advances in genome sequencing technology
means that the current knowledge and experience around identification and
overproduction of these secondary metabolites can be applied to the discovery and
application of new compounds. The biggest aspect of this is seen in the ongoing
development of prediction tools which has revealed a wealth of unexploited potential in a
large number of the antimicrobial producers that are already known to research efforts. The
initial emergence of this idea of untapped natural products was seen when the full genome
sequence of Streptomyces coelicolor was published in 2002 (Bentley et al., 2002). Despite
having been a model organism since the 1960s, only five antibiotic gene clusters had been
identified or described in any detail prior to this point. However, the genome sequence
revealed BGCs for up to 30 secondary metabolites, the majority of which had not been
characterised as they are not produced under normal laboratory conditions. Since then, the
strain has been subject to significant investigation and provided an excellent platform for
the development and application of synthetic biology tools. Predictive bioinformatic tools
such as antiSMASH are used as part of the so called “genome mining” process (Blin et al.,
2019). This allows for the identification of known BGCs to prevent the possibility rediscovery
while also identifying these silent BGCs that may be the key to finding novel compounds
with unique mechanisms of action against infectious diseases. Since the initial discovery of
S. coelicolor’s potential, Streptomyces bacteria have remained at the forefront of efforts to

genome mine for natural products.

1.4 Streptomyces Bacteria

Belonging to the Actinomycetaceae family, Streptomyces are filamentous, Gram-positive
bacteria characterised by their somewhat unusual life cycle and complex secondary
metabolism. These facultative anaerobes are found in a multitude of environments but due
to their dominance and the vast number of clinically relevant strains that have been isolated
from the heterogenous environment, are commonly referred to as soil-dwelling. However,
Streptomyces spp. have been isolated from marine, desert, volcanic and other such extreme

environments (Sivalingam et al., 2019). The ability to survive such harsh conditions can, in
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part, be attributed to their life cycle which encompasses three distinct development stages
that are more comparable to that of fungi than other bacteria (Figure 1.8). Unigenomic
spores that are encased in a thick hydrophobic outer layer contain small protective
molecules such as heat shock proteins and are able to survive and remain dormant t(Flardh
& Buttner, 2009)itions (Flardh & Buttner, 2009). Once favourable conditions are
encountered, spores germinate to form filamentous vegetative hyphae that branch into
dense and complex networks via apical tip extension. The essential proteins DivIVA and FtsZ
have been shown to mediate the polar growth and compartmentalisation, respectively
(Schlimpert et al., 2016). Under stress conditions (nutrient depletion, oxygen limitation),
reproductive aerial mycelium is formed, projecting upwards and away from the vegetative
hyphae. Following chromosome replication and segregation, division of the mycelium
occurs through synchronised and largely simultaneous separation and is mediated by FtsZ
to form prespores that undergo maturation (Bobek et al.,, 2017; Elliot et al., 2014).
Development of hydrophobic aerial hyphae has been shown to be governed by and require
the activity of the bld genes, while sporulation and maturation relied on the whi genes, both
named due to the appearance of their respective mutants (bald or white). Once
Streptomyces bacteria reach this stage, the spores can disperse to new, potentially more

favourable environments to start the cycle again.
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Figure 1.8 A basic overview of the lifecycle of Streptomyces to include both the classical and novel
exploratory growth. In the classical pathway a single spore germinates and germ tubes grow by
hyphal tip extension to create a branched network of vegetative hyphae within the soil. In response
to a variety of signals including nutrient deprivation bld genes facilitate the upwards growth of aerial
hyphae which then undergo chromosome segregation and septation using the whi genes to form
spores. These spores are then dispersed into the environment to find nutrient rich conditions and
begin the cycle again. In the divergent pathway of exploration signals such low glucose or the
presence of fungi, cells rapidly develop as non-branching vegetative hyphae in a process
independent of the bld and whi genes. Original figure based on data from Jones et al., 2017 and
Jones et al., 2018.
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However, an additional developmental stage has recently been identified as an alternative
reaction to nutrient depletion. The explorer phenotype, identified in the model organism
Streptomyces venezuelae and replicated in some other Streptomyces strains is triggered by
a reduction in glucose and/or iron availability to elicit a pH induced, relentless and rapid
growth phase. Signalling between distant colonies to enter this growth phase is also made
possible by release of the volatile organic(Jones & Elliot, 2018)ne (TMA) (Jones & Elliot,
2018). During exploration, non-branching vegetative hyphae develop significantly faster

|”

than is observed in the “classical” growth phase, alongside hydrophilic aerial hyphae.
Confirmation of this new morphologically distinct development stage was shown when the
explorer phenotype could still be seen in bld and whi mutants which were still capable of
traversing biotic and abiotic surfaces (Jones et al., 2017). It is not fully understood whether
these explorer cells sporulate or have the ability to return to the classical life cycle, so is

instead considered an alternative branch of the Streptomyces development pathway (Jones

& Elliot, 2018).

Streptomyces genomes contain DNA with an unusually high GC content, typically 67-78%,
arranged in large linear chromosomes roughly 8-15 Mb in size (Law et al., 2018). The distinct
phenotypic variation in secondary metabolite production between strains is largely
attributed to the arrangement of the chromosome. A central core region contains essential
genes involved in basic growth and development such as cell division, DNA replication,
transcription and translation and central metabolism. This portion of the genome is highly
conserved between Streptomyces species and other actinomycetes as shown in the high
degree of synteny between Mycobacterium tuberculosis and S. coelicolor (Bentley et al.,
2002). The chromosomal arms (roughly 1-2 Mb either end) contain largely non-essential
and contingency genes involved in secondary metabolism and act as the source of most
variation (Hopwood, 2006). The high level of chromosomal instability and the ability of
genes to migrate between the core and contingent regions depending on essentiality results
in incredibly varied recombination events between strains. Through the linear exchange of
genetic material and/or gene duplication and divergence, strains can acquire or develop
novel secondary metabolites and signalling molecules. The ability to effectively transfer
such information is made possible by the existence of BGCs which include all the genes
required to make one or several structurally similar natural products. BGCs typically contain
the core biosynthetic machinery, accessory enzymes, expression control and self-resistance

mechanisms involved in the production of secondary metabolites.
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Advances in genome sequencing have provided insight into the potential of well-known
Streptomyces strains and other actinomycetes. Such technology originated from the
discovery that genes required for methlyenomycin were situated in clusters on just two
transcriptional units (Chater & Bruton, 1985). These initial observations have been used to
direct the development of high throughput computational analysis, which can screen
genomes for cryptic BGCs. It was previously thought that most strains produced less than
five secondary metabolites as this was all that was observed under standard laboratory
conditions. However, the 651 Streptomyces genomes published on the antiSMASH database
each contain 20 to 60 predicted BGCs (Blin et al., 2019; Ward & Allenby, 2018). The presence
of silent gene clusters means many strains can continue to be used as a source of antibiotics
with novel actions. However, traditional isolation methods have proved unsuccessful in
exploiting their potential, instead efforts have turned to genome sequencing and editing
tools alongside an in-depth understanding of regulation processes (Watve et al., 2001). Not
only can this technology be used to unlock silent BGCs in well-known strains, but it can also
identify significant potential in newly isolated ones alongside the genes that may be used

to switch them on under lab conditions.

1.5 Regulation of Natural Products in Streptomyces spp.

The apparent arsenal of antimicrobial compounds available to most Streptomyces species
through the BGCs they encode reflects the level of competition they must overcome to be
able to thrive in various environments. Whilst this myriad of natural products is
undoubtedly useful, their synthesis comes at a huge energetic cost to the producing
organism. Such a vast capacity requires strict regulation to balance primary and secondary
metabolism, preventing overproduction of natural products to the detriment of growth
while maintaining the capability to outcompete other microbes. It is thought that the large
number of regulatory elements encoded within the genome is related to this extensive
secondary metabolism potential, allowing antimicrobials to be “selected” by the bacteria
depending on factors such as the target or precursor availability (Devine et al., 2017; Van

Wezel & McDowall, 2011).

A wide range of intra- and extra-cellular signals can trigger a response through different
regulatory systems and cascades that function at different levels. High level regulation is

mediated through global regulators that exist outside of BGCs and affect both the
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biosynthesis of natural products and central metabolic processes by either directly
interacting with relevant genes or indirectly controlling low level regulators. Cluster situated
regulators (CSRs), as implied, are encoded within BGCs and control the production of their
cognate secondary metabolite. However, some CSRs have been shown to have pleiotropic
effects, mediating multiple biosynthetic pathways or acting on both primary and secondary
metabolism. In addition, some clusters encode multiple regulators, some of which act to
repress biosynthesis while others activate (Aigle & Corre, 2012). Regulatory cascades often
involve cross-talk between these high and low level regulators which can themselves be
separately triggered by a diverse array of signals (Chater, 2016; G. Liu et al., 2013). This
makes the regulatory pathways of most natural products produced by Streptomyces species
incredibly complex, and as such they are often far from fully characterised with activating
signals or biochemical mechanisms remaining unknown. This might also explain why so
many BGCs are not expressed, or rather their final products are not observed, under
standard laboratory growth conditions. These clusters are thought to hold the greatest
potential as they could encode the biosynthesis of new antimicrobials with yet unknown
structures of compounds or molecules that have unique mechanisms of action (Rutledge &

Challis, 2015).

Through a more in-depth knowledge of this metabolic regulation and by utilising modern
genome editing technology, it may be possible to switch on silent biosynthetic pathways
and engineer bacteria to overproduce such secondary metabolites for industrial production.
It is first important to gain an in depth understanding of the different types of regulators
present and combine knowledge on how they have already been shown to function with
this genetic information of where they are present to work out how they could be used to

identify new products.

1.5.1 Regulation of Growth, Development and Secondary Metabolism

The life cycle of Streptomyces bacteria is tightly regulated, and sporulation is associated
with the onset of secondary metabolite biosynthesis, with the bld family of genes being able
to co-ordinate the two. For example, BldD is a pleiotropic DNA binding protein that
regulates the developmental progression from vegetative growth to the formation of aerial
hyphae. This transition state regulator has a vast regulon comprising at least 167 genes, 42

of which encode further regulators (Tschowri et al., 2014). Among these targets are other
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bld regulators and whi genes which are associated with the sporulation stage of their
morphological differentiation (Bush et al., 2013; Den Hengst et al., 2010). For example,
interaction with BIdC, another DNA-binding protein, controls the expression of genes within
the moenomycin A, actinorhodin and undecylprodigiosin BGCs in various Streptomyces
species (Hunt et al., 2005; Makitrynskyy et al., 2020). BIdD itself is also able to directly
control the activity of promoters within the BGCs encoding erythromycin and daptomycin,
further demonstrating its global capabilities. The activity of BldD is largely controlled by the
ubiquitous second messenger, cyclic-di-GMP, which assembles into a tetramer that then
bind two molecules of BldD in a dimer. Therefore, when cyclic-di-GMP levels are high, this
complex is able to repress genes involved in the sporulation cascade via sequestration of
BldD and interact with others involved in antibiotic biosynthesis. However, when cyclic-di-
GMP levels are low, the complex does not form, transcripts are produced, and the cells

progress to the next stage of development (Schumacher et al., 2017; Tschowri, 2016).

Another aspect of managing development and growth alongside secondary metabolism is
the “stringent response” where resources are diverted away from growth and development
and towards amino acid and/ or fatty acid biosynthesis by altering gene transcription when
the cell is put under environmental stress. This observation was initially made when it was
noted that antibiotic production in Streptomyces spp. was usually limited to cultures in the
stationary phase of growth or growing at slower than normal rates (Strauch et al., 1991).
The response is now known to be mediated by the guanosine tetraphosphate (ppGpp)
which modulates gene expression via its interaction with RNA polymerase (Hesketh et al.,
2007). The nucleotide is a universal stress response effector among bacteria and
synthesised from GTP/ GDP and ATP when amino acids are used up (Hobbs & Boraston,
2019). As nutrients in the cell are depleted, concentrations of ppGpp increase and a shift in
gene transcription is seen. Amino acid biosynthetic genes, including those that act as
precursors for antimicrobials, are upregulated while those involved in growth and
development are downregulated (Ochi, 1987; Strauch et al., 1991). Whilst a reduction in
growth would initially seem counter-intuitive, this metabolic shift allows the Streptomyces
spp. to out-compete other bacteria in the environment for the limited resources that are

available by challenging them with antibiotics.
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1.5.2 Streptomyces Antibiotic Regulatory Proteins (SARPs) Family

The Streptomyces antibiotic regulatory proteins, or SARPs, are a well-established family of
activators of antibiotic biosynthesis. They exist in BGCs for a wide variety of natural product
gene clusters and have only been found in actinobacteria, but mainly Streptomyces and are
the largest family of regulators in the species (G. Liu et al., 2013). They contain a winged
helix-turn-helix motif in the N-terminus that facilitates DNA binding, and their binding
motifs are typically heptameric repeat sequences in the major groove of promoter regions
of the genes that they regulate. The C-termini contain a bacteria activation domain that
recruits RNA polymerase to the promoter site, facilitating transcription of the genes

(Romero-Rodriguez et al., 2015).

When evaluating the prevalence of SARPs in Streptomyces BGCs, 57 out of 236 clusters
reviewed were found to have at least one SARP encoded within them. While they are seen
throughout clusters encoding a variety of antibiotic classes, 43 of these 57 were for
polyketides (G. Liu et al., 2013). One of the most well-known SARPs is Actll-4 from S.
coelicolor which initiates the production of actinorhodin by regulating the transcription of
all five transcripts required for its biosynthesis. Other SARPs include Dnrl (daunorubicin
biosynthesis in Streptomyces peucetius), FAmR1 (fredericamycin in Streptomyces griseus)
and CcaR (cephamycin-clavulanic acid in Streptomyces clavuligerus) (Chen et al., 2008;

Sheldon et al., 2002).

1.5.3 Multiple Antibiotic Resistance Regulators Family

Named from the E. coli multiple antibiotic resistance regulator, the MarR family of
transcription factors are seen throughout the bacterial kingdom. They exist as obligate
homodimers with two, winged helix-turn-helix DNA-binding motifs. The recognition helix in
each motif binds to a palindromic DNA sequence within consecutive major grooves while
the corresponding wing sits in the minor groove (Gupta & Grove, 2014). MarR proteins often
repress the transcription of target genes they regulate as these binding sequences typically
fall within the promoter regions of transcripts, so the binding of RNA polymerase is
physically blocked. However, there are several examples where they function as activators

or even bifunctional to repress some genes while activating others. In association with the
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palindromic binding sequence, this means they are also capable of regulating divergently

oriented genes that would be expressed on different transcripts (Grove, 2017).

The activity of these regulators can be modulated through cysteine oxidation, but most are
controlled by ligand or phenolic acid binding. When cysteine oxidation is the regulatory
control mechanism, the formation of disulphide bonds in response to oxidative stress
results in this change in DNA binding. Ligand and DNA binding takes place within the same
domain, with a “hot spot” existing at the interface between the dimerization and DNA-
binding interfaces. When a ligand binds, a conformational change occurs in the transcription
factor, altering its interaction with the DNA binding sequence and exerting its regulatory
effects on its target genes (Perera & Grove, 2010). If the MarR protein is responsible for
controlling the expression of biosynthetic genes, the ligand it binds is often the substrate of
the enzyme, thus providing a regulatory feedback mechanism. MarR proteins are often
involved in the regulation of genes that control antibiotic export such as efflux pumps and
in these cases the ligand is typically the compound that is exported by that efflux pump

(Romero-Rodriguez et al., 2015).

The MarR family are known to regulate a multitude of processes within Streptomyces
bacteria including central metabolism, stress responses, virulence and antibiotic
biosynthesis. They are the fourth most abundant family of transcriptional regulator within
Streptomyces species with an average of 50 encoded in each genome, but only a few of
these have been fully characterised (Romero-Rodriguez et al., 2015). Examples include
SAV4189 which activates avermectin biosynthesis in Streptomyces avermitilis and DptR3
which activates daptomycin biosynthesis in Streptomyces roseosporus (Guo et al., 2018; Q.

Zhang et al., 2015).

1.5.4 LuxR Family

Another family of DNA-binding regulator proteins are those belonging to LuxR, named after
the first protein within the family. In Streptomyces spp. there are an abundance of LuxR
regulators, some of which are cluster situated and involved in the regulation of their
cognate antibiotics, while others have a global effect on antibiotic biosynthesis. For
example, SIgR2 and SInM both regulate the production of streptolydigin and natamycin

respectively in Streptomyces lydicus while AbsA2 is involved in the regulation of both
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actinorhodin and undecylprodigiosin biosynthesis in S. coelicolor (Anderson et al., 2001;

Goémez et al., 2012; Wu et al., 2014).

In general, LuxR proteins are less than 250 residues in length with an N-terminal
autoinducer signal binding domain and a C-terminal helix-turn-helix DNA binding domain.
They typically function as activators but may be repressors or even have a dual role in their
regulatory actions (Patankar & Gonzalez, 2009). A sub-family of LuxR proteins, known as
large ATP-binding regulators of the LuxR family (LAL) are the predominant type that are
found in Streptomyces bacteria and have a nucleotide triphosphate binding motif in their
N-terminus. One well characterised example of this is PikD which functions as the primary
biosynthetic activator of the multi-drug encoding macrolide PKS in Streptomyces
venezuelae. Its activity regulates the production of pikromycin, methymycin,

neomethymycin and narbomycin (Wilson et al., 2001).

1.5.5 TetR Family

Another significant group of regulators are the TetR family, named after the tetracycline
repressor that was the first of the family to be characterised. These regulators are
particularly abundant in bacteria that are exposed to a range of environmental changes,
such as Streptomyces spp. They contain a helix-turn-helix DNA binding domain on the same
polypeptide as a ligand binding domain with the binding of the latter inducing a
conformational change that alters the DNA binding interaction. TetR family proteins are
often encoded within their cognate BGC and regulate the expression of the self-resistance
mechanism associated with the final product(s). For example, JadR functions within a
complex regulatory system to activate jadomycin biosynthesis in S. venezualae (G. Xu et al.,

2010).

1.5.6 Other Regulators

A large number of other regulator protein families exist across Streptomyces species,
allowing for tight control over biosynthesis levels of the wide range of natural products that
they encode. Examples include LysR, OmpR, Lacl, WhiB and MerR all of which play a role in
regulating various pathways and act within regulatory cascades to alter gene expression and

antibiotic biosynthesis (Romero-Rodriguez et al., 2015). Another notable group of
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regulators are two component systems, which are the focus of this work and discussed in
more detail in later sections. The combinatorial effects of regulators in their activation,
repression or switching capabilities means that the metabolic output of Streptomyces

bacteria is constantly changing.

1.6 Two-Component Systems

A key part of surviving in a competitive environment with an ever-changing dynamic is the
ability to sense these chemical and/ or physical changes as they happen and launch an
appropriate response to them. For Streptomyces spp. this response often comes in the form
of antibiotic biosynthesis, which, as already discussed, is a very tightly regulated process.
This is partly achieved through the abundance of two-component systems (TCS) found
throughout their genomes (MclLean et al., 2019). These signal transducers act as a relay
between a stimulus and the response that is elicited by the cell and are capable of
responding to an abundance of triggers and transmitting signals that induce a variety of
changes. TCSs fall into three distinct classes: classical, hybrid and phosphorelay. Classical
systems are composed of a dimeric, typically transmembrane histidine kinase (HK) and a
cognate response regulator (RR). In this system, an activating signal is detected in either the
extracytosolic (or occasionally cytoplasmic) sensor domain of the HK. This signal recognition
typically takes place through ligand binding which induces a conformational change in the
intracellular kinase domain which autophosphorylates at a conserved histidine residue
using ATP. This phosphoryl group is then transferred to a conserved aspartic acid residue in
the receiver domain of the RR which also leads to a conformational change, often involving
dimerization which activates the effector domain (Fig 1.9) (Zschiedrich et al., 2016). RRs are
grouped into families based on the mechanism they use to modulate the expression of
target genes; however, the majority fall in to the OmpR/PhoB subfamily with conserved N-
terminal /P receiver domains and C-terminal DNA binding domains (McLean, Wilkinson,
et al., 2019). Hybrid systems have the HK and RR fused together in a complex, while
phosphorelays use phosphotransferases to convey the signal between each component
(Groisman, 2016). An additional two types of TCSs exist that can be seen in any of the three
classes, convergent and divergent. Convergent systems are seen where multiple HKs are
able to activate a single RR, meaning one regulator’s activity can be triggered by multiple

input signals (Lazar & Tabor, 2021). Divergent TCSs exist when a single HK is able to activate
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multiple RRs through phosphorylation, meaning a myriad of processes can be seen in
response to a single input signal (Fu et al., 2019). In most cases the genes encoding HKs and
RRs are very close or next to one another and cannot function without the other. However,
unpaired HKs and orphan RRs can be found in Streptomyces genomes, often with little or
completely unknown functions. There has been some indication of cross regulation
between unpaired HKs and orphan RRs, but this in itself raises questions as to their true

status as “orphan” TCS elements (Raghavan & Groisman, 2010).
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Figure 1.9 An overview of a classical two component system A The structural domains found within
the histidine kinase (blue shades) and the response regulator (green shades), including the locations
of the conserved (orange) histidine and aspartic acid residues, respectively, that relay the
phosphate group B (i) upon receiving an activating signal in the extracytosolic sensor domain the
histidine kinase autophosphorylates at the conserved histidine residue in the DHp domain (ii) this
phosphoryl group is then relayed to the conserved aspartic acid residue in the receiver domain of
the response regulator (iii) the response regulator dimerises and often acts as a transcription factor
that binds to promoter sequences to activate or repress response genes.

Almost 70% of RRs bring about a change in gene expression through a DNA binding domain
that facilitates binding to target genes to alter their activity e.g. the OmpR and NarL
subfamilies (Martinez-Hackert & Stock, 1997). Some regulators have enzymatic activity that

is involved in secondary messenger regulation as part of a cascade, while others bind to
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alternative cellular components such as RNA or the transcriptional machinery to modulate
gene expression (Djordjevic et al., 1998). The genes regulated by TCSs are vast in number
and have been implicated in a broad range of functions. In Streptomyces and their close
relatives, the ability of TCSs to mediate secondary metabolite biosynthesis in response to
environmental changes provides great potential for upregulating the expression of BGCs.
TCSs also act to demonstrate the incredible level of cross regulation that occurs during
antibiotic biosynthesis. For example, deletion of macRS in S. coelicolor represses the
production of actinorhodin while deletion of phoRP in the same organism results in

actinorhodin upregulation (M. Liu et al., 2019; Martin, 2004).

TCSs can also be cluster-situated and control the expression of genes within the same BGC
but more commonly they act globally to control the expression of genes throughout the
genome. Those that are cluster-situated tend to be unique to the cluster and only seen in
multiple species if they contain the same BGC. Global TCSs are not generally associated with
any one gene cluster but exist outside of BGCs and have a more pleiotropic effect. Those
with a global effect are more likely to be conserved across the genus as are the genes they

control.

1.6.1 Highly Conserved Two Component Systems

Analysis of 93 Streptomyces genomes showed that there are 15 TCSs that are highly
conserved throughout the genus (Mclean et al.,, 2019). Of these, 12 have been
characterised to varying extents while three remain largely unresearched and at present
their roles and functions are unknown. Whilst those involved in processes other than
regulation of antibiotic biosynthesis fall outside of the scope of this thesis, it is important to
demonstrate the variety of systems that these proteins are able to influence and the

fascinating number of roles they are able to carry out.

One such example of a highly conserved global regulator is MtrAB; which is not only seen
throughout the Streptomyces species but is present in all actinomycetes. The RR MtrA has
multiple binding sites throughout the genome with targets involved in DNA replication, cell
division and antibiotic biosynthesis (Som, Heine, Holmes, Munnoch, et al., 2017). The
extensive range of processes influenced by MtrA is demonstrated by the myriad of
phenotypic and metabolic differences that are seen between wildtype and AmtrA mutant

strains. In S. venezualae, S. coelicolor and S. lividans deletion of mtrA results in a bald
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phenotype which is likely a result of MtrA interacting with several genes involved in aerial
hyphae formation and others that regulate development and sporulation (Zhang et al.,
2017). In S. coelicolor MtrA directly represses the production of the antibiotics actinorhodin
and undecylprodigiosin via interactions with the promoters of actl/l-4 and redZ respectively,
while in S. venezualae it represses the production of chloramphenicol and jadomycin with
binding sites identified in gene promoters within each of their respective BGCs (Som et al.,
2017; Zhu et al., 2020). Additional MtrA binding sites exist throughout the genome of most
Streptomyces strains including within known BGCs and the implications of this binding are

still being investigated.

Another example of a highly conserved TCS among Streptomyces spp., and arguably one of
the most extensively studied systems is PhoPR. It acts as a major component of phosphate
control in Streptomyces species, with the response regulator PhoP being classified as a
master regulator. The system is able to control multiple processes in response to changes
in the inorganic phosphate levels that are available from the external environment (McLean
et al., 2019). PhoP is known to recognise and bind to promoters that contain PHO boxes
which are highly conserved 11 nucleotide direct repeat units (Sola-Landa et al., 2005). Genes
controlled by PhoP are involved in phosphate scavenging, storage, transport, mobilisation
and antibiotic biosynthesis. In phosphate limiting conditions, PhoPR activates phosphate
scavenging pathways to obtain the ester from both extra- and intra-cellular sources. It also
delays morphological progression to the stationary phase until phosphate levels have
returned to normal while upregulating the production of undecylprodigiosin and

actinorhodin (Allenby et al., 2012).

The remaining conserved TCSs regulate a variety of systems and processes including
developmental stages, primary and secondary metabolism. They are often associated with
complex cross regulation and are able to respond to multiple signals to elicit multiple
responses within the cell. The ability to sense and respond to these signals is essential for
the survival of the cell and the co-ordinated regulation among the conserved systems

remains at the forefront of scientific research interests.
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1.6.2 Cluster Situated Two Component Systems

Alongside TCSs that are highly conserved, there are some that are unique to certain strains
or BGCs and regulate the genes encoded in their cognate cluster. These are rare examples
and often more specialised in terms of activating signal and have a discreet set of target

genes that they regulate, although they may only control a single gene.

One such cluster-situated TCS is CinKR that is involved in the regulatory pathway of
cinnamycin biosynthesis in Streptomyces cinnamoneus. The full mechanism of regulation is
still under investigation, but is thought to be triggered by nutrient limitation that results in
low level cinnamycin production. The lantibiotic then binds to the HK CinK which in turn
phosphorylates CinR enabling the activation of a resistance associated transporter to
prevent any deleterious effects of cinnamycin build up within the cell. Whilst CinRK does
not directly regulate any biosynthetic genes, the presence of export enzymes is absolutely

essential to cinnamycin production (O’Rourke et al., 2017).

Recently another cluster situated TCS has been identified and shown to be directly involved
in the regulation of antibiotic production via interaction with biosynthetic genes. The novel
TCS ForGF is the main activator of the biosynthetic pathway that produces the
formicamycins, fasamycins and formicapyridines in Streptomyces formicae. The way in
which this TCS regulates production of these compounds is the focus of this thesis and
current knowledge surrounding the strain, its natural products and regulation will be

discussed in more detail.

1.7 Streptomyces formicae

The discovery and utilisation of antibiotics in clinical and non-clinical settings has been
through a significant timeline of events. From the point of formal discovery and
classification to the development of resistance and the inevitable determination of
humanity to overcome the problem. Rediscovery of known products remains a problem and
attention has instead turned to exploring niche environments in the hope of finding novel
bacterial stains and associated compounds. In association with current sequencing and
genome refactoring tools it is hoped that any such strains could be utilised to their full

antimicrobial producing potential.
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1.7.1 Symbiosis, Discovery and Potential

Recently, the search for new strains has turned to under explored areas where mutualistic
relationships exist between microbes and insects such as beetles, wasps and ants (Seipke
etal., 2012). It is thought that there is a high possibility of symbiotic relationships that utilise
natural products as a level of competition and defence in complex environments. One such
relationship is seen in Attine leafcutter ants which cultivate the Leucoagaricus
gongylophorus fungus garden. The ants forage for and harvest vegetation from their
surroundings and bring it back to the fungus which digests it, producing nutrient-rich
fruiting bodies that the ants are then able to use as their primary food source. In addition
to plant material, the ants provide the fungus with protection from both mammalian and
microbial threats (North et al., 1997). The latter of these is facilitated by a secondary
symbiosis between the ants and Pseudonocardia bacteria that colonise crypts on the ant
cuticle (Currie et al., 1999). The single strain of Pseudonocardia is passed between the
colony via vertical transmission from the queen ant to all new worker ants. It produces anti-
fungal agents such as dentigerumycin or nystatin P1 that prevent infection by pathogens
like Escovopsis weberi, a co-evolved fungus with colony-collapsing potential (Barke et al.,
2010; Oh et al., 2009). In association with a single strain of Pseudonocardia, Streptomyces
species are acquired through horizontal transmission from the environment, generating a
multitrophic community to provide more complex antimicrobial protection (Seipke et al.,
2012). In this highly competitive environment, constant development is essential in what

has been described as a “chemical arms race” (Heine et al., 2018).

A protective mutualism may also occur in Tetraponera penzigi plant-ants where antibiotic
producing bacteria are present within the ant’s domatia (specialised hollow nesting
structures in the host plant) and may act to protect their resources(Baker et al., 2017). The
ants colonise a myrmecophyte, Vachellia drepanolobium (commonly known as the Acacia
plant), which they aggressively protect from herbivores through behavioural displays
(Martins, 2010). In return the ants inhabit the domatia which form at the base of the
hollowed-out thorns of swollen Acacia plants and where the ants cultivate their own fungus,
Chaetomium. Within the bacterial community isolated from this environmental niche were
Proteobacteria, Firmicutes and Bacteriodetes. Despite a distinct lack of actinobacteria
within the community, it’s suspected that this relationship mirrors what is seen in Attine
ants, potentially utilising a different class of antibiotic-producing bacteria as their

predominant species (Qin et al., 2017). Actinobacteria were cultured from these domatia,
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including Streptomyces formicae (KY5), which was confirmed as a novel strain through
sequencing of the genome and comparison of key phylogenetic markers (16S RNA, atpD,
rpoB, gyrA, recA and trpB) (Seipke et al., 2013). The 9.6 Mbp chromosome was shown to
have a 71.38% GC content with 8162 protein coding sequences (Holmes et al., 2018).
AntiSMASH analysis alongside manual inspection of the genome identified KY5 as a
‘talented’ stain containing at least 45 BGCs, more than the average 35 for other
Streptomyces species. Bioassays of KY5 revealed it has potent activity against a variety of
pathogens including Bacillus subtilis, Candida albicans, Escherichia coli and MRSA (Fig. 1.10)
(Holmes et al.,, 2018; Qin et al., 2017). There is great potential for novel secondary
metabolites to be produced from the myriad of gene clusters with low sequence identity to
those with known products. Within the genome there are also well-conserved clusters such
as those that produce geosmin, a conserved Streptomyces terpene associated with the
smell of the rain. In addition, there are siderophore and osmolyte BGCs that encode
desferroxamine and ectoine that likely aid with environmental stress response and survival.

III

These “essential” clusters are all encoded towards the middle of the linear genome with the

yet unknown clusters existing towards the chromosomal arms (Table 1.1).

S. formicae vs. MRSA S. formicae vs. B. subtilus

S. formicae vs. E. coli S. formicae vs. C. albicans

Figure 1.10 Bioassays of Streptomyces formicae against pathogens Methicillin-Resistant
Staphylococcus aureus, Bacillus subtilis, Escherichia coli and Candida albicans.
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Table 1.1 AntiSMASH (Version 6.0) analysis of the Streptomyces formicae genome. Where BGCs are
further divided into a/b/c annotations, manual inspection has determined that the predicted gene
clusters are likely to contain two or more BGCs that produce different natural products. It is therefore
predicted that the strain may contain up to 49 BGCs.

BGC Number | Predicted BGC Type BGC Number | Predicted BGC Type
1 RiPP Recognition Element 24 NRPS
Containing
Other 25 Terpene
RiPP (Lanthipeptide) 26 Terpene
NRPS 27 Siderophore
5a RiPP (Lanthipeptide) 28 Butyrolactone
Sb NRPS 29 RiPP
5c T3PKS 30 Hybrid NRPS-T3PKS
NRPS 31 Terpene
T3PKS 32 Linear Azoline-containing
Peptide (LAP)
NRPS 33 T2PKS
9 Terpene 34 Hybrid NRPS-T1PKS
10 Aminoglycoside 35 Redox Cofactor
11 NRPS 36 Terpene
12 NRPS 37a RiPP (Lanthipeptide)
13 Hybrid NRPS-T1PKS 37b T3PKS
14 Hybrid T1PKS-RiPP 37c RiPP (Lassopeptide)
(Lanthipeptide)
15 Terpene 38 T1PKS
16 Ectoine 39a T3PKS
17 Hybrid T1PKS-NRPS-RiPP 39b NRPS
18 RiPP (Lanthipeptide) 40 NRPS
19 Melanin 41 T1PKS
20 Siderophore 42a NRPS
21 RiPP (Thiopeptide) 42b B-Lactam
22 NRPS 42c T1PKS
23 Linear Azoline-containing
Peptide (LAP)

1.7.2 Novel Antibiotics from Streptomyces formicae

Initial investigations into the antimicrobial activity of KY5 used bioassay guided fractionation
to isolate antibacterial and antifungal fractions. The latter proved difficult for structural
elucidation while the former resulted in the purification and structural elucidation of 16
metabolites which were classified into two groups. The first three compounds were named
fasamycins C-E due to their structural similarity to the previously described fasamycins A

and B (Feng et al., 2012). The remaining compounds were named the formicamycins which
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have pentacyclic ring structures and can be halogenated at up to four positions across the
carbon back bone. Further study of the strain went on to identify an additional fasamycin
congener and an entirely different class of secondary metabolites that were named the
formicapyridines (Qin et al., 2017, 2019a). The structures of these compounds (Fig 1.11)
allowed for the hypothesis that the biosynthetic pathway could be only carried out by a
T2PKS with subsequent post-PKS modifications. Only one such T2PKS gene cluster was
identified in the S. formicae genome, BGC 33 that was termed for. Using CRISPR/ Cas9,
deletion of the for BGC attenuated fasamycin and formicamycin biosynthesis, while genetic
complementation using an ePac carrying the entire BGC restored the production of 13 of
the original 16 secondary metabolites to levels seen in the wildtype. Formicamycins K-M
were only produced in the presence of sodium bromide; hence their production was not
relevant in the context of genetic manipulation of the BGC. All 13 of these molecules
exhibited potent activity against several strains on the World Health Organisation’s watch
list including MRSA and VRE (Table 1.2). Potency was shown to increase as the number of
chlorine atoms incorporated into the compound increases and this again increases further
when the chlorine groups are replaced by bromine. In general, the formicamycins were also
shown to be more potent than the fasamycins (Qin et al., 2017). This is potentially due to
their four halogenation positions as opposed to the two that are available in the fasamycins.
Table 1.2 MIC data for a selection of the fasamycins and formicamycins from Streptomyces formicae

against Bacillus subtilis, methicillin-resistant Staphylococcus aureus and vancomycin-resistant
Enterococci. Adapted from data in Qin et al., 2017.
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Compound Minimum Inhibitory Concentration (uM)
B. subtilis MRSA VRE
Fasamycin C <20 40 40
Fasamycin D 10 10 10
Fasamycin E 5 80 80
Formicamycin A 5 >80 >80
Formicamycin B 10 10 10
Formicamycin C 5 1.25 80
Formicamycin D 10 20 10
Formicamycin E 10 20 10
Formicamycin F 5 20 2.5
Formicamycin G 5 Not tested Not tested
Formicamycin H 10 Not tested Not tested
Formicamycin | <2.5 <2.5 1.25
Formicamycin J <20 0.625 1.25
Formicamycin K <2.5 2.5 5
Formicamycin L <2.5 1.25 2.5
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Fasamycin CR; = H,R;=H,R3=H,R;=H, Rs=H, Rg= H, R; = H, Rg = CH3;
Fasamycin DR;=H, R, = H,R;=Cl, Ry = H,Rs = H, Rg= H, R;= H, Rg = CH3
Fasamycin ER; = Cl, R,= H,R3=H, Ry= H,Rs = H, Rg= H, R; = H, Rg = CH3
Fasamycin F R, = H, R, = COOH, R3= H, R;= H, Rs = H, Rg = H, R; = H, Rg = CH3
Fasamycin LR, =Cl,R;=H,R3=Cl, Ry;=H, Rs= Cl, Rg= H, R;= H, Rg = CH3
Fasamycin M R; = Cl, R;= H,R3=Cl, Rg= H, Rs= H, Rg = CH3 R;= Cl, Rg= H
Fasamycin NR; = Cl, R, = H, R3= Cl, Ry = H,Rs= H, Rg= H, R; = H, Rg = CH3
Fasamycin O Ry = Cl, R, = H, R3= Cl, Ry = H, Rg = Cl, Rg = CH3 R; = H, Rg= CH3
Fasamycin P Ry = Cl, R; = H, R3 = Cl, R4 = Cl, Rs = H, Rg = CH3 R; = Cl, Rg= OH
Fasamycin QR = Cl, R;= H, R3=Cl, R;= Cl, Rs = Cl, Rg= H, R; = H, Rg = CH;

O

\CH3

Formicamycin AR; = H,R; =Cl,R3 = H,R; = H,Rs = CH3, Rg = H
FormicamycinBR; =Cl,R; =Cl,R3=H,R;=H,R; =H,Rg=H
Formicamycin CR; = H,R; =Cl,R3 = Cl, R; = H,Rs = CH3, Rg=H
FormicamycinDR; =Cl,R; =Cl,R3=C|, Ry =H,Rs =H, Rg=H
Formicamycin ER; = Cl, R, = Cl,R3 = Cl, R4 = H, Rs = CH3, Rg= H
Formicamycin FR; = Cl,R; = Cl,R3 = H, Ry = Cl, Rs = CH3, Rg = H
Formicamycin GR; = H, R, = Cl, R3 = Cl, Ry = Cl, Rs = CH3, Rg=H
Formicamycin HR; =Cl,R; =H,R3 = Cl,R; = Cl, Rs = CH3, Rg=H
Formicamycin IRy = Cl,R, =Cl,R3=Cl,R;=Cl,Rs = H,Rg=H
Formicamycin J Ry = C|, R, = Cl, R3 = Cl, R4 = Cl, Rs = CH3, Rg= H
Formicamycin KR; = H, R, = Cl, R3 = Br, Ry = Cl, Rs = CH3, Rg=H
Formicamycin LR; = Cl, R, = CI,R3 = Br, Ry = Cl, Rs = CH3, Rg= H
Formicamycin M R; = H, R, =Br,R3 = H, Ry = H,Rs = CH3, Rg=H
Formicamycin RR; = Cl, R, = Cl, R3 = Cl, R4 = Cl, Rs = H, Rg = Cl
Formicamycin SRy = Cl, R, = Cl, R3 = CI, R; = Cl, Rs = CH3 Rg = Cl
Formicamycin TRy = H,R, = Cl, R = H,R; = Cl, Rs = CH3 Rg=H
Formicamycin UR; = Cl,R; =H,R; =C|, Ry =H,Rs = CH3; Rg=H
Formicamycin VR; = Cl,R; = H, Ry = Cl, Ry = H, Rg = CH3,Rg= H
Formicamycin WR; = H,R; = Cl,R3 = Cl, R4 = Cl, Ry = CH3, Rg=H
Formicamycin XR; =H,R; =Cl,R3 = Cl,R; = Cl, Rs = OH, Rg= H
Formicamycin YR; =H,R; =H,R3 =Cl, Ry = Cl,Rs = OH,Rg=H

Formicapyridine AR;=H,R;=H,R3=H
Formicapyridine BR; = CH;3,R, =H,R3 = H
Formicapyridine CR; = CH;, R, = CH3, R3 = H
Formicapyridine DR; =H,R; =H,R; = Cl
Formicapyridine E Ry = CH3, R, = H,R3 = Cl
Formicapyridine F Ry = CH3, R, = CH3, Ry = Cl
Formicapyridine GR; = H,R, = H,R3 = Br

Formicapyridine H Ry = CH3, R, = H, R3 = Br
Formicapyridine | R; = CH3, R, = CH3, Ry = Br

Figure 1.11 Chemical structures of metabolites isolated from Streptomyces formicae and produced by the for biosynthetic gene cluster. Adapted from Qin et al., 2019
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MRSA was maintained for 20 generations in subinhibitory concentrations of fasamycin or
formicamycin without any observed resistance, showing significant potential for use of the
compounds in a clinical setting, but this poses a challenge in identification of their
mechanism of action (Qin et al., 2017). Fasamycins A and B (previously identified congeners
in soil-derived DNA samples) have been shown to inhibit FabF in type Il fatty acid
biosynthesis (FASII), providing a potential line of investigation into their mechanism of

action (Feng et al., 2012).

1.7.3 Biosynthesis and Regulation of Formicamycin

Based on a previously proposed biosynthetic pathway for the fasamycins, congeners
identified from S. formicae were predicted to be precursors to the entirely new family of
antibiotics called formicamycins. Of the 43 genes within the original ePAC clone of the for
BGC, 24 genes expressed across nine transcripts were established to be part of this pathway
through sequential deletion of genes from the edge of the cluster and determining the
effect on formicamycin levels. Promoters were identified using cappable-RNA sequencing
and showed 10 transcription start sites (Fig. 1.12) (Devine et al., 2021; Qin et al., 2017).
Three regulatory elements were also identified within this core region of the cluster
including two MarR family regulators (For) and ForZ), and the TCS (ForGF). Again, using
CRISPR/Cas9, each of these regulatory elements was deleted to establish their roles. As
previously described, deletion of the entire for cluster resulted in a total loss of
formicamycin production, and interestingly deletion of the forGF TCS had the same effect,
deeming it the main activator of the pathway. This TCS is comprised of a signal transducing
HK (ForG) and a DNA-binding LuxR family RR (ForF). Basic modelling does not predict any
transmembrane domains in ForG suggesting it may be cytosolic and its activating signal
remains unknown. This TCS is the predominant focus of this thesis and will be discussed in
significantly more detail throughout. Deleting the forZ gene reduced formicamycin
production to around 65% of wildtype levels, with fasamycin precursors doubling.
Meanwhile when the forJ gene was deleted, production of formicamycin increased 5-fold,
meaning ForJ is a repressor of the pathway. While both ForJ) and ForZ are MarR-regulators,
they have relatively low sequence identity to one another suggesting they serve different

functions or mechanisms in their regulatory action (Devine et al., 2021).
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-35 -58 -229 -41 -49

— —
ForNp ForHp ForTp ForZp
-184 -43 -53 +1
. Biosynthesis . E;Z?:&?]rcté . Regulation
Gene and | Amino Gene and | Amino

Putative Function Putative Function
Number | Acids Number Acids
1. orf4 306 NAD-dependant epimerase/ dehydratase 23. forS 106 Monooxygenase/ cyclase
2. orf3 336 MarR family transcriptional regulator 24, forT 342 O-methyltransferase
3.orf2 199 Hypothetical protein 25. forU 119 Monooxygenase/ cyclase
4. orfl 170 Transposase 26. forV 430 Halogenase
5. forQ 422 Decarboxylase 27. forW 341 O-methyltransferase
6. forP 217 B-Lactamase (metallohydrolase) 28. forX 571 Monooxygenase
7. forO 259 Exodeoxyribonuclease IlI 29. forY 315 Oxidoreductase
8. forN 590 Acyl hydrolase 30. forZ 172 MarR family transcriptional regulator
9. forM 261 Methyltransferase 31. forAA 523 MFS family transporter
10. forL 113 PKS cyclase 32. forBB 220 LuxR family response regulator
11. forK 478 Na*/ H* exchanger 33. forCC 417 Sensor histidine kinase
12. forJ 149 MarR family transcriptional regulator 34. orf6 321 ABC transporter
13. forl 455 ACC biotin carboxylase 35. orf7 284 ABC transporter permease
14, forH 607 ACC carboxyl transferase 36. orf8 529 Glutamate synthase
15. forG 363 Sensor histidine kinase 37. orf9 166 Hypothetical protein
16. forF 219 LuxR family response regulator 38. orf10 203 Hypothetical protein
17. forkE 171 ACC biotin carboxy carrier protein 39. orfll 164 Hypothetical protein
18. forD 153 PKS cyclase/ dehydratase 40. orf12 247 Glutamate ABC transporter
19. forC 96 PKS ACP 41. orfl13 310 ABC transporter substrate binding protein
20. forB 415 KSg 42. orfl4 214 ABC transporter permease
21. forA 420 KSq 43. orfl5 289 ABC transporter permease
22. forR 131 Cupin (cyclase/ monooxygenase)

Figure 1.12 The genes within biosynthetic gene cluster 33 of Streptomyces formicae including the gene number, name, amino acid count and putative products.
Included is as schematic of the genes responsible for formicamycin production, including annotations of their function and confirmed promoter sites. Adapted
from Qinetal., 2017



Chromatin immunoprecipitation and sequencing data (ChlP-Seq) have provided greater
insight into how these CSRs carry out their regulatory roles. ForF has been shown to bind
between the divergent promoters for the forGF and forHI operons to potentially
autoregulate its own expression and that or forHI. For) binds to multiple sites both within
the for BGC and throughout the genome. Within the cluster these include the intergenic
regions between divergent promoters controlling transcription of forN, forMLK, forHI,
forGF, forTRSABCDE and forUVWXY, within the coding region of forE and its own promoter
region pFor) (Fig. 1.13). This provides a potential mechanism for simply repressing
transcription of all necessary machinery at these divergent promoter regions, a roadblock
mechanism at forE extending to forGF and a similar mechanism for autoregulation at its
own promoter (Devine et al., 2021; Qin et al., 2017). The ways in which these regulators
bind and control gene expression to alter formicamycin biosynthesis is discussed in more

detail throughout this thesis.

1 2 3 4 5 6 7
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Figure 1.13 Cluster situated binding sites of the three formicamycin regulators. ForGF (green) binds
the intergenic region between the divergent promoters ForGp / ForHp. For) (red) binds the
intergenic regions between ForNp / ForMp, ForHp / ForGp and ForTp / ForUp as well as in the coding
regions for ForJ and ForE. For Z (blue) binds the intergenic region between the divergent promoters
for ForZp / ForAAp. Adapted from Devine et al., 2019

Isotope feeding experiments were used alongside genetic manipulation and analysis of the
for BGC and comparative bioinformatics to establish a formicamycins biosynthetic pathway
for the production of the formicamycins (Fig 1.14). ForABC act in unison to create the
minimal polyketide synthase that is comprised of the two ketosynthase subunits KSo. and
KSB (ForA and ForB, respectively) alongside the acyl carrier protein (ForC). These three
enzymes act upon the poly-p-keto intermediate until the tridecaketide intermediate 1 is
formed. A set of putative tailoring enzymes including dehydratases and cyclases (ForD, ForL
and ForR) generate the next intermediate 2 before a hydrolase (ForN) and decarboxylase
(ForQ) further convert this to the putative intermediate 3. The first post-PKS modification is

proposed to be a gem-demethylation at C18 as every formicamycin and fasamycin congener
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contains two methyl groups at this position. The methyltransferase responsible for this
addition is proposed to be ForT as it has the highest sequence identify with BenF, a SAM-
dependent methyltransferase that carries out a similar reaction in the biosynthesis of
benastatin. Alongside this, another methyltransferase (ForM or ForW) is proposed to carry
out O-methylation at C3 to generate the non-halogenated Fasamycin C. This exact
mechanism remains putative as it was not possible to isolate the putative intermediate 3 or
any enzyme-free intermediates or congeners lacking the gem-dimethyl moiety so it may be
that these methyltransferases instead act upon the ACP-bound poly-B-keto intermediate.
Chlorination (ForV) of fasamycin C is the next suggested step as deletion of this gene results
in accumulation of the previous intermediate and a complete lack of any other congeners.
The ability to catalyse the addition of one or more chlorine molecules allows the
biosynthetic pathway to progress and produce more congeners. In the example here, the
mono-chlorinated Fasamycin D is used to demonstrate this. A C-ring modification is carried
out by a Bayer-Villager monooxygenase (ForX) to generate the lactone intermediate 4
before a tertiary hydroxyl group is introduced at C10 via a flavin-dependent reductase
(ForY), producing intermediate 5. A second O-methylation takes places at C23 via either of
the previously mentioned methyltransferases (ForM or ForW) to create intermediate 6. The
final step is proposed to take place through the combined action of the methyltransferases
(ForM and ForW) and a promiscuous halogenase (ForV) to decorate the formicamycin
structures with chlorine atoms, producing the different congeners as previously shown

(Devine et al., 2021; Qin et al., 2017, 2019a).
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Figure 1.14 Proposed biosynthetic pathway of the formicamycins. Adapted from Qin et al., 2019
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1.8 Aims of this Project

The aim of this thesis was to investigate the role of cluster-situated two-component systems
in their control of antibiotic production in Streptomyces formicae. This was predominantly
focussed on the TCS known to be involved in the regulation of formicamycin biosynthesis,
ForGF, and built on previous work which fully characterised the biosynthetic pathway of
formicamycin. A range of microbiological, biochemical and biophysical techniques were
employed to elucidate the role of the TCS in the regulatory aspect this process. As part of
this, a number of strains of S. formicae have been engineered to eradicate, overproduce or
alter the biosynthesis of the formicamycins. The target DNA sequence of the response
regulator was identified to provide insight into the mechanism of regulation and identify
other targets outside of the BGC. Additionally, purification of these proteins in an attempt
to solve their structure has revealed more information about their solubility and provided

insight into the activating signal of the histidine kinase.

The generation of a small library of strains that overexpress the cluster-situated two
component systems in S. formicae has resulted in further confirmation of the huge potential
of natural products encoded within this strain. The changes in bioactivity and initial analyses
of compounds will allow for further work to be conducted on this Streptomyces strain in the

future to continue to unlock previously cryptic BGCs and the products they encode.
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2. Materials and Methods

2.1 Chemicals and Reagents

Unless otherwise stated, the chemicals and reagents used were of laboratory grade or
above and purchased from Sigma Aldrich (UK), Thermo Fisher Scientific (UK) or Merck (UK).

All media and solutions were made using deionised water (dH,0) unless otherwise stated.

2.2 Bacterial Strains and Growth Conditions

The bacterial strains used or generated in this study are listed in the appendix of this thesis
(Table 7.1). Bacterial cultures were routinely grown in media prepared with analytical grade
water (Table 2.1) and sterilised at 121 °C for 15 minutes. Any media additions (Table 2.2)
were filter sterilised using 0.1 uM syringe filters. Escherichia coli strains were grown at
37 °C, statically when on agar plates and shaking at 220 rpm when in liquid media.
Streptomyces spp. were grown at 30 °C, statically when on agar plates and shaking at 220
rpm when in liquid media. Any exceptions will be made clear as necessary. Growth of any
culture was measured spectrophotometrically by recording optical density at 600 nmina 1l

cm cuvette.

Table 2.1 Composition of growth media used in this work

Media Composition of 1L Water pH

LB 10 g tryptone Deionised N/A
5 g yeast extract

10 g NaCl (omitted for selection with
hygromycin)

+/- 20 g agar

SFM 20 g soy flour Tap N/A
20 g mannitol

20 g agar

4 g maltose 50:50 tap: deionised | 7.3
MYM 4 g yeast extract
10 g malt extract

20 g agar
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SNA

4 g Difco Nutrient Broth Powder

5 gagar

Deionised

N/A

TSB

17 g tryptone

3 g soya peptone

5 g NaCl

2.5 g dipotassium phosphate

2.5 g glucose

Deionised

7.3

2xYT

16 g tryptone
10 g yeast extract

5 g NaCl

Deionised

7.0

Table 2.2 Antibiotics used in this work and their final selective concentration

Media Addition

Selective Concentration (ug/mL)

Apramycin 50
Chloramphenicol 25
Hygromycin 50
Kanamycin 50
Nalidixic Acid 25

2.2.1 Preparation of Streptomyces Spore Stocks

A single Streptomyces colony was streaked onto SFM to give a confluent lawn and grown

for 7-10 days or until spores were visible. To harvest the spores, 2 mL 40% glycerol was used

alongside a single sterile cotton bud to lift spores from the plate. Harvested spore stocks

were then stored at -80 °C.

2.2.2 Preparation of Glycerol Stocks

Stocks of E. coli, B. subtilis, S. aureus and C. albicans were produced by resuspending 1.5 mL

of an overnight culture in a stocking media (LB-Miller, 20% glycerol). The harvested stocks

were then stored at -80 °C.
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2.3 General Microbiology

2.3.1 DNA Extraction

Genomic DNA was extracted from Streptomyces by centrifuging 1 mL overnight culture at
13,000 rpm, for 5 minutes and resuspending in 100 uL Solution | (50 mM Tris/ HCI pH 8.0,
10 mM EDTA). The sample was lysed by adding 200 uL Solution 11 (200 mM NaOH, 1% SDS)
and inverting 10 times before adding 150 pL Solution 11l (3M potassium acetate pH 5.5) and
inverting a further 5 times. Samples were centrifuged at 13,000 rpm for 5 minutes and the
supernatant was extracted in 400 plL phenol:cholorform:isoamyl by vortexing for 2 minutes
and centrifuging at 13,000 rpm for 5 minutes. The upper phase was transferred to a new
tube before 600 pL isopropanol was added, and the samples incubated on ice for 10 minutes
to precipitate. Samples were once again centrifuged at 13,000 rpm for 5 minutes before the
DNA pellet was washed in 70% ethanol. The pellet was then air dried for 5 minutes before

being resuspended in 30 pL dH,0.

2.3.2 RNA Extraction

For all RNA work equipment such as microcentrifuge tubes and pipette tips were double
autoclaved before use. RNase-free water was prepared by treating with diethyl

pyrocarbonate (DEPC) (1% v/v) at 37°C overnight and autoclaving twice.

Samples were grown on top of cellophane discs on plates and harvested using a sterile
spatula to transfer the biomass into a separate tube. This was then flash frozen in liquid
nitrogen and stored at -80°C until extraction. Pellets were resuspended in 1 mL RLT Buffer
(QIAGEN) which was supplnemented with -mercaptoethanol (1% v/v). Samples were
vortexed for 1 minute and the applied to a QIA-Shredder column (QIAGEN) and centrifuged
for 2 minutes. Flow through was collected and mixed with 700 pL acidified phenol-
chloroform for 1 minute. Samples were then incubated at room temperature for 3 minutes
before centrifuging at 13,000 rpm for 20 minutes. The upper phase was collected and mixed
with 0.5 volumes of 96% ethanol (made with DEPC treated water). Samples were then
applied to a RNeasy Mini spin column (QIAGEN) and purified following manufacturer’s

instructions.
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2.3.3 DNA and RNA Quantification

Extracted DNA or RNA was analysed using a Nanodrop 2000 UV-Vis Spectrophotometer.
Depending on the concentration of the sample, further quantification was carried out using
a Qubit Fluorimeter 2.0 using either the high-sensitivity or the broad-range kit as

appropriate.

2.3.4 Primers

All primers were designed manually in A Plasmid Editor (ApE) and ordered from Integrated
DNA Technologies (IDT) at 25 nmole with standard desalting and resuspended in dH,0 to a
final concentration of 10 uM unless otherwise stated. A table of all primers used are listed

in the appendix of this thesis (Table 7.2).

2.3.5 Polymerase Chain Reaction (PCR)

Depending on downstream application, two different DNA polymerases were used in this
work. PCRBIO Taq DNA Polymerase (PCR Biosystems) was used for diagnostic and colony
PCR and used single colonies as template DNA. For E. coli samples, colonies were picked and
added directly into PCR mix (Table 2.3) whereas for Streptomyces spp. samples, colonies
were first resuspended in 50% DMSO and incubated at 55°C with shaking at 180 rpm before
3 pL of this sample was added to the PCR mix (Table 2.4). Q5 High Fidelity Polymerase (NEB)
was used for DNA fragment amplification for use in cloning and used either plasmid or
genomic DNA as the template. PCRs were conducted using a C1000 Touch Thermal Cycler
(BIORAD) with conditions (Table 2.5) being calculated based on the size of the target
fragment and annealing temperature of primer pairs (NEB online Calculator) and

polymerase manufacturer’s instructions.
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Table 2.3 Composition of individual PCR Mix used for PCRBIO Taq reactions

Reagent Volume Final Concentration
2xPCRBIO Taq 10 pL 1x

DMSO 1L 5%
Forward primer 0.5 uL 125 nM
Reverse primer 0.5puL 125 nM
Template DNA 0.5 uL variable
dH,0 7.5puL

Table 2.4 Composition of individual PCR Mix used for Q5 Polymerase reactions

Reagent Volume Final Concentration
Q5 high fidelity polymerase 0.1puL

5x Q5 reaction buffer 2uL 1x

5x Q5 high GC enhancer 2uL 0.5x

dNTPs 0.25 L 200 uM
Forward primer 0.5 uL 100 uM
Reverse primer 0.5uL 100 uM
Template DNA 0.1puL variable
dH,0 5.5puL

Table 2.5 Conditions of PCRs conducted during this work

Process Temperature Time Number of Cycles
Initial denaturation 95 °C 2 min 1
Denaturation 95°C 30 seconds

Annealing Variable 30 seconds 30-40
Extension 72°C 30 seconds/ kb

Final extension 72 °C 10 minutes 1

Hold 4°C Final hold 1
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