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Abstract

One of the biggest ongoing challenges facing society and healthcare in the present is the
prevalence of antimicrobial resistance. Novel sources of antibiotics are needed desperately to
combat this crisis. A potential supply for this could spring from the MmyB-like transcriptional

family, of which the methylenomycin cluster activator is a member of.

Three members of this group of activators were deregulated in Streptomcyes coelicolor M145
to investigate their prospective role in secondary metabolism that has been suggested through
genome mining. These bacteria were RNA sequenced to study any effects on transcription and
coupled with metabolic profile comparisons, which identified novel metabolites not seen
before, alluding to some involvement of these genes in the secondary metabolism of S.

coelicolor.

Bioinformatic analysis of the Streptomyces coelicolor MmyB-like activators was performed with
support from the RNA sequencing to identify a potential conserved sequence within the

promoters of this transcriptional family that may be the target of autoregulation.

Further members of this transcriptional family were identified in Rhodococcus species, a
criminally understudied genus, with a high potential for secondary metabolism. Two of the
newly discovered MmyB-like activators were overexpressed in R. jostii RHA1 and R. erythropolis
PR4 and underwent metabolic comparison to look for secondary metabolites, although none

were found.
This family of transcriptional activators needs to be studied further as the widespread presence

of these genes across actinomycetes could be a catalyst for natural product discovery and the

beginning of the fight back against antimicrobial resistance.
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1. Introduction



1.1 Antimicrobials

The advent of modern day antimicrobial agents is arguably the greatest discovery in medicine
and revolutionised the field. However, despite the successes these drugs have had, they have
now developed into one of the biggest continuing challenges that healthcare faces?.

The increasing prevalence of antimicrobial resistance (AMR) in bacteria, coupled with the
dwindling discovery rate of new compounds since the ‘golden age’ means that untreatable
infections are becoming much more widespread. An estimated 1.2 million people died in 2019
due to the direct result of AMR, almost as many fatalities attributed to HIV/AIDS and malaria
combined?. The cost of the rise in AMR is not only taken against people’s health but is predicted

to soon cost the world economy billions of dollars a year’.

Although the overuse and mishandling of antimicrobials is mainly responsible for the rise of
AMR?, there is no easy fix in sight. The over prescription of antibiotics to treat illness that does
not warrant it and then the subsequent misuse by patients not fully completing their treatment
has resulted in bacteria being exposed to low enough levels of the antibiotics to allow
development of resistance mechanisms’®. The classical treatments that were developed
decades ago from natural sources are no longer as effective and although combinatorial
treatment has helped, greater numbers of bacteria are acquiring resistance to multiple
antibiotics?. This ease for bacteria to develop resistance due to being able evolve much quicker
and some species being able to crosstalk with other bacteria to incorporate advantageous
genetic material that contains resistance, means that current treatments are becoming

obsolete’®.

The most common avenue at the moment by large pharmaceutical companies looking to
develop new antibiotics is through small molecule synthetic chemical libraries being screened
for activity against pathogens and promising leads being developed’®. This approach while
successful in improving current antibiotics, is predicated on the knowledge from those current

drugs so a brand new antibiotic compound class that contains a unique backbone or



mechanism of action is unlikely’®. Many of the libraries used are a result of chemical
modification to existing natural product scaffolds, which while improving the efficacy, it still has

the inherent same mode of action as the original natural product?°.

Along with better application of existing drugs and education as to their use, new classes of
antimicrobials will be vital in the combatting the crisis being posed by multi-drug resistance

micro-organisms. The big question is where will these will come from.

1.2 Natural Products

Natural products are compounds that are naturally found from environmental sources such as
plants or microorganisms themselves. Natural products have always been a major source of
antimicrobial drugs with many of those commercially available originating as natural products.
The most famous example of this is the first modern antibiotic, penicillin, discovered by
Alexander Fleming3. In the last couple of decades the emphasis on natural product programmes
in pharmaceutical companies has slowly dwindled due to high cost and the uncertainty of
investment returns and has largely taken a back seat to synthetic chemical libraries and high
throughput screening due to their speed and relative success rate in producing drug leads®.
However, natural compounds can be incredibly complex molecules due to millions of years of
evolution which are difficult to access through synthetic chemistry. This complexity is the
reason why natural products have never been fully discarded as novel antimicrobials and

continue to be investigated®®.

1.2.1 Traditional Natural Product Discovery

Traditional bioactivity and culture based approaches in natural product discovery unfortunately
have a high likelihood of discovering the precursors of many already developed antibiotics as
well as previously encountered antibiotics®. Many of the ‘golden age’ antibiotics found used the

technique of stressing the bacteria, by limiting different nutrients, in order to force the



production of antimicrobials that may be present in the genome. Once bioactivity was
observed, any metabolites responsible for the activity would be isolated and identified. This is
guite a time intensive method linked to the difficulties in creating the correct conditions for the

bacteria to produce any antimicrobials®?.

There is also always the potential of redundant discovery. Many antimicrobials are found in
multiple bacterial species across the environmental spectrum as the metabolites are successful
and get passed throughout the spectrum of microorganisms. This is one of the reasons many
companies gravitated towards synthetic libraries and combinatorial synthesis®’®7°. However, in
the last couple of decades methodologies and tools have been developed along with the
increased power of next-generation sequencing that has meant interest in natural products has
been reignited with particular focus on the genome mining approach of natural product

discovery®?.

1.2.2 Genome Mining Discovery

It has been known for many years that in prokaryotes, genes that are involved in the same
metabolic process are closely grouped together’. These are known as biosynthetic gene clusters
(BGCs). Many of the natural products shown to have antimicrobial properties are encoded in
BGCs that contain all the genes necessary for the production of the molecule including; the
regulatory proteins, the machinery that builds the active molecule, the resistance mechanism
to protect the bacteria and the export system8®. These BGCs can be put into different
classifications mainly depending on the end product, the synthesis pipeline or the molecule’s
function®’. The main two classes of BGCs that are of interest are the non-ribosomal peptide
synthetases (NRPS) and the polyketide synthases (PKS). This is due to the historical evidence
that many of the broadest range antibiotics that have been developed, originated from one of
these two classes®. There are other classes of BGCs that are known to produce bioactive
compounds such as ribosomally synthesised and post translationally modified peptides (RiPP),

bacteriocins, lanthipeptides, siderophores and terpenoids. The wonderful thing about BGCs is



that the distinguishing characteristics of each class is conserved very strongly throughout the
natural world allowing the advances in computing and sequencing to predict BGCs in genomes

in a process known as genome mining®8.

Genome mining is one of the main bases for the renewed scientific interest in natural products
towards combatting the antimicrobial resistance crisis®*. The conserved domains present in the
different class of BGCs has allowed the development of computer algorithms that have the
ability to predict likely BGCs with their boundaries as well as their homology to known BGCs in
brand new genomes that haven’t been investigated!® 8, This prevents unnecessary time
wasting on bacteria that may not contain any novel compounds along with the painstaking step

by step experiments previously required to determine the length of the BGC®.

This new genetic approach to natural product detection not only works for new bacterial
genomes but ensures the full exploitation of previously thought exhausted sources®. The
traditional culturing method didn’t have the ability to cause bacteria to produce their full range
of secondary metabolites. These cryptic BGCs weren’t being expressed for many reasons,
usually that particular conditions weren’t being met to switch on their production. Genome

mining is able to identify these previously inaccessible clusters for investigation®’.

Cryptic BGCs are potentially a good source of novel antibiotics. The difficulty in activating the
cluster in a laboratory setting, hopefully would mean that it isn’t prevalent in the environment,
meaning resistance to the compound is unlikely. There is the potential as well that the core
structure of the molecule is a completely new class of natural product antibiotic which hasn’t
happened since daptomycin in 1987, However they are cryptic BGCs for a reason. Most often
these clusters are tightly regulated at the DNA level with the traditional culturing methods
being ineffective. Therefore to activate these sorts of clusters other methods are required, such
as genome editing and heterologous expression which can be done in concert with one

another.



Heterologous expression of cryptic BGCs has been used to discover the product of clusters
previously. This approach is very popular in natural product experiments. This is because the
heterologous hosts are usually much better understood and have been developed to focus on
the metabolite production in greater amounts2. Problems can arise such as ligand based
transcription factors being unable to function due to the ligand missing in the heterologous
host. These can be mitigated by using a heterologous host that is found in the same genus as
the original bacteria reducing the likelihood of such issues. Many bacteria are genetically

intractable as well which necessitates the use of a heterologous host.

However, awakening cryptic BGCs can be done through genome editing, which when applicable
can avoid some of the problems of heterologous expression. There are two main approaches in
genome based activation of cryptic BGCs (Figure 1.1). Both of these approaches centre around
the genes responsible for the control of the cluster’s expression'2. The first is to either delete or
inactivate the gene(s) responsible for the repression of the cluster. With this action absent, the
gene that activates expression will be free to begin transcription of the cluster machinery. The
second approach is slightly simpler and is over expressing the activator gene. These can be
achieved by either promoter replacement or by introducing an extra copy of the gene that is
constitutively expressed. This overcomes the repressor gene(s) and activates the cluster. The
advances in next generation sequencing and development of tools such as CRISPR has made

these genome editing approaches easier than ever4,
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Figure 1.1: Methods of genome editing to cause expression of cryptic biosynthetic gene clusters.
The repressor (blue) prevents expression of the cluster (red) or activator (yellow). By inactivating
the repressor by deletion or mutation the cluster is free to be expressed. Over expressing the
activator with a constitutive promoter overpowers the repression allowing expression of the
cluster.




1.2.3 Omics use in Natural Product Discovery

The ability for genome mining to be a successful method for natural product discovery is due to
the technology advances in different -omics techniques that allow for in depth detection of the
changes that are a result of the genome editing. The use of transcriptomics and metabolomics

allow for greater understanding of how these BGCs are working.

Transcriptomics is the study of the transcriptome or the sum of all the RNA. It is a great tool for
investigations into the regulation of DNA and how changes introduced by researchers are
altering the transcription of different genes. This can be used to identify which genes are being
regulated by specific DNA regulators through genome editing (Figure 1.1). Transcriptomics is
one of the recent beneficiaries to the better sequencing technologies available and has become
a much more prevalent tool in recent years. In the context of natural product discovery, it is
very powerful in identifying how regulation of BGCs can be influenced by specific genes®.
Predictions by genome mining can expect genes to be transcriptional activators or repressors
and gene editing experiments can confirm this but transcriptomics can identify which genes
these regulators are targeting and allow much more nuanced control of BGC expression®°.
There are limitations to transcriptomics. The process from transcription to translation is
extremely complex and not all mRNA is translated to the protein level. Its therefore not a fully
indicative view of the outcome as the change in transcription may not result in a BGC producing
the compound it encodes for. Therefore, transcriptomics has to be used in concert with other

techniques such as metabolomics when used for natural product discovery.

Metabolomics is the study of the metabolome, the entirety of all the small molecule
metabolites (<1.5kDa) which have been formed through cellular processes. It is one of the main
tools used to identify natural products throughout history®. The use of liquid chromatography-
mass spectrometry is an easy way to detect alterations in the metabolome and determine if

gene editing experiments have had an influence on the secondary metabolism of the cell. The



increased use of metabolomics has led to the creation of platforms that make it easier than
ever to identify new natural products’®>74. Metabolomics does have weaknesses however.
While it is a great tool to detect natural products, it does not give particularly in depth
understanding of how this compound was produced and ended up secreted from the cell. It is a

lot easier to build up from the bottom up than from the top down.

A combination of transcriptomics and metabolomics is a great way to cover the weaknesses of
both sets of techniques when used for natural product discovery®l. The metabolomics indicates
if the end goal of detecting a novel natural product has been reached whereas the
transcriptomics can provide insight into how the mechanism as to how the novel natural
product was created and inform further experimentation. Altogether transcriptomics and

metabolomics are a very complementary set of tools for natural product discovery.

1.3 Actinomycetes

Actinomycetes are a group of filamentous, Gram positive bacteria that grow as mycelium,
primarily found in soil although have been discovered across all types of environments®2. Many
of the species are similar to fungi, in that their life cycle involves not only hyphae growth but
also sporulation under extreme conditions!®. They are one of the most well studied and well
known group of bacteria due to their history in being such a strong source of antimicrobials®..
The majority of current commercial drugs were first discovered from an actinomycete and even

in the modern day new antibiotic leads are still being found from this group of bacteria®'.

1.3.1 Streptomyces

The main source of natural products that have been viable for drug development has been the
actinomycete genus Streptomyces’®. Streptomyces bacteria are well known for the high GC
content in their genome. They can be found in many environments, although most have been

discovered in soil and have quite a complex life cycle compared to many bacteria. They



germinate from a single spore which allow them to withstand many hostile growth conditions
and grow out as a base mycelium and aerial hyphae structure'®. The genus has been discovered
to produce a glut of specialised metabolites with a range of biological activities. A large number
of these molecules have been antimicrobials that have been developed for clinical use such as

streptomycin, tetracycline and chloramphenicol®’.

Due to the variety and number of different antimicrobials that have been found residing in
different Streptomyces species, the genus is studied extensively with a lot of research focused
on a model species, Streptomyces coelicolor A3(2) and the different engineered strains that
have branched off from it. S. coelicolor was chosen due to its high genetic tractability compared
to other Streptomyces and was one of the first genomes to be fully sequenced?®. This
sequencing showed a chromosomal genome of almost 8.7 Mb and two plasmids; SCP1 a linear
plasmid about 365000 base pairs and SCP2 a circular plasmid roughly 31000 base pairs. Now
before being sequenced, S. coelicolor was thought to close to exhausted as a source of novel
compounds.. However initial analysis of the sequence revealed 18 new BGCs, some of which
have been since identified. Current prediction software (Figure 1.2), now projects 27 total BGCs
in the chromosomal genome with 6 of these showing similarity under 10% to known BGCs'°,
This just goes to show that natural product discovery still has vast untapped potential in
extensively studied bacteria, let alone the many genera that have been ignored so far in this

area of study.
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Figure 1.2: The output of the Streptomyces coelicolor A3(2) chromosomal genome after
processing by antiSMASH. The software predicts 27 biosynthetic gene clusters along with the
cluster type and similarity to known clusters. Image created using reference 19.

1.3.1.1 Methylenomycin

One of the gene clusters in S. coelicolor A3(2) discovered before the genome was fully

sequenced was the methylenomycin cluster?™. This is found on the linear plasmid SCP1 and is

responsible for the production of methylenomycin. Methylenomycin is both a Gram positive

and negative antibiotic used by S. coelicolor and production can be triggered when undergoing

acidic shock or limiting alanine conditions?°.

After the full genome sequence of was released this BGC was investigated using a genetic
approach which discovered the regulation of this gene cluster is quite interesting. The cluster

has autoregulatory molecules encoded within itself and the methylenomycin biosynthetic

genes are under the control of a single transcriptional activator, MmyB?%.
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Figure 1.3: The gene cluster responsible for the production of methylenomycin in
Streptomyces coelicolor A3(2)

The cluster itself, seen in Figure 1.3, is made up of 21 genes with 5 main functions. Three of the
genes, mmfL, mmfH and mmfP, are involved in the production of the methylenomycin furan
molecules, labelled as signalling molecule genes, that are involved in the regulation of the
cluster. These furan molecules interact with the transcriptional repressors, mmyR and mmfR,
that prevent the production of the cluster transcriptional activator, mmyB, releasing the
promoter site to allow mmyB transcription. Two of the other genes, mmyJ and mmr, are
responsible for the bacteria’s resistance to the end product methylenomycin, while the rest of

the genes encode the machinery that builds the methylenomycin molecule??.

It is believed that mmyB has a positive feedback loop of expression, being able to activate its
own transcription, seen in Figure 1.4. Therefore, the repression of the cluster is much easier to
overcome. Previous work in the group has shown the repression can be disabled by introducing

an extra copy of mmyB under a constitutive promoter into the bacteria??.

Figure 1.4: Proposed regulation of the mmyB gene. The mmyB (yellow) gene is repressed by
the mmyR/mmfR dimer (blue). The methylenomycin furans (grey) bind to the dimer when
expressed releasing the mmyB promoter. This can then be expressed and switch on the
cluster as well as its own expression

12



1.3.1.2 MmyB

The MmyB protein that is responsible for the regulation of the methylenomycin BGCis a
promising target for natural product discovery. It has been discovered to have numerous
homologs that are found predominantly in actinomycetes, the source of many antimicrobials.
The crystal structure of MmyB has never been elucidated but predictive models have been used
to identify that the transcription factor has two domains. One that is responsible for binding to
the DNA while the other has a ligand recognition site that, making the transcription factor
ligand dependent. A MmyB homolog, MItR found in Chloroflexus aurantiacus has been
crystallised and its structure was able to confirm the prediction for MmyB with it having a Xre-

type DNA binding N terminal and a ligand binding PAS-like C terminal domain?3(Figure 1.5).

4 92 ’ 7]
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N

Figure 1.5: Crystal structure of the MmyB-like gene MItR, elucidated in Chloroflexus
aurantiacus. The protein contains two domains, a DNA binding domain (red) and a ligand
binding module (blue) joined by a linker sequences (green). Ball and stick representation of
co-crystallised myristic acid within ligand binding module. Adapted from reference 23. 13




This proposed crystal structure was used to identify sixteen MmyB homologs in the S. coelicolor

A3(2) genome (Table 1.1) that could be involved in fatty acid or antimicrobial BGC regulation.

Distance to nearest cluster
MmyB homolog Nearest cluster prediction
prediction (kb)
sco0110 Within prediction Region 1
sco0233 24.3 Region 3
sco0236 21.6 Region 3
sco0307 32.7 Region 3
sco0891 136.5 Region 5
sco2501 239.7 Region 8
sco2537 203.1 Region 8
5c04680 385.7 Region 11
sco04944 117.7 Region 11
5c06539 90.3 Region 20
5c06676 Within prediction Region 21
5€06926 Within prediction Region 23
sco7140 38.1 Region 25
sco7706 Within prediction Region 27
sco7767 48.2 Region 27
sco7817 88.0 Region 27

Table 1.1: MmyB homologs discovered within Streptomyces coelicolor A3(2) chromosomal
genome alongside their proximity to antiSMASH predicted biosynthetic gene clusters.

The regulatory system of methylenomycin has been exploited previously to discover novel
natural products. Homologs of the repressor and furan gene cassette (mmfR-mmfLHP-mmyR)
were found in Streptomyces venezuelae ATCC10712, with the deletion of the mmyR homolog
leading to the discovery of gaburedins?*. The success of this exploitation of homologs to

methylenomycin regulation and the proximity of some MmyB homologs in S. coelicolor (Table

14



1.1) to biosynthetic genes gives the hope that one or more of these could be involved in the

regulation of a cryptic gene cluster yet to be characterised.

There are three MmyB homologs of specific interest. The sco0236 and sco6926 genes are in
such close proximity to the two uncharacterised lanthipeptide clusters, in the case of sc06926
actually within the cluster prediction, it is reasonable to assume they may be involved in some
way with these clusters. Previous experiments have shown that over expression of sco69626 is
able to cause some bioactivity against Bacillus subtilis??. An interesting property that both
5c00236 and sco7140 have is that when overexpressed, the extract has shown increased
autophagosome accumulation in Drosphila flies. This could indicate the triggering of autophagy

(cell death) in the flies by these extracts (I. Nezis March 2019 Personal Communication).

1.3.2 Rhodococcus

Although the Streptomyces genus has been a favourite of the scientific community for
bioactivity, closely related genera that potentially could have significant secondary metabolism
capabilities have generally fallen by the wayside. One such genus is the Rhodococcus bacteria.
These are aerobic Gram positive bacteria with mycolic acids in their cell membrane, similar to
Mycobacterium and have a high GC content genome. Rhodococcus can be found in a variety of
environments, mainly soil and water and unlike Streptomyces, they are non-sporulating, non-

motile actinomycetes and grow as rods, cocci and hyphae?®.

The genus is well known to the scientific community in regards to their degradation abilities
and that has been the large majority of research focus along with two species, Rhodococcus
equi and Rhodococcus fascians that are a horse and plant pathogen respectively. Across the
Rhodococcus genus the genomes encode the ability to breakdown a huge variety of compounds
many quite complex. These include alkanes, aromatic and cyclic organic molecules, even
halogenated metabolites, many with potential microbial toxicity that other bacteria wouldn’t

be able to tolerate®®. All these degradation targets are of industrial interest due to how often
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these sorts of compounds can be found as waste by-products of industrial chemical reactions
and in environment treatment plants?’-28, This has been where a lot of the research has been
centred with the goal of using Rhodococcus as bio-degraders for industrial environments as part

of the chemical processes®.

Recently though, the boom in next generation sequencing and the need for new antibiotics has
led to a different emphasis towards Rhodococcus appearing and more research is starting to
centre on whether the secondary metabolism potential of the genus is worth looking in to.
There have been previous discoveries of bioactive compounds from Rhodococcus bacteria.
These have mainly found Gram positive antimicrobials that are particular active against other
Rhodococcus and Mycobacterium species as well as anti-fungal molecules, none of which have
been developed for human use 3031323334 The activity of these compounds is unsurprising due
to the prevalence of these microorganisms in the environments that Rhodococcus are native to.
However, the fact that no commercial antimicrobials have been developed from Rhodococcus
does not mean that it isn’t a potential well of unexploited novel antimicrobials. In fact the
ability of Rhodococcus bacteria to degrade such a wide variety of compounds and survive
compounds with higher potential microbial toxicity could indicate that any secondary

metabolites are types that wouldn’t be viable in other bacteria and are a class yet to be seen.

The secondary metabolism potential of the Rhodococcus genus was analysed and discovered a

wealth of predicted biosynthetic gene clusters (Figure 1.6)%.
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Figure 1.6: The known types of biosynthetic gene clusters predicted by antiSMASH for a selection of
different actinomycete bacteria from the genera Actinobacteria, Mycobacterium, Rhodococcus and
Streptomyces with the Rhodococcus bacteria reults highlighted by the box. Each colour corresponds
to a different type of cluster. Adapted from reference 35.

The high average proportion of NRPS clusters compared to other actinomycetes is of real
interest. This type of cluster is the source of many developed antibiotics used in medicine so
the large number present in Rhodococcus that are uncharacterised are an attractive potential

source.

The most well studied Rhodoccus bacteria is the Rhodococcus jostii RHAL strain and it is a prime
example as to the promise that Rhodococcus has in natural product discovery3®. The core
genome on its own contains a prediction of 22 BGCs (Figure 1.7). Fourteen of these are classed
as NRPS type clusters, of which only three have known NRPS genes, rhodochelin33
atratumycin®’ and erythrochelin3®. The other eleven NRPS clusters are complete mysteries and
with how prominent NRPS clusters are in the different natural products that have been
developed into commercial drugs, all eleven could in the best case scenario encode brand new
classes of antibiotics. The other eight clusters consist of two type | PKS, a butyrolactone, a redox
cofactor, a RiPP-like cluster, two terpenes and the ectoine cluster. Of these, only one terpene

has any degree of similarity to a known cluster, isorenieratene, and the ectoine cluster has
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previously been studied. It still leaves six unknown clusters on top of the eleven NRPS that

could all have the potential to be developed into antibiotics.
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1 3
ime-
2 4
Region
Region 1
Region 2

Region 3
Region 4
Region 5
Region 6
Region 7
Region 9
Region 11
Region 12
Region 13
Region 14
Region 15
Region 16
Region 17
Region 18
Region 19
Region 20

Region 21

Region 22

5 79
(o] LR
] 310

Type
NRPS &

NRPS &

NRPS &
NRPS-like &'
terpene &'
ectoine &
NRPS &

NRPS &

NRPS & , RiPP-like &
NRPS &
TIPKS &
TIPKS &
NAPAA &
butyrolactone &
NRPS &

NRPS &

NRPS &
redox-cofactor &'
NRPS &

NRPS &
NRPS-like &
terpene &

From
56,936
125,574
257,753
491,320
1,171,506
1,374,291
2,297,421
2,424,480
2,512,631
2,623,411
4,251,125
4,424,144
4,601,072
4,860,276
4,951,636
5,374,962
5,761,830
6,520,766
6,547,165
7,139,552
7,511,273
7,699,104

n
]

To
100,463
222,790
323,758
532,624
1,192,242
1,384,689
2,362,481
2,470,165
2,565,797
2,666,007
4,294,619
4,474,727
4,634,962
4,871,223
5,007,351
5,459,651
5,898,295
6,543,532
6,620,298
7,196,042
7,553,804
7,720,252

w1 17 18 2
T+ " ) 1) 1

12 14 16 18 20 22
Most similar known cluster

oxalomycin B &
leinamycin &

isorenieratene &

ectoine &

divergolide A / divergolide B / divergolide C / divergolide D &
rhodochelin &

coelimycin P1 &

tetrocarcin A &

herboxidiene &
erythrochelin &
atratumycin &
glycopeptidolipid &
tetronasin &
chloromyxamide &
fluvirucin B2 &
auroramycin &'
SF2575 £

Similarity

12%
4%

NRP + Polyketide
NRP + Polyketide:Modular type | + Polyketide:Trans-AT type |

42%
75%
6%
100%
8%

Terpene

Other
Polyketide:Modular type |
NRP

Polyketide:Modular type |

Polyketide 8%
5%
57%
5%
5%
3%
10%
5%
2%
6%

Polyketide

NRP

NRP

NRP

Polyketide

NRP

Polyketide

Polyketide

Polyketide:Type Il + Saccharide:Hybrid/tailoring

Figure 1.7: The output of Rhodococcus jostii RHA1 chromosomal genome after processing by
antiSMASH. The software predicts 22 biosynthetic gene clusters and estimates their similarity to known
clusters — created using reference 19

With just seeing the untapped potential that R. jostii RHA1 contains for novel secondary

metabolism, it gives hope that the antibiotic resistance crisis can be combatted by the reignited

interest in natural product discovery. There’s such a vast well of bacteria criminally under

studied in this area of science. It is almost impossible to imagine that not one of the other

actinomycetes that are less studied, does not share at least some of the same capabilities for

secondary metabolism as Streptomyces. Perhaps Rhodococcus is that genus that could explode

and begin a brand new golden age of antibiotic discovery to rival that of the 20%" century.

1.4 Aims and Objectives

The prevalence and spread of MmyB homologs across actinomycetes along with the likelihood

that some are involved in natural product biosynthesis makes them an attractive study area.
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Being able to further understand the potential binding sites these transcriptional regulators
have could lead to exploiting any that are involved in the regulation of secondary metabolism
and potentially lead to novel natural product discovery. The investigations into Streptomyces
using transcriptomics will allow for greater understanding of the way MmyB homologs are able
to influence natural product biosynthesis, while metabolomics will indicate if overexpression of
the homologs is able to promote activation of BGCs. Experiments focusing on Rhodococcus will
allow for an indication of the potential this bacteria genus might have to be a new source of

natural products for novel antimicrobials and help combat the rising AMR crisis.

The following objectives will be attempted:

e Genome mining Rhodococcus bacteria for MmyB homologs

e Bioinformatic analysis of MmyB homologs to predict potential binding sites

e Overexpression of MmyB homologs in both S. coelicolor and Rhodococcus bacteria to

attempt to overcome inherent BGCs repression

e RNA sequencing of S. coelicolor mutants to identify areas of action by MmyB homologs

e Metabolomic analysis to identify any new metabolites from S. coelicolor and

Rhodococcus MmyB homolog overexpression
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2. Materials & Methods
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2.1 Materials

2.1.1 Microbial Strains

Strain

Uses

Source

Escherichia coli

DH5a General cloning host New England Biolabs
Topl0 General cloning host New England Biolabs
Non-methylating host
John Innes Centre, Norwich,
ET12567/pUZ8002 pUZ8002 — non transmissible
UK
plasmid for conjugation
Rhodococcus
DSMZ, Braunschweig,
jostii RHA1 Wild type strain

Germany

erythropolis PR4

Wild type strain

DSMZ, Braunschweig,

Germany

RHA1 with integrated

CO-213 This study
pOSV556 plasmid
RHA1 with integrated pC-0256

CO-218 This study
plasmid
RHA1 with integrated pC-0260

C0-222 This study
plasmid
PR4 with integrated pOSV556

CO-231 This study
plasmid
PR4 with integrated pC-0256

CO-236 This study
plasmid
PR4 with integrated pC-0260

CO-240 This study

plasmid

Streptomyces coelicolor
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Derivative of Streptomyces

John Innes Centre, Norwich,

pOSV556 plasmid

M145
coelicolor A3(2) (SCP1-, SCP2-) | UK
M145 with integrated pC-0020 | Nazia Auckloo, Corre group,
C0O-121
plasmid University of Warwick, UK
M145 with integrated pC-0018 | Nazia Auckloo, Corre group,
CO-124
plasmid University of Warwick, UK
M145 with integrated pC-0016 | Nazia Auckloo, Corre group,
CO-154
plasmid University of Warwick, UK
M145 with integrated
C0O-250 This study

Table 2.1: List of microbial strains used in this study

2.1.2 Plasmids

Name Notes Source
ampR, hygR, ermE*, oriT, Pernodet Group, University
POSYS56 pSAM2 integrase of Paris-sud, France
pOSV556 derivative with Nazia Auckloo, Corre group,
Pe-0016 $c06926 cloned in University of Warwick, UK
pOSV556 derivative with Nazia Auckloo, Corre group,
PC-0018 sco0236 cloned in University of Warwick, UK
0020 pOSV556 derivative with Nazia Auckloo, Corre group,
pC-

sco7140 cloned in

University of Warwick, UK

pOSV556 derivate with

pC-0252 (pDRO005) O5Y_RS25605 cloned in via This study
Xhol and Hindlll
pC-0253 (pDR0O07) pOSV556 derivative with This study
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RER_RS29060 cloned in via
Xhol and Hindlll

pC-0254 (pDRO0S)

pOSV556 derivative with
RHA1_RS02730 cloned in via
Pstl and Stul

This study (Genewiz)

pC-0255 (pDRO0Y)

pOSV556 derivative with
RHA1_RS02780 cloned in via
Pstl and Xhol

This study (Genewiz)

pC-0256 (pDRO10)

pOSV556 derivative with
RHA1_RS09515 cloned in via
Pstl and Stul

This study (Genewiz)

pC-0257 (pDRO11)

pOSV556 derivative with
RHA1_RS40960 cloned in via
Hindlll and Xhol

This study (Genewiz)

pC-0258 (pDR0O12)

pOSV556 derivative with
PD630_RS08950 cloned in via
Pstl and Xhol

This study (Genewiz)

pC-0259 (pDRO13)

pOSV556 derivative with
PD630_RS21525 cloned in via
Pstl and Stul

This study (Genewiz)

pC-0260 (pDRO14)

pOSV556 derivative with
PD630_RS21650 cloned in via
Pstl and Xhol

This study (Genewiz)

pC-0261 (pDRO15)

pOSV556 derivative with
PD630_RS28605 cloned in via
Pstl and Stul

This study (Genewiz)

pC-0262 (pDRO16)

pOSV556 derivative with
PD630 _RS34220 cloned in via
Pstl and Xhol

This study (Genewiz)
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pC-0263 (pDRO17)

HindlIl and Pstl

pOSV556 derivative with
PD630_RS34435 cloned in via

This study (Genewiz)

pC-0264 (pDRO18)

Pstl and Xhol

pOSV556 derivative with
PD630_RS34505 cloned in via

This study (Genewiz)

pC-0265 (pDRO19)

Pstl and Xhol

pOSV556 derivative with
PD630_RS34730 cloned in via

This study (Genewiz)

pC-0266 (pDR020)

Pstl and Xhol

pOSV556 derivative with
R1CP_RS19215 cloned in via

This study (Genewiz)

pC-0267 (pDR0O21)

Pstl and Stul

pOSV556 derivative with
R1CP_RS28630 cloned in via

This study (Genewiz)

2.1.3 Primers

Table 2.2: List of plasmids used in this study.

All primers were diluted in sterile dH,0 to a concentration of 100 mM

Expected size
Primer Name Primer Sequence Target
(bp)
CCMO01 CTCGAGTAACGCATCTGAGCTGAT
O5Y_RS25605 1002
CCMO04 AAGCTTCTGTTGTTCCAGGTAAC
PR409 CTCGAGGAACCATCGATCGGAT
RER_RS29060 1168
PR410 AAGCTTGCTTGGAAGTCGACGT
pOSV01 AATCCTGTATATCGTGCGAA ermE* cloning site
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Dependent on

pOSV02 CTTGTTATCGCAATAGTTGG
gene insert
pDRO05 01 TGATGGCGTCGAGTAT 722
O5Y_RS25605
pDRO05 02 CTCATCGGTGAACTTGC 547
pDR0O07 01 TAGTCGATGCTCACACC 595
RER_RS29060

pDR0O07 02 CATCGGACGGGATTCAA 568

pDR0O08 01 GTGATCATCGCGTCGA 698
RHA1_RS02730

pDR0O08 02 CCGCCTTCATCTTCCTC 609

pDR0O09 01 CGTAGTAGTCGACCGAGA 500
RHA1_RS02780

pDR0O09 02 CATGCTCCGACTCGAA 561

pDR010 01 GACAACAGGTAGAGATGG 599
RHA1 RS09515

pDR010 02 GAGAGCAGCACCGAAT 446

pDR0O11 01 GCCAGATTGAATAGGTG 573
RHA1 RS40960

pDRO11 02 CGTGTTGCGCTGGTTCTT 558

pDR012 01 GCGAATAGAAGGCGTAG 784
PD630_RS08950

pDR012 02 TCAACTTCGTCCGGTT 650

pDR0O13 01 AGAGTGAACAGGTGCTC 599
PD630_RS21525

PDR013 02 ACATCGTCGCGGTCAAT 688

pDR014 01 AAGAGGTGGTCGCGTT 605
PD630_RS21650

pDR014 02 CGACTACGACACCATC 594

pDRO15 01 TGGTCCAGAACCGCAT 704
PD630_RS28605

pDRO15 02 GCGTGTAGTAGTCCGT 429

pDR0O16 01 TGCGAGGTCGAACAGAT 606
PD630_RS34220

pDR0O16 02 TACGTCAACTGGGAACG 620

pDR017 01 CGAGGACCAGTTGCACA 680
PD630_RS34435

pDR017 02 ACAACTCATCGAGCTGA 569

pDR018 01 CGATGCTGTCGAGTATT 550
PD630_RS34505

pDR018 02 AGAATCCGCTCGACAAG 532
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pDR0O19 01 CTTCGTCGAGTTGTAGA 577
PD630_RS34730

pDR019 02 TTCGTCTTCCTCAGTC 614

pDR020 01 TTGGCGGCGTCATAGA 563
R1CP_RS19215

pDR020 02 GTCAACTTCGTCCGGTT 647

pDR021 01 CAACAGGTAGAGATGGTC 597
R1CP_RS28630

pDR021 02 CTGAAGACGATCACGA 556

Table 2.3: List of primers used in this study. All pDR- 01 primers are paired with pOSV
02 and pDR- 02 primers are paired with pOSV 01

2.1.4 Antibiotic Solutions

Antibiotic Stock Solution | E. coli (ug/mL) | Rhodococcus | Streptomyces
(mg/mL) (ug/mL) (ng/mL)

Ampicillin 100 100 - -

Hygromycin 50 - 150 150

Nalidixic Acid | 25 25 - 25

2.1.5 Solid Media

Table 2.4: List of antibiotics used in this work.

Lysogeny Broth (LB) Agar

Tryptone

Yeast Extract

NacCl
Agar
dH.0

10g
>8

10g
15g

make up to 1L
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Yeast Extract Malt Extract (YEME) Agar

Yeast Extract
Malt Extract
Bactopeptone
Glucose

Agar

dH,0

3g
38
S8
10g
15g

make up to 1L

Soya Flour Mannitol (SFM) Agar

Soya Flour
Mannitol
Agar

Tap water

2.1.6 Liquid Media

LB Medium
Tryptone
Yeast Extract
NaCl

dH,0

YEME Medium

Yeast Extract
Malt Extract
Bactopeptone
Glucose

dH20

20g
20g
20g

make up to 1L

10g
58
10g

make up to 1L

3g
38
58
10g

make up to 1L
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2xXYT Medium

Tryptone NacCl

Yeast Extract dH;0

16g 5g

10g make up to 1L

Supplemented Minimal Medium (SMM)

Casamino acids 2g
TES buffer 8.68g
dH,0 make up to 1L

After autoclave add the following sterilised solutions:

NaH2PO4 + KoHPO4

(50mM each) 10mL
MgSQO4 (1M) 5mL
Glucose (50% w/v) 18mL

Trace element solution 1mL

Trace Element Solution

ZnS04.7H,0 0.1g
FeS04.7H,0 0.1g
MnCl,.4H,0 0.1g
CaCl,.6H,0 0.1g
NaCl 0.1g
dH.0 make up to 1L
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2.2 Methods

2.2.1 Bioinformatics analysis

The Rhodococcus bacteria MmyB homologs were identified using the Basic Local Alignment

Search Tool (BLAST). The MmyB gene (NCBI accession: NC_003903.1) was compared to all NCBI

uploaded Rhodococcus genomes

The genomes of Rhodococcus bacteria and Streptomyces coelicolor M145 (NCBI accession:

AL645882.2) were analysed by antiSMASH 6.0.1 (https://antismash.secondarymetabolites.org/)

to predict the biosynthetic gene clusters responsible for secondary metabolite production. The

identified clusters were then further annotated in S. coelicolor M145 using BLAST.

Phylogeny trees of Streptomyces coelicolor and Rhodococcus MmyB homologs were created
using the Clustal Omega multiple sequence alignment tool provided by EMBL European

Bioinformatics Institute (https://ebi.ac.uk/Tools/msa/clustalo/) with default settings’®.

The potential binding sites of MmyB homologs were discovered using the Motif Em for Motif

Elicitation (MEME) tool from MEME Suite Version 5.4.1 (https://meme-suite.org/)®3. Promoters

of MmyB homologs in S. coelicolor M145 (500bp upstream of ORF start codon) were submitted
to MEME with the programme enriching for up to 20 motifs using all the default parameters
provided. The top motifs identified by MEME were further investigated with submission to Find
Individual Motif Occurrences (FIMO) using default parameters. The FIMO output then

underwent comparison the RNA sequencing data of CO-121, CO-124 and CO-154.
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2.2.2 Escherichia coli bacteria

2.2.2.1 E. coli growth

E. coli was grown overnight in liquid LB media or on solid LB agar at 37°C. For liquid cultures,
flasks/tubes were shaken at 200rpm. If required 100pug/mL ampicillin was added to the media

before inoculation for E. coli mutants.

2.2.2.2 E. coli storage

E. coli bacteria was stored as glycerol stocks. These were prepared from overnight E. coli LB
cultures, which were diluted with sterile 50% w/v glycerol to a final concentration of 25%.

These glycerol stocks were then stored at -80°C.

2.2.2.3 E.coli electrocompetency

Electrocompetent E. coli cells were prepared by washing mid exponential phase bacteria (ODsoo
~0.5-0.7) with ice cold 10 w/v glycerol twice. This wash was performed by pelleting the
bacteria, discarding the supernatant and resuspending in glycerol. After the second wash, the
pellet is resuspended in the residual glycerol and then aliquoted (100pL) into cryogenic tubes

for storage at -80°C.

2.2.2.4 E. coli transformation

Electroporation was executed to introduce plasmids into E. coli bacteria. An aliquot of
electrocompetent E. coli was defrosted and added to an ice cold electroporation cuvette (0.2
cm) along with 100-200 ng of plasmid. Electroporation was performed at 200 Q, 25uF and 2.5
kV using BioRad Gene Pulser Il. Immediately after electroporation 1mL of LB medium was

added to the cuvette for cell recovery. This mixture was transferred to a new tube and
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incubated at 37°C for 1 hour at 200rpm. The mixture was then plated onto LB agar with
100ug/mL ampicillin and incubated overnight at 37°C. Positive transformants were then used to
make glycerol stocks.

2.2.2.5 Plasmid extraction

The Thermo Scientific Genelet Plasmid Miniprep kit was used for the plasmid purification from

E. coli bacteria following the manufacturer’s instructions.

2.2.3 Rhodococcus bacteria

2.2.3.1 Rhodococcus growth

Rhdococcus bacteria was grown overnight in liquid LB media or on solid LB agar at 30°C. For

liquid cultures, flasks/tubes were shaken at 200rpm. If required 150ug/mL hygromycin was

added to the media before inoculation of Rhodococcus mutants.

2.2.3.2 Rhodococcus storage

Rhodococcus bacteria was stored as glycerol stocks. These were prepared from overnight LB

cultures, which were diluted with sterile 50% w/v glycerol to a final concentration of 25%.

These glycerol stocks were then stored at -80°C.

2.2.3.3 Rhodococcus electrocompetency

Electrocompetent Rhodococcus cells were prepared by washing mid exponential phase bacteria

(ODgoo ~ 0.5 - 0.7) with ice cold 10% w/v glycerol four times reducing the amount of glycerol

each wash. The wash was performed by pelleting the bacteria, discarding the supernatant and
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resuspending in glycerol. After the final wash, the pellet is resuspended in the residual glycerol

and then aliquoted (100puL) into cryogenic tubes for storage at -80°C.

2.2.3.4 Rhodococcus transformation

Electroporation was executed to introduce plasmids into Rhodococcus bacteria. An aliquot of
electrocompetent Rhodococcus was defrosted and added to an ice cold electroporation cuvette
(0.2 cm) along with 100-200 ng of plasmid. Electroporation was performed at 200 Q, 25uF and
2.5 kV using BioRad Gene Pulser Il. Immediately after electroporation 1mL of LB medium was
added to the cuvette for cell recovery. This mixture was transferred to a new tube and
incubated at 30°C for 4 hours at 200rpm. The mixture was plated on LB agar with 150ug/mL
hygromycin and incubated at 30°C overnight. Positive transformants were then used to make

glycerol stocks.

2.2.3.5 Rhodococcus mutant construction

Mutant Rhodococcus bacteria were constructed using the RHA1 and PR4 parent strains. CO-213
was constructed by electroporation of RHA1 with pOSV556, while CO-231 was constructed by
electroporation of PR4 with pOSV556 as described in 2.2.3.4. CO-218 was constructed by
electroporation of pC0256 into RHA1, while CO-236 was constructed by electroporation of
pC0256 into PR4. The pC0256 plasmid contains the RHA1_RS09515 gene which was
synthetically built according to the NCBI Genbank entry by GeneWiz before being ligated into
pOSV556 via Pstl and Stul restriction enzymes. CO-222 was constructed by electroporation of
pC0260 into RHA1, while CO-236 was constructed by electroporation of pC0260 into PR4. The
pC0260 plasmid contains the PD630_RS21650 gene which was synthetically built according to
the NCBI Genbank entry by GeneWiz before being ligated into pOSV556 via Pstl and Xhol

restriction enzymes.

2.2.3.6 DNA extraction
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Genomic DNA extraction was completed using the MP Biomedicals FastDNA Spin Kit for Soil
DNA Extraction. The protocol was carried out using the manufacturer’s instructions with the

change that prewarmed dH,0 was used instead of DES solution.

2.2.4 Streptomyces coelicolor bacteria

2.2.4.1 S. coelicolor growth

S. coelicolor bacteria was grown for 4 days in liquid or on solid agar, incubated at 30°C. For
liquid cultures, baffled flasks were used and shaken at 200rpm. If required 150pug/mL

hygromycin was added to the media before inoculation for S. coelicolor mutants.

2.2.4.2 S. coelicolor storage

S. coelicolor hyphae glycerol stocks were prepared from a 4 day liquid culture growth in YEME
at 30°C, 200 rpm. This was diluted with sterile 50% w/v glycerol to a final concentration of 25%.

These stocks were then stored at -80°C.

S. coelicolor spore glycerol stocks were prepared from a lawn of spores grown on SFM plates. 3
mL of sterile dH,O was added to the plate and a sterile loop was used to suspend the spores.
This was transferred to a universal and vortexed for mycelia separation. This was then filtered
through a syringe filled with non-absorbent wool and centrifuged to pellet the spores. The
supernatant was discarded and the pellet was resuspended in the residual liquid. This was
diluted with 50% w/v glycerol to a final concentration of 25%. These stocks were then stored at

-80°C.

2.2.4.3 Conjugation
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Bacterial conjugation was completed to transfer pOSV556 from E. coli ET12567/pUZ8002 into
Streptomyces coelicolor M145. The E. coli cells were grown to a ODeoo ~ 0.4 — 0.6 and
centrifuged (4000 rpm, 10 minutes) to pellet the cells. This pellet was washed twice with clean
LB and then resuspended in 500 pL of LB. The Streptomyces spores were germinated by
thawing stocks on ice and adding 5 pL of spores to 500 pL 2xYT for incubation at 50°C for 10

minutes.

After spore germination, the E. coli cells and Streptomyces spores were combined, mixed and
centrifuged for 2 minutes. The supernatant was discarded and the pellet was resuspended in
100 pL sterile dH20. This was serially diluted four times by a factor of 10 each dilution. 100 pL of
each serial dilution was plated onto SFM + 10 mM MgCl; and incubated overnight at 30°C. After
the overnight incubation, each plate was overlayed with 1 mL of 25 ug/ml nalidixic acid, 150
ug/ml hygromycin dissolved in dH,0. The plates were incubated again at 30°C until growth was
observed. Positive colonies were then sub-cultured on fresh SFM and glycerol stocks were

made.

2.2.4.4 Streptomyces mutant construction

The mutant Streptomyces coelicolor CO-250 was constructed from the parent M145 strain. The

empty pOSV556 vector was electroporated into E. coli ET12567/pUZ8002 and then transferred

into S. coelicolor M145 by conjugation (2.2.4.3)

2.2.4.5 DNA extraction

Genomic DNA extraction was completed using the MP Biomedicals FastDNA Spin Kit for Soil

DNA Extraction. The protocol was carried out using the manufacturer’s instructions with the

change that prewarmed dH,0 was used instead of DES solution.

2.2.5 Molecular Biology
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2.2.5.1 Polymerase chain reaction

In all polymerase chain reactions (PCR), New England Biolabs (NEB) Phusion High-Fidelity DNA

polymerase was used in the following reaction mixture:

5x Phusion GC buffer 10 uL
dNTP (10 mM) 1puL
Primers (100 mM) 1 uL each

DNA template (100 — 200 ng) 1ul
Phusion Taq polymerase 1 unit

Sterile dH,0 make up to 50 mL

All PCR reactions were completed using the following cycle:

Step 1: 98°C for 2 minutes
Step 2: 98°C for 30 seconds
Step 3: 55°C for 30 seconds
Step 4: 72°C for 1 minutes/1kb
Step 5: 72°C for 10 minutes
Step 6: 4°C hold

The steps 2 to 4 were repeated 30 times, with step 4 timing variable depending on the length of

the required product.

2.2.5.2 Agarose gel electrophoresis

All agarose gel electrophoresis was completed using a 1% agarose dissolved in 1x TAE buffer.

Each gel was stained using ThermoFisher Scientific Sybr Safe DNA Gel Stain according the
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manufacturer’s protocol. Each sample was combined with NEB 6X Gel Loading Dye, Purple to a
final concentration of 1X Gel Loading Dye before loading into the gel. Electrophoresis was

carried out at 120V for 1 hour.

2.2.5.3 Restriction enzyme digest

Restriction digests of plasmids and PCR products were performed using NEB restriction

enzymes. The following mixture was prepared for each reaction:

CutSmart Buffer 5uL

DNA 20 pL

Enzyme. 1 uL of each enzyme
Sterile dH,0 make up to 20 uL
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In the case of a restriction digest of pOSV556 to later ligate a gene product into the plasmid, 3

uL Shrimp Alkaline Phosphatase (rSAP) was added to the reaction mixture.

Once the mixture was prepared, it was incubated at 37°C for 1 hour before enzyme inactivation
per manufacturer’s instructions. After inactivation the digest products were analysed by
agarose gel electrophoresis and purified using the Genelet Gel Extraction kit following the

manufacturer’s protocol.

2.2.5.4 DNA ligation

Plasmids and PCR products were ligated together using Invitrogen DNA ligase. A ratio of 3:1 PCR

digest:plasmid digest was used for all reactions. The following mixture was prepared for each

reaction:
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5X T4 DNA ligase buffer 4 uL

DNA (3:1 ratio) 8 uL
T4 DNA ligase 1 unit
Sterile dH,0 make up to 20 plL

The mixture once prepared was incubated at room temperature for 15 minutes before enzyme
inactivation per manufacturer’s instructions. This was then used for transformation of E. coli

bacteria.

2.2.5.5 Plasmid construction

All plasmids constructed used the parent plasmid pOSV556 seen in Figure 2.1. Plasmids pC-0252
and pC-0253 were constructed using PCR replication of the gene to be used in a restriction
enzyme digest and subsequent ligation reaction (using the method described in 2.2.5.4). The

restriction enzymes used are specified in Table 2.2.

Plasmids pC-0254 — pC-0267 were constructed by Genewiz (https://genewiz.com). Each gene

was synthetically constructed using the available nucleotide sequence on NCBI Genbank. These
were then cloned into the pOSV556 vector (using the method described in 2.2.5.4) using the

restriction enzymes specified in Table 2.2.
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Figure 2.1: Plasmid map of pOSV556 used as the parent plasmid for all subsequent plasmids used
for mutant construction. The plasmid contains both hygromycin (dark blue) and ampicillin (yellow)
resistance genes for use in actinomycetes and E. coli respectively. The ermE* is the constitutive
promoter and is the location where all genes have been cloned in. The plasmid contains a pSAM?2
integrase (light blue) and attP site (pink) for integration into the bacterial genome to prevent loss
of the plasmid. The oriT feature (grey) is required for conjugation, while ColE1 origin (green) is
needed for plasmid replication in E. coli.

2.2.6 Sequencing

2.2.6.1 RNA Sequencing

The first RNA sequencing was undertaken by Genewiz. Cell cultures of S. coelicolor M145, CO-

121, CO-124 and CO-154 were grown in triplicate for 4 days at 30°C in 50 mL liquid SMM,

shaking at 200 rpm. These cells were harvested by centrifugation, flash frozen and shipped to
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Genewiz for RNA extraction, depletion, library construction, sequencing and bioinformatic

analysis.

The second RNA sequencing was undertaken by Eurofins Genomics

(https://eurofinsgenomics.eu). Cell cultures of S. coelicolor M145, CO-121, CO-124, CO-154 and

CO-250 were grown in triplicate for 4 days at 30°C in 50 mL liquid YEME, shaking at 200 rpm.
These cells were harvested by centrifugation, flash frozen and shipped to Eurofins for RNA

extraction, depletion, library construction, sequencing and bioinformatic analysis.

Bioinformatic analysis for both sets of RNA sequencing was completed using the Bowtie2’?
pipeline for read alignment to the reference genome of S. coelicolor A3(2) (NCBI Genbank:
AL645882.2). Differential expression was identified using the DESeq27? software. All raw data,
workflow and results of the bioinformatic analysis were provided via file transfer and stored on

the Warwick sharepoint.

2.2.7 Analytical Chemistry

2.2.7.1 Organic Extraction

Liquid-liquid ethyl acetate organic extraction was completed on the supernatant of the cultures
sent for RNA sequencing. The first set of RNA sequencing cell cultures of S. coelicolor M145, CO-
121, CO-124 and CO-154 were grown in triplicate for 4 days at 30°C, 200 rpm in 50 mL liquid
SMM. The cells were harvested by centrifugation and separated from the supernatant. 25 mL of
the supernatant was combined with an equal volume of ethyl acetate. This was allowed to
settle and the upper ethyl acetate layer was separated and evaporated. The residual of the

evaporation was dissolved in a 1:1 mixture of HPLC grade methanol:water and stored at 4°C.

The second set of RNA sequencing cell cultures of S. coelicolor M145, CO-121, CO-124, CO-154
and CO-250 were grown in triplicate for 4 days at 30°C, 200 rpm in 50 mL liquid YEME. The cells
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were harvested by centrifugation and separated from the supernatant. 25 mL of the

supernatant was combined with an equal volume of ethyl acetate. This was allowed to settle

and the upper ethyl acetate layer was separated and evaporated. The residual of the

evaporation was dissolved in a 1:1 mixture of HPLC grade methanol:water and stored at 4°C.

2.2.7.2 Liquid chromatography — mass spectrometry

The liquid chromatography — mass spectrometry (LCMS) analysis was performed on the Bruker

Compact operated in positive electrospray ionisation. Organic extracts were filtered on a spin

column (4500 rpm for 5 minutes) and 20 uL of the filtered extract was injected. The following

solvent and linear gradient profile with a flow rate of 1mL/minute was used for all LCMS (Table

2.5).
Time (minutes) Water + 0.1% formic acid (%) | Methanol + 0.1% formic acid
(%)
0 95 5
5 95 5
30 0 100
35 0 100

Table 2.5: Gradient profile for LCMS analysis
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3. Results
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3.1 Investigation of Streptomyces coelicolor MmyB homologs

The MmyB homologs that reside in S. coelicolor M145 seem to have the potential to potentially

be involved in at least one of the cryptic biosynthetic clusters that have yet to be characterised.

The success of previous studies that centre around homologs of the repressors of the

methylenomycin cluster causing the expression of novel natural products?* coupled with the

evidence that overexpression of the mmyB activator overcomes repression??, indicate there is

potential for the combination of these approaches to have a successful outcome.

3.1.1 Minimal Media RNA sequencing

The three mutants CO-121 (overexpressed sco7140), CO-124 (overexpressed sco0236) and CO-

154 (overexpressed sco7140) along with the control parent strain (M145) were grown in

supplemental minimal media (SMM) in triplicate. Cultures were grown for four days at 30°C,

200 rpm before being pelleted and frozen. These pellets were then sent to Genewiz for RNA

extraction, depletion, sequencing and bioinformatic analysis.

Analysis discovered multiple genes being over and under expressed in each of the three

mutants compared to the M145 parent strain (Table 3.1). The CO-124 had almost three times

as many unique genes overexpressed when compared to the other two mutants, while also

having the most under expressed.

Number of Number of unique

Number of genes Number of unique

Strain genes genes under
under expressed | genes overexpressed

overexpressed expressed

CO-121 243 258 61 143

CO-124 198 316 158 203

CO-154 250 205 56 62

Table 3.1: The total number of genes flagged as differentially expressed in CO-121, CO-124
and CO-154 compared to S. coelicolor M145 along with how many genes were unique to
each mutant.
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3.1.1.1 MmyB homologs

Streptomyces coelicolor contains sixteen homologs of the methylenomycin biosynthetic gene
cluster transcriptional activator MmyB. The three mutants CO-121, CO-124 and CO-154 each

had an additional copy of a different MmyB homolog under the constitutive promoter ErmE*

(CO-121 =sco07140, CO-124 = sco0236, CO-154 = 5c06926). As can be seen in Figure 3.1, each of

the mutants has overexpressed the MmyB homolog that was added.

Log2 fold change
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Gene Name

Figure 3.1: The log2 fold change of the sixteen MmyB homologs in the chromosome
genome of Streptomyces coelicolor A3(2) in CO-121, CO-124 and CO-154 compared
to S. coelicolor M145 grown in SMM. A log2 fold change greater than 1 or -1
indicates differential expression with the stars signifying significance due toa p
value < 0.05.
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Other MmyB homologs were detected with differential expression in both CO-121 and CO-124,

with sco6676 being under expressed in CO-121 while sco7140 was over expressed in CO-124.

The sco4680 was detected to have overexpression but the statistical analysis found them to

have a p-value greater than 0.05 which means it cannot be said for certain that this is correct.

Directly Log2 fold change
MmyB
Downstream Function
homolog CO-121 CO-124 CO-154
Gene
sco0110 sco0111 SDR oxidoreductase | 0.23124464 | 0.85206519 | 0.24198328
sco0233 sco0234 SDR oxidoreductase | -0.7813885 | 0.95051056 -0.2063009
sco0236 sco0237 SDR oxidoreductase | -0.1282383 | 0.65977025 0.0840808
sco0307 5co0306 Pseudogene 0.38714511 N/A N/A
sco0891 sco0892 SDR oxidoreductase | -0.1362946 | 0.53747665 -0.0997532
sco2501 sco2502 Transport protein | -1.1857145 | 0.41952831 | -0.4752849
sco2537 sco2538 Unknown function | -0.1151079 | 0.04103599 | -0.2077434
sco4680 sco4681 SDR 4.43969311 | -0.24353432 | 4.34830378
SDR alcohol
5c04944 5c04945 0.07641419 | 0.06158177 | -0.0416736
dehydrogenase

$c06539 5c06540 Unknown function N/A N/A N/A
sco06676 sco6677 ABC transporter -1.2783448 | -0.0117764 | -0.4541524
$c06926 5€06925 Membrane protein | -0.6665062 | 0.76590891

0.32222953
sco7140 sco/7141 Nitroreductase -0.1644282 | 0.80264951 -0.4248155
sco7706 sco/7707 Unknown function | -0.3002616 | 0.18933137 | 0.30371693
sco7767 sco7768 Unknown function | -0.4930199 1.0584636 0.48588659
sco7817 sco7818 SDR oxidoreductase | -0.2944854 | 0.26230985 | -0.2347388

Table 3.2: The log2 fold change of the directly downstream genes to MmyB homologs in the three
mutants compared to the wildtype, grown in SM media. Values in red indicate a p-value < 0.05 for
log2 fold changes greater than -1, while values in green indicate a p-value <0.05 for log2 fold

changes greater than 1.
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The most likely genes to be regulated by the various MmyB homologs are those that are
directly downstream to them in the genome seen in Table 3.2. Almost half of the homologs are
found nearby to a reductase enzyme, the majority of which are part of the short chain

dehydrogenase/reductase family (SDR).

Only four homologs have significant altered expression to the downstream gene; sco2501,
5c04680, sco6676 and sco7767. Further investigation into these four finds that for all but
5c04680, in all three mutants there are no subsequent genes with altered expression. However,
in sco4680 there is a cluster of increased expression in both CO-121 and CO-154 from sco4671 -

5c04698 visualised in Figure 3.2.
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Figure 3.2: The log2 fold change of RNA transcription in CO-121, CO-124 and CO-154 of a

potential cluster centred around the MmyB homolog sco4680, compared to S. coelicolor M145

grown in SM media. A log2 fold change greater than 1 or -1 indicates differential expression with

the stars signifying significance due to a p value < 0.05. 46




Gene Name

Function

sco4671 lysR family regulatory protein
sco4672 Secreted protein

sco4673 deoR family transcriptional regulator
sco4674 Unknown function

sco4675 Unknown function

5c04676 Unknown function

sco4677 Regulatory protein

5c04678 Unknown function

5c04679 Unknown function

5c04680 MmyB homolog

sco4681 Short chain dehydrogenase
5c04682 Tautomerase

5c04683 NADP specific glutamate dehydrogenase
5c04684 Cold shock protein

5c04685 DEAD-box helicase

5c04686 Unknown function

sco4687 Unknown function

sco4688 Unknown function

5co4689 Unknown function

5c04690 Membrane protein

sco4691 Membrane protein

5c04692 Unknown function

5c04693 Membrane protein

5c04694 Unknown function

5c04695 Unknown function

5c04696 Unknown function

5c04697 Integral membrane protein
5c04698 Insertion element I1S1652 transposase

Table 3.3: List of genes and their functions in the cluster centred around the
5c04680 MmyB homolog.
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This cluster of genes with drastic overexpression has been termed the supercoiling

hypersensitive cluster (SHC)%. It has a number of uncharacterised genes as seen in Table 3.3

but many involved in DNA regulation as well as chromosomal manipulation such as the cold

shock protein sco4684 and the DEAD-box helicase sco4685.

The core genome of S. coelicolor A3(2) has twenty-seven biosynthetic gene clusters predicted

by antiSMASH (Figure 1.2). Many of these are well studied and characterised but not all of them

have had their products discovered.

Region First Gene Last Gene Total cluster size (kb)
1 5c00104 sco0147 53.0
2 sco0178 5c00201 24.8
3 sco0257 sco0278 235
4 sco0473 sco0508 49.8
5 5co0750 sco0755 8.2
6 sc01186 sco1225 38.8
7 sco01862 scol1870 10.4
8 502694 5c02706 10.6
9 sco2781 sc02789 11.0

10 sco3215 5c03250 79.1
11 sco5057 sco5119 70.9
12 sc05212 sc05231 20.6
13 5c05282 sco05354 72.5
14 sco5797 5co5803 10.3
15 sco5874 sc05910 45.3
16 5c06041 5c06050 11.3
17 sco06065 5co06080 19.3
18 sco6221 sco6231 13.2
19 sc06259 sc06291 70.2

48



20 sco6419 sco06450 54.2
21 5c06669 5c06686 22.8
22 5c06750 5c06773 25.8
23 sco6808 sco6844 48.1
24 5c06919 5c06943 26.5
25 sco7176 sco7239 73.9
26 sco7455 sco7476 211
27 sco7648 sco7711 73.3

Table 3.4: List of the 27 antiSMASH predicted biosynthetic gene clusters in

Streptomyces coelicolor A3(2) with the boundaries of the predictions and how

large the cluster is.
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3.1.1.2 Region 2
The second cluster in the antiSMASH prediction is one that the product is known,
isorenieratene?®, However this cluster is of potential interest due to its proximity to sco0236,

the gene overexpressed in CO-124. However there is not any altered expression in CO121, CO-

124 and only three in CO-154, none of which are predicted biosynthetic genes (Figure 3.3).
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Figure 3.3: The log2 fold change of RNA transcription for the second antiSMASH predicted cluster in CO-
121, CO-124 and CO-154 compared to S. coelicolor M145 grown in SMM. A log2 fold change greater
than 1 or -1 indicates differential expression with the stars signifying significance due to a p value <

0.05.

50




3.1.1.3 Region 3

The third cluster is of interest again similar to cluster 2, due to the proximity of the sco0236

MmyB homolog and the fact that there is no similarity found with by the antiSMASH algorithm

to any known BGCs.

All three of the mutants have some changes in expression within the cluster (Figure 3.4). Both
CO-121 and CO-154 have overexpression of the same gene, sco0269, which is one of the two

core biosynthesis genes of the cluster, encoding a post-translational lanthipeptide modifier.
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Figure 3.4: The log2 fold change of RNA transcription for the third antiSMASH predicted
cluster in CO-121, CO-124 and CO-154 compared to S. coelicolor M145 grown in SMM. A log2
fold change greater than 1 or -1 indicates differential expression with the stars signifying
significance due to a p value < 0.05.
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3.1.1.4 Region 11

This cluster is one of the best studied in S. coelicolor, the actinorhodin BGC*. In all three of the
mutants there is under expression extending from sco5069 — sco5095, which encompasses
most of the biosynthetic genes for actinorhodin (Figure 3.5). The CO-124 mutant is the only one

with any genes overexpressed which is sco5109.
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Figure 3.5: The log2 fold change of RNA transcription for the eleventh antiSMASH predicted
cluster in CO-121, CO-124 and CO-154 compared to S. coelicolor M145 grown in SMM. A log2
fold change greater than 1 or -1 indicates differential expression with the stars signifying
significance due to a p value < 0.05
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3.1.1.5 Region 13

The thirteenth cluster in the antiSMASH prediction has a two thirds similarity to a known spore
pigment*** from Streptomyces avermitilis but also contains all the genes that produce
curamycin®®, an antimicrobial discovered in Streptomyces curacoi. In this cluster, CO-154 has no
differential expressed genes but CO-121 has four genes under expressed, one being a core

biosynthetic gene, sco5318, while CO-124 has two genes over expressed (Figure 3.6).
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Figure 3.6: The log2 fold change of RNA transcription for the thirteenth antiSMASH predicted
cluster in CO-121, CO-124 and CO-154 compared to S. coelicolor M145 grown in SMM. A log2
fold change greater than 1 or -1 indicates differential expression with the stars signifying
significance due to a p value < 0.05.
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3.1.1.6 Region 15

The fifteenth cluster is one that has been previously studied and is known to produce
undecylprodigiosin, a compound that has been investigated for various bioactivities®’. The only
mutant that has an effect on the transcription of the genes in this cluster is CO-121, which has

four genes that are under expressed, with all four involved in the biosynthesis (Figure 3.7).
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Figure 3.7: The log2 fold change of RNA transcription for the fifteenth antiSMASH predicted
cluster in CO-121, CO-124 and CO-154 compared to S. coelicolor M145 grown in SMM. A log2
fold change greater than 1 or -1 indicates differential expression with the stars signifying
significance due to a p value < 0.05
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3.1.1.7 Region 21

This cluster is another one of interest due to the presence of the MmyB homology, sco6676
within the prediction. The lanthipeptide product of the cluster has been discovered as SapB
with the genes responsible identified®. All three mutants have differential expression found
within the cluster (Figure 3.8). CO-121 has sco6676 under expressed along with the adjacent
gene, while CO-124 has sco6682 under expressed. CO-154 has the opposite effect to CO-124

with sco6682 being over expressed as well as the adjacent gene.
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Figure 3.8: The log2 fold change of RNA transcription for the twenty-first antiSMASH
predicted cluster in CO-121, CO-124 and CO-154 compared to S. coelicolor M145 grown in
SMM. A log2 fold change greater than 1 or -1 indicates differential expression with the stars
signifying significance due to a p value < 0.05.
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3.1.1.8 Region 24

This lanthipeptide cluster is another of interest due to the MmyB homolog sc06926 being found

within its limits, especially as CO-154 has the extra copy of sco6926 under a constitutive

promoter. In CO-121 there are fifteen genes all under expressed while CO-124 has one gene

over expressed. The CO-154 has the sc06926 overexpressed and another four that are under

expressed.
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Figure 3.9: The log2 fold change of RNA transcription for the twenty-fourth antiSMASH
predicted cluster in CO-121, CO-124 and CO-154 compared to S. coelicolor M145 grown in
SMM. A log2 fold change greater than 1 or -1 indicates differential expression with the stars
signifying significance due to a p value < 0.05
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3.1.1.9 Region 26

The twenty-sixth cluster is the only indole class predicted. All three mutants have only one gene
with differential expression (Figure 3.10), with CO-124 under expressing sco7460. Both CO-121

and CO-154 have the sco7467 gene overexpressed which is the predicted core biosynthetic

gene.
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Figure 3.10: The log2 fold change of RNA transcription for the twenty-sixth antiSMASH
predicted cluster in CO-121, CO-124 and CO-154 compared to S. coelicolor M145 grown
in SMM. A log2 fold change greater than 1 or -1 indicates differential expression with the
stars signifying significance due to a p value < 0.05
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3.1.2 YEME Media RNA sequencing

The three mutants (CO-121, CO-124 and CO-154) along with the parent strain (M145) were
grown in yeast extract malt extract (YEME) media. The empty vector control (CO-250) was
grown alongside the mutants and wildtype to look at the impact the plasmid integration had on
transcription. Cultures were grown for four days at 30°C, 200 rpm before being pelleted and
frozen. These pellets were then sent to Eurofins Genomics for RNA extraction, depletion,

sequencing and bioinformatic analysis

The CO-250 empty vector mutant was compared to the parent strain M145 to investigate how
the vector integration can influence transcription. In total 202 genes were identified to have
differential expression in CO-250. All of these were detected as overexpressed. When focusing
on predicted BGCs and MmyB homologs, only sixteen of these genes were over expressed in

CO-250 (Table 3.5).

Gene Name Gene Function Predicted region
sco0121 ABC transport system ATP binding protein 1
sco0179 Zinc containing dehydrogenase 2
sco1190 Export protein 6
sco1199 Oxidoreductase 6
sc03239 Unknown function 10
sco4198 MmyB homolog -
sco5073 Oxidoreductase 11
sc05074 Dehydratase 11
sco05101 Unknown function 11
sco5103 Regulatory protein 11
sco5896 RedH (phosphoenolpyruvate utilising enzyme) 15
5c06068 Unknown function 17
sco6073 Cyclase 17
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sco6231 Sugar transport system sugar binding lipoprotein 18
506752 Integral membrane transferase 22
507656 Unknown function 27

Table 3.5: The genes overexpressed in CO-250 compared to S. coelicolor M145
grown in YEME media, that are either MmyB homologs or predicted by antiSMASH
within a cluster

When the three mutants CO-121, CO-124 and CO-154 expression was compared against the

CO-250 control roughly three thousand genes were identified in each mutant to have over

expression while CO-124 and CO-154 had almost triple the number of genes under expressed

that CO-121 had (Table 3.6).

Strain Number of genes overexpressed Number of genes under expressed
CO-121 3419 531

CO-124 2982 1501
CO-154 3084 1419

Table 3.6: The total number of genes flagged as differentially expressed in
mutants compared to the empty vector control CO-250

3.1.2.1 MmyB homologs

All three of the mutants CO-121, CO-124 and CO-154 have overexpressed the MmyB homolog

that they have an additional copy of (CO-121 = sco7140, CO-124 = sco0236, CO-154 = sc06926).

In both the cases of CO-121 and CO-124, the MmyB homolog that they are specific to does not

have altered transcription in either of the other two mutants (Figure 3.11). The CO-154 mutant

on the other hand, the homolog sco6926 has increased transcription across all three mutants.
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In all three mutants there are at least eight of the homologs that have differential expression.
The CO-121 mutant is the only one of the three that doesn’t have any of the homologs under
expressed and has ten homologs overexpressed. The CO-124 mutant has nine homologs over
expressed and two under expressed, while CO-154 has seven of the homologs overexpressed
and just one under expressed. Many of the homologs are shared between all three mutants. All
of CO-121, CO-124 and CO-154 have sco0110, sco0233, sco0307, sco6926 and sco7767
overexpressed compared to CO-250. The CO-121 mutant has two homologs that have
differential expression unique to the mutant, sco6676 and the extra copy sco7140. The CO-121
mutant also shares overexpression of the sco6539 gene with CO-124. The CO-124 mutant has
one unique bit of differential expression which is the under expressed sco4680 gene. It shares

under expression of the sco7706 homolog with the CO-154 mutant.
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Figure 3.11: The log2 fold change of RNA transcription for the sixteen MmyB homologs in the
chromosomal genome of Streptomyces coelicolor A3(2) in CO-121, CO-124 and CO-154
compared to CO-250 in YEME media. A log2 fold change greater than 1 or -1 indicates
differential expression with the stars signifying significance due to a p value < 0.05 61




The directly downstream genes to the MmyB homologs have some differentially expressed
genes in the YEME media with two genes conserved across the mutants (Table 3.7). The
5c06540 gene is overexpressed in all three of the mutants while the sco7140 gene is under
expressed in all three. CO-121 has the least differential expression of the directly downstream
genes with three while CO-124 has the most with seven in total and CO-154 has five

differentially expressed genes.

Directly Log2 fold change
MmyB
Downstream Function
homolog CO-121 CO0-124 CO-154
Gene
sco0110 sco0111 SDR oxidoreductase 5.11542458 | 3.64465143 | 3.91534713
sco0233 sco0234 SDR oxidoreductase N/A N/A N/A
sco0236 sco0237 SDR oxidoreductase 6.45809692 N/A 5.08237742
sco0307 sco0306 Pseudogene N/A N/A N/A
sco0891 sco0892 SDR oxidoreductase -2.4821151 | -3.6309406 | -3.8552053
sco2501 sco2502 Transport protein 0.96004547 | -3.3924834 | -2.3266206
sco2537 sco2538 Unknown function 1.24467008 | 0.64236906 | 0.98917866
sco4680 sco4681 SDR 1.26612918 | -1.9595171 | 2.08398003
SDR alcohol
5c04944 5c04945 -1.6243729 | -3.5214959 | -1.5359671
dehydrogenase

sc06539 5c06540 Unknown function 8.23592217 8.7632603 8.7968528
5c06676 sco6677 ABC transporter -0.6178594 | -5.3790118 | -7.4717781
5c06926 5c06925 Membrane protein N/A N/A N/A
sco7140 sco7141 Nitroreductase -1.9898281 -4.944647 -5.7921707
sco7706 sco7707 Unknown function 447175964 | 4.33236206 | 4.91065544
sco7767 sco7768 Unknown function N/A N/A N/A
sco7817 sco7818 SDR oxidoreductase -0.4756438 | 0.06232804 | -1.1337448

Table 3.7: The log2 fold change of the directly downstream genes to MmyB homologs in the CO-121,
CO-124 and CO-154 compared to the CO-250 control, grown in YEME media. Values in red indicate a
p-value < 0.05 for log2 fold changes greater than -1, while values in green indicate a p-value <0.05
for log2 fold changes greater than 1.
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The supercoiling hypersensitive cluster has differential expression in the YEME media as well
(Figure 3.12). There are seventeen genes overexpressed in CO-121 and one under expressed
while CO-124 only has one along with four genes under expressed. CO-154 has the most

differential expression with twenty-three genes over expressed within the supercoiling cluster.
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Figure 3.12: The log2 fold change of RNA transcription for the supercoiling hypersensitive cluster in
C0-121, CO-124 and CO-154 compared to the empty vector control CO-250 grown in YEME media.
A log2 fold change greater than 1 or -1 indicates differential expression with the stars signifying
significance due to a p value < 0.05
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3.1.2.2 Region 2

The second antiSMASH predicted region, close to the sco0236 MmyB homolog, has
differentially expressed genes in all three mutants (Figure 3.13). CO-121 has seventeen genes
overexpressed, while CO-124 has fourteen genes overexpressed and one under expressed. CO-
154 has the same gene under expressed as CO-124 along with another fifteen genes

overexpressed.
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Figure 3.13: The log2 fold change of RNA transcription for the second antiSMASH predicted cluster in
C0O-121, CO-124 and CO-154 compared to the empty vector control CO-250 grown in YEME media. A
log2 fold change greater than 1 or -1 indicates differential expression with the stars signifying
significance due to a p value < 0.05
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3.1.2.3 Region 3

All three mutants have altered expression within the third predicted cluster, close to the
5c00236 homolog (Figure 3.14). CO-121 has the most change in expression with ten genes
overexpressed and one under expressed while CO-124 has seven overexpressed and three
under expressed. CO-154 has the least number of genes overexpressed with six but the most

under expressed with four.
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Figure 3.14: The log2 fold change of RNA transcription for the third antiSMASH predicted cluster in
C0O-121, CO-124 and CO-154 compared to the empty vector control CO-250 grown in YEME media. A
log2 fold change greater than 1 or -1 indicates differential expression with the stars signifying
significance due to a p value < 0.05
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3.1.2.4 Region 11

The actinorhodin cluster had large amounts of differential expression across all three mutants
with the majority being overexpressed, including nearly all of the biosynthetic genes (Figure
3.15). CO-121 has thirty one genes overexpressed but only one under expressed. This is less

than both CO-124 and CO-154 that have eleven and eight genes under expressed respectively.
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Figure 3.15: The log2 fold change of RNA transcription for the eleventh antiSMASH predicted cluster
in CO-121, CO-124 and CO-154 compared to the empty vector control CO-250 grown in YEME media.
A log2 fold change greater than 1 or -1 indicates differential expression with the stars signifying
significance due to a p value < 0.05
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3.1.2.5 Region 21

The SapB cluster which contains the MmyB homolog sco6676, has a large amount of differenti
expression across the cluster in each of the mutants (Figure 3.16). While each mutant has
differentially expressed genes only CO-121 has sco6676 overexpressed along with four other
genes and another gene under expressed. CO-124 and CO-154 have six and five genes under

expressed respectively with many of them the same between the two mutants.
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Figure 3.16: The log2 fold change of RNA transcription for the twenty-first antiSMASH predicted
cluster in CO-121, CO-124 and CO-154 compared to the empty vector control CO-250 grown in YEME
media. A log2 fold change greater than 1 or -1 indicates differential expression with the stars
signifying significance due to a p value < 0.05
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3.1.2.6 Region 24

The twenty fourth cluster is of interest due to the presence of the sco6926 MmyB homolog
within the BGC prediction and CO-154 having an extra copy of the gene overexpressed. The
506926 is overexpressed across all three of the mutants with CO-121 having five more genes
overexpressed while CO-124 and CO-154 both only have one other gene overexpressed (Figure

3.17). CO-124 and CO-154 also have one gene, sco6935 under expressed.
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Figure 3.17: The log2 fold change of RNA transcription for the twenty-fourth antiSMASH predicted
cluster in CO-121, CO-124 and CO-154 compared to the empty vector control CO-250 grown in YEME
media. A log2 fold change greater than 1 or -1 indicates differential expression with the stars
signifying significance due to a p value < 0.05
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3.1.3 Metabolomics of RNA sequenced cultures

3.1.3.1 SMM cultures

The metabolome of the three mutants CO-121, CO-124 and CO-154 were compared against the

parent strain M145 by LCMS. The three mutants and M145 parent strain were cultured in

triplicate for 4 days at 30°C, 200 rpm in SMM before the cells were harvested by centrifugation.

The supernatant was separated and ethyl acetate liquid-liquid extraction was completed before

running high resolution LCMS/MS.

In CO-121, two peaks were identified in the mutant that were not in M145, with retention

times of 17 and 23.5 minutes (Figure 3.18).
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Figure 3.18: Base peak chromatogram of S. coelicolor M145 (black) and CO-121 (red) after
growth in SMM, in triplicate. The traces are similar across all replicates with new peaks
identified within the circle for CO-121.
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Extracted ion chromatograms were isolated for each of the peaks (Figure 3.19) with Bruker

Data Analysis software used to predict the molecular formula of the metabolites. The chemical

formula was only able to be predicted for one of the peaks with a m/z 620.35 with a predicted

formula of CagHasNgO7.
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Figure 3.19: Extracted ion chromatograms (A: m/z = 182.83 B: m/z = 620.35) for S.
coelicolor M145 (black) and CO-121 (red).
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In the CO-124 (Figure 3.20) and CO-154 mutants (Figure 3.21) in depth analysis of the LCMS

peaks identified a peak in both of the mutants at a retention time of 11 minutes that was not in

M145.
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Figure 3.20: Base peak chromatogram of S. coelicolor M145 (black) and CO-124 (blue)
after growth in SMM, in triplicate. The traces are similar across all replicates with new
peaks identified within the circle for CO-124.

72



5T _RB5_01 5717 BPC <Al

04.

Intens.
108
10
08
06
04
02
0. I~

nnnnnn

To TS0 TG 07 37040 BPC AT

o (3 % E: £ E!

Time [min]

Figure 3.21: Base peak chromatogram of S. coelicolor M145 (black) and CO-154 (green)
after growth in SMM, in triplicate. The traces are similar across all replicates with new
peaks identified within the circle for CO-154.

Extracted ion chromatograms were isolated for each of the peaks in CO-124 and CO-154 (Figure

3.22) with Bruker Data Analysis software used to predict the molecular formula of the

metabolite. The chemical formula was predicted as CsgH23N20s.
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Figure 3.22: Extracted ion chromatograms for a m/z of 531.17 comparing S. coelicolor
M145 (black) against CO-124 (A: blue) and CO-154 (B: green)
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3.1.3.2 YEME cultures

The metabolome of the four mutants CO-121, CO-124, CO-154 and CO-250 along with the
parent strain M145 were investigated for the YEME RNA sequencing cultures. The four mutants
and M145 were cultured in triplicate for 4 days at 30°C, 200 rpm in liquid YEME before the cells
were harvested by centrifugation. The supernatant was separated and ethyl acetate liquid-

liquid extraction was completed before running high resolution LCMS/MS.

The M145 and CO-250 samples were compared to each other to determine if plasmid
integration altered the metabolome. The BPC of M145 and CO-250 are very similar with M145

having peaks of much greater intensity (Figure 3.23).
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Figure 3.23: Base peak chromatograms of S. coelicolor M145 (black) and CO-250 (purple) after growth
in YEME, in triplicate. The traces are similar across all replicates with no new peaks unique to CO-250.
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The similarity between M145 and CO-250 led to CO-250 being used as the control for

comparison against the other three mutants. When comparing CO-121 and CO-250 (Figure

3.24), there is a drastic change in the BPC at a retention time of 15 minutes in one of the CO-

121 replicates.
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Figure 3.24: Base peak chromatograms of CO-250 (purple) and CO-121 (red) after growth
in YEME, in triplicate. The traces are similar across all replicates with an anomalous peak
in the second CO-121 replicate
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The LCMS traces of CO-124 and CO-154 are very similar to CO-250 with no novel peaks

presenting themselves in either mutant (Figure 3.25) with only the intensities differing between

the BPC.
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Figure 3.25: Base peak chromatograms of CO-250 (purple), CO-124 (blue) and CO-154
(green) after growth in YEME, in triplicate. The traces are similar across all replicates
with no unique peaks in either CO-124 and CO-154.
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3.2 Rhodococcus investigations

3.2.1 Genome mining

An antiSMASH analysis was performed against twenty-eight publicly available Rhodococcus
genomes sourced from the NCBI Genbank. The predictive modelling estimated at least thirteen
clusters for each genome with up to twenty eight at the most for R. opacus PD630 (Table 3.8).

In total across the twenty eight different strains of bacteria 519 clusters were predicted.

Strain Predicted cluster number
R. aetherivorans lcdP1 18
R. erythropolis BG43 18
R. erythropolis CCM2595 17
R. erythropolis PR4 18
R. erythropolis R138 17
R. equi 103S 15
R. equi DSSKP-R-001 15
R. fascians D188 18
R. jostii RHA1 22
R. opacus 1CP 25
R. opacus B4 26
R. opacus PD630 28
R. opacus R7 24
R. gingshengii djl-6-2 18
R. rhodochrous NCTC10210 16
R. ruber P14 17
R. ruber YYL 16
R. sp. 008 17
R. sp. 2G 14
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R. sp. B7740 17

R. sp. BH4 17

R. sp. H-CA8f 18
R. sp. MTM3WS5.2 16
R. sp.p52 13

R. sp. PBTS1 13

R. sp. PBTS2 19

R. sp. WB1 17

R. sp. WMMA185 14

Table 3.8: Publicly available Rhodococcus genomes from NCBI
Genbank and the antiSMASH cluster prediction number

3.2.2 MmyB homolog prevalence

BLAST®® analysis was used to compare the twenty eight Rhodococcus genomes used for genome
mining against the MmyB protein. BLAST was able to identify seventy-six homologs across the
twenty-eight different strains. The prevalence of MmyB to an individual species can vary from

only one homolog all the way to eight.

As seen in Figure 3.26, the MmyB homologs in Rhodococcus group into three distinct clades.
There are some genes found across multiple species. There is a group of three genes;
RER_RS29060, XU0O6_RS25955 and C1M55 RS27190 found in R. erythropolis PR4, R.
erythropolis BG43 and R. gingshengii djl-6-2 respectively. There are two other pairs that are
found in multiple strains of the same species (REQ_RS22620 and C7H75_RS23790 are both in R.
fascians strains while XU0O6_RS28080 and O5Y_RS27670 are both in R. erythropolis strains).
There’s one final pair found in two species, the A3L23 RS07750 gene from R. fascians D188 and
the A3Q41_RS08810 found in R. sp. PBTS2.
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Figure 3.26: Phylogeny tree of Rhodococcus MmyB homologs alongside mmyB and
Chloroflexus aurantiacus MItR. The branch length of each homolog is represented
by the boxed number by the gene name which indicates the average number of
amino acid substitutions per site.
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Strain

R. aetherivorans lcdP1

R. erythropolis BG43

R. erythropolis CCM2595

R. erythropolis PR4

Gene Name Distance to nearest BGC (kb)
AAT18 RS01415 1.7
AAT18 RS21070 27.8
XUO06_RS25955 2.7
XUO06_RS28080 185.9
O5Y _RS25605 4.9
O5Y_RS27670 154.3
RER_RS05870 194.8
RER_RS29060 2.7
RER_RS30975 148.2

pREL1 RER_RS00200 No predicted clusters
H351_RS04340 155.1
R. erythropolis R138
H351_RS06590 2.7
R. equi 103S REQ_RS22620 147.7
R. equi DSSKP-R-001 C7H75_RS23790 162.4
A3L23_RS00815 82.9

R. fascians D188

A3L23_RS02225

Within predicted cluster

A3L23 RS506235

22.4

A3L23_RS07750

Within predicted cluster

A3L23 RS514960 94.0
RHA1_RS02730 101.6
R. jostii RHA1 RHA1_RS02780 111.0
RHA1_RS09515 224.2
RHA1_RS40960 46.4

pRHL2

R. opacus 1CP

R1CP_RS19215

Within predicted cluster

R1CP_RS28630

244.2

R. opacus B4

ROP_RS08095

275.2
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pROBO1 ROP_RS36215 73.4
PD630_RS08950 109.1

PD630_RS21525 36.9

PD630_RS21650 64.3
PD630_RS28605 234.5

R. opacus PD630

PD630_RS34220 356.9
PD630_RS34435 408.4
PD630_RS34505 421.1
PD630_RS34730 469.3

EP51_01710 91.8
EP51_05660 240.4
EP51_26910 590.2
R. opacus R7 EP51 26970 605.0
EP51_26995 609.4
EP51_27025 615.0
EP51 33145 229.8

pPDG3 EP51 44330 No predicted clusters
CIM55_RS27190 2.7
R. gingshengii djl-6-2

CIM55_RS29565 172.8
R. rhodochrous NCTC10210 CKW34_RS06975 226.5
R. ruber YYL CSW53_RS17445 30.6
R. ruber P14 CS378 RS10510 22,5

AOT96_RS07160 4.9

R. sp. 008

AOT96_RS09230 171.1

R. sp. 2G B0O226_RS18795 22.6
NY08_RS02975 505.5
R. sp. B7740 NY08_RS05860 125.9
NY08_RS08690 824




NY0O8_RS10435 57.7
NY0O8 RS11105 202.7
NY08_RS17795 1379
NY08_RS23685 231.6
AOW34_RS25975 2.7
R. sp. BH4
AOW34_RS28075 172.2
CPI83_RS01265 159.1
R. sp. H-CA8f
CPI83_RS03325 4.9
R. sp. MTM3WS5.2 BTZ20 _RS17675 16.2
R. sp. p52 IM25_RS05365 350.3
R. sp. PBTS1 A3Q40_RS14345 70.7
A3Q41 _RS01460 270.6
A3Q41_RS07355 118.4
A3Q41_RS08810 Within predicted cluster
R. sp. PBTS2 A3Q41_RS10390 22.3
A3Q41 RS14475 24.4
A3Q41 RS16035 80.5
A3Q41_RS22790 121.8
A4U64_RS03520 35.0
R. sp. WB1
A4U64_RS23355 1.7
R. sp. WMMA185 BFN0O3_RS05680 408.3

Table 3.9: List of MmyB homologs detected using BLAST and their proximity to a
cluster predicted by antiSMASH. Genes found within a cluster prediction are
highlighted in green, while those within 5 kilobases are highlighted in orange.

The antiSMASH and BLAST analysis was combined to link the MmyB homologs to the closest
BGC to predict if it may be involved in cluster regulation (Table 3.9). There are ten homologs

within five kilobases of a cluster and there is four that are found within the cluster prediction.



3.2.3 Mutant construction

The plasmids for creation of the Rhodococcus mutants were created and insertion of the
targeted gene into the pOSV556 backbone was confirmed using PCR amplification with a primer
pair binding to the flanking region of the ermE* cloning site (Figure 2.1). All plasmids pC0254 —
pC0267 bar pC0258 were confirmed to have the gene insert by PCR and electrophoresis (Figure
3.27). The pC0258 plasmid was confirmed using a restriction digest and electrophoresis along

with the other plasmids again (Appendix 1).

A

1kb
1kb

Figure 3.27: PCR testing of plasmids to check ligation of gene insert. The primer pair (pOSV02:
pOSVO03) was used for all reactions with a band expected corresponding to approximately 1.2kb
was obtained for all plasmids minus pC-0258. The band expected for pOSV556 is just under 500bp
A) Lanes correspond to: 1. NEB 1kb ladder 2. pC-0255 3. pC-0256 4. pC-0257 5. pC-0259 6. pC-
0262
7. pOSV556 positive control
B) Lanes correspond to: 1. NEB 1kb ladder 2. pC-0254 3. pC-02560 4. pC-02561 5. pC-02563 6. pC-
02564
7. pC-02565 8. pC-02566 9. pC-02567 10. pOSV556 positive control

The mutant Rhodococcus were created using electroporation of R. jostii RHA1 and R.
erythropolis PR4 for all sixteen plasmids. After antibiotic culturing, successful integration of the

plasmid was confirmed using a primer pair targeted between the cloning site and the genome
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integration site (Figure A1 and A2). Two plasmids (pC0256 and pC0260) were confirmed to have
successfully integrated creating R. jostii RHA1 mutants (CO-218 and CO-222) alongside R.
erythropolis PR4 mutants (CO-236 and CO-240). Control mutants containing the empty
pOSV556 vector were also created for R. jostii RHA1 (CO-213) and R. erythropolis PR4 (CO-231).

3.2.4 Metabolomics of mutants

The metabolic profile of CO-213 and CO-231 were compared to R. jostii RHA1 and R.

erythropolis PR4 respectively. Cultures were grown in triplicate for four days at 30°C, 200 rpm in

liquid LB media. The cells were harvested by centrifugation and the supernatant underwent

ethyl acetate liquid-liquid organic extraction before analysis by LCMS.

Comparing CO-213, CO-218 and CO-222 metabolome against RHA1 showed no new and unique

peaks for the mutants. The same result was seen when comparing CO-231, CO-236 and CO-240

to R. erythropolis PR4, with no new unique peaks occurring in the mutants (Figure A43 — A45).

3.3 MmyB homolog bioinformatic investigation

3.3.1 Phylogenetic analysis

The protein sequences of the sixteen MmyB homologs in S. coelicolor plus MmyB itself was

aligned using Clustal Omega (Figure 3.28). The phylogeny grouped the homologs within three

distinct clades.
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Figure 3.28: Phylogeny tree of the sixteen homologs of MmyB discovered in S. coelicolor

alongside MmyB. The branch length of each homolog is represented by the boxed number by
the gene name which indicates the average number of amino acid substitutions per site.

The only known crystal structure of a MmyB homolog, MItR from Chloroflexus aurantiacus,
identified two domains within the protein?3, a N-terminal binding doman and a C-terminal
ligand binding module. Using the MItR crystal structure as a guide, the first 90 amino acid
residues were identified for each homolog and used for multiple sequence alignment by
ClusterOmega (Figure 3.29A), while the rest of the residues for each protein were used for the
ligand binding module (Figure 3.29B). The phylogenetic distribution of the homologs does vary
between the DNA binding domain and the ligand binding domain. However, each tree

consistently groups the homologs into three distinct clades.
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Figure 3.29: Phylogeny tree of the sixteen MmyB homologs two distinct domains plus MmyB.
The branch length of each homolog is represented by the boxed number by the gene name
which indicates the average number of amino acid substitutions per site.

A) N terminal DNA binding domain B) C terminal ligand binding module

3.3.2 MEME analysis

In the methylenomycin cluster, mmyB is the activator for the cluster and is hypothesised to be
able to activate its own expression. The binding sequence for MmyB is still unknown but it was
suggested that the mmyB promoter contained three B-boxes which were potentially the
binding sites for MmyB although this hasn’t been confirmed?!. These B-boxes were checked
against the S. coelicolor MmyB homologs, looking at if they were present within 500 base pairs
upstream of the start codon of each homolog. However, none of the B-boxes were present for

any of the homologs.

In order to attempt to identify a shared targeted binding site in DNA for the MmyB-like
transcription family, the sixteen S. coelicolor MmyB homologs promoter sequences (500 base
pairs upstream of the start codon) were submitted for MEME enrichment®3. One motif of

significance was found to be conserved through all sixteen promoter sequences (Figure 3.30).
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This motif was submitted to FIMO®* to identify individual occurrences of the motif in the

genome of S. coelicolor M145. FIMO identified 68403 hits of the motif within the genome.

2- E-value: 1.4e-015

S. coelicolor M145 FIMO hits: 68403

Figure 3.30: The motif identified by MEME in the promoter sequences of the sixteen MmyB
homologs and the number of hits detected in S. coelicolor M145 by FIMO

3.3.3 Motif presence in RNA sequencing

The motif identified by MEME enrichment was compared against the top ten genes with the

greatest positive log2 fold change in the RNA sequencing data for both SMM and LB. The

promoter sequences (500 base pairs upstream of start codon) of these genes were tested using

FIMO against the motif to detect any matches.

CO-121 SMM RNA Sequencing CO-121 YEME RNA Sequencing

FIMO hit number FIMO hit number

Top 10 positive log2

fold change genes

(number discounting

overlapping hits)

Top 10 positive log2

fold change genes

(number discounting

overlapping hits)

sco4672 11 (5) sco00995 8 (3)
sco4674 3(2) scol341 2(2)
sco4679 0(0) sc01988 9(5)
sco4682 10 (6) sco2423 1(1)
sco4684 5(2) $c02693 4 (3)
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sc04694 6(3) sco3504 4 (3)
sc04696 8 (5) sc03833 6 (4)
sco4697 3(1) sco4793 2(2)
sc05921 2(1) sco06973 3(3)
sco7140 15 (6) sco7732 1(2)

Table 3.10: The number of FIMO hits for the conserved motif against the promoter
sequences of the top ten genes in CO-121 with the greatest positive log2 fold change
against S. coelicolor M145 in SMM and CO-250 in YEME.

In CO-121, of the twenty genes only one does not contain the motif, sco4679. The rest contain a

minimum of one motif hit and a maximum of fifteen although this does drop to six when

overlapping motif hits are discounted (Table 3.10). The maximum number of hits occurs in the

5c07140 promoter which is the gene that an extra copy of was introduced for in CO-121.

CO-124 SMM RNA Sequencing CO-124 YEME RNA Sequencing
FIMO hit number FIMO hit number
Top 10 positive log2 Top 10 positive log2
(number discounting (number discounting
fold change genes fold change genes
overlapping hits) overlapping hits)
sco0236 4 (3) sc00201 6(3)
scol359 4 (3) 502920 0(0)
scol773 4 (3) sco3558 1(1)
sc02027 2 (1) sco3866 0(0)
sco4568 7 (4) sco4042 5(4)
sco4569 6(3) sco4174 6(3)
sco4983 1(1) sco4175 3(2)
sco5525 5(2) sc04990 23 (6)
sco7078 13 (3) 5c05868 13 (4)
sco7565 25 (6) sco5915 1(1)

Table 3.11: The number of FIMO hits for the conserved motif against the promoter
sequences of the top ten genes in CO-124 with the greatest positive log2 fold change
against S. coelicolor M145 in SMM and CO-250 in YEME.
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In CO-124, there are two genes in the YEME RNA sequencing that do not contain a hit for the

motif. FIMO detected a minimum of one for the rest of the genes up to a maximum of twenty-

five although this again decreases to six once overlapping hits are discounted (Table 3.11).

CO-154 has the most number of genes that do not contain a motif hit in the top ten most

overexpressed in each RNA sequencing, with three. The maximum number of motif hits is lower

than in CO-121 and CO-124 with only a maximum of thirteen although it does reach the same

level once overlapping hits are discounted (Table 3.12).

CO-154 SMM RNA Sequencing

CO-154 YEME RNA Sequencing

Top 10 positive log2

fold change genes

FIMO hit number
(number discounting

overlapping hits)

Top 10 positive log2

fold change genes

FIMO hit number
(number discounting

overlapping hits)

sco4678 9(4) sco1029 5(3)
sco4681 00) scol571 5(3)
504682 10 (6) scol744 5(4)
sco04683 10 (3) 502920 0(0)
sco4685 2(2) sco3082 10 (2)
sco4686 7 (3) sco4042 5(3)
sco4687 0(0) sc04682 10 (5)
sco4693 10 (4) sco5868 13 (4)
sc04694 6(3) sco06093 11 (4)
sco05291 2(1) 506926 2(2)

Table 3.12: The number of FIMO hits for the conserved motif against the promoter
sequences of the top ten genes in CO-154 with the greatest positive log2 fold change
against S. coelicolor M145 in SMM and CO-250 in YEME.
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3.3.4 Motif presence in Rhodococcus

In order to investigate if the motif identified from the promoter sequences of the S. coelicolor
MmyB homologs, the promoters (500 base pairs upstream of start codon) of each of the
seventy-six MmyB homologs found within the twenty eight Rhodococcus genomes that were
previously analysed were run against the motif using FIMO. Out of the seventy-six homologs,
only four did not return a hit for the motif in their promoter sequence, with a maximum of

fifteen hits being returned for one of the promoter sequences.

Strain Gene Name Motif hits in FIMO
AAT18 RS01415 4
R. aetherivorans IcdP1

AAT18 RS21070 8
XU06_RS25955 1

R. erythropolis BG43
XU06_RS28080 9
O5Y_RS25605 3

R. erythropolis CCM2595

O5Y _RS27670 8
RER_RS05870 3
R. erythropolis PR4 RER_RS29060 1
RER_RS30975 9
pREL1 RER_RS00200 1
H351_RS04340 9

R. erythropolis R138
H351_RS06590 1
R. equi 103S REQ_RS22620 6
R. equi DSSKP-R-001 C7H75_RS23790 6
A3L23 RS00815 4
A3L23 RS02225 2
R. fascians D188 A3L23 RS06235 5
A3L23 RS07750 8
A3L23 RS14960 8
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RHA1_RS02730 3

R. jostii RHA1 RHA1_RS02780 2
RHA1_RS09515 3

pRHL2 RHA1_RS40960 1
RI1CP_RS19215 11

R. opacus 1CP

R1CP_RS28630 4

R. opacus B4 ROP_RS08095 4
pROBO1 ROP_RS36215 1
PD630_RS08950 9

PD630_RS21525 9

PD630_RS21650 2
PD630_RS28605 10

R. opacus PD630

PD630_RS34220 8

PD630_RS34435 6
PD630_RS34505 13

PD630_RS34730 2

EP51_01710 3

EP51_05660 0

EP51_ 26910 2

R. opacus R7 EP51_26970 8
EP51_26995 3

EP51_ 27025 3

EP51_33145 6

pPDG3 EP51_44330 1
CIM55_RS27190 1

R. gingshengii djl-6-2

CIM55_RS29565 13

R. rhodochrous NCTC10210 CKW34 _RS06975 7
R. ruber YYL CSW53_RS17445 9

92



R. ruber P14

CS378 _RS10510

10

R. sp. 008

AOT96_RS07160

[EEN

AOT96_RS09230

=
w

R. sp. 2G

B0226_RS18795

R. sp. B7740

NYO08_RS02975

NYO8_RS05860

NY08_RS08690

NYO8_RS10435

NYO8_RS11105

NYO8_RS17795

NYO8_RS23685

R. sp. BH4

AOW34_RS525975
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R. sp. H-CA8f

CPI83_RS01265
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CPI83_RS03325

R. sp. MTM3WS5.2

BTZ20 _RS17675

R. sp. p52

IM25_RS05365

R. sp. PBTS1

A3Q40_RS14345

R. sp. PBTS2

A3Q41_RS01460

A3Q41_RS07355

A3Q41_RS08810

A3Q41_RS10390
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A3Q41_RS14475

A3Q41_RS16035

A3Q41_RS22790

R. sp. WB1

A4U64_RS03520

A4U64_RS23355

R. sp. WMMA185

BFNO3_RS05680

O | N| N[ & N

Table 3.13: Number of hits for the enriched motif against the promoter
sequences of Rhodococcus MmyB homologs.
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4. Discussion
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4.1 Streptomyces investigations

The introduction of extra copies of MmyB homologs was not particularly successful in causing
the deregulation of any BGC. However, there are multiple reasons as to why this may have
occurred. The overexpression of the homologs was successful as seen in Figure 3.1 and Figure
3.11 with the introduced gene being overexpressed in each mutant. This was as expected with
the constitutive promoter allowing the positive feedback loop that is currently hypothesised as
to how MmyB control works to begin. This could seem to indicate that the homologs could
directly influence the expression of other homologs so the over expression of other homologs
in the mutants was not a surprise. The most likely genes to be regulated by MmyB homologs
are those that are directly downstream (Tables 3.2 and 3.7). Almost half of these are reductase
enzymes that are members of the short chain dehydrogenase/reductase family (SDR). These
SDR enzymes are quite commonly found in primary metabolism so this could be an indication

that the MmyB homologs may be involved in primary metabolism rather than secondary.

It was interesting to see the overexpression in both sets of media in the supercoiling
hypersensitive cluster (Figures 3.2 and 3.12). The fact that it was conserved in both medias
would seem to indicate that the overexpression of these homologs is leading to some sort of
extra stress being put on the cells causing supercoiling of the DNA that is switching on the
expression of this cluster. It’s possible that if these homologs are involved in primary
metabolism that all the extra transcription being forced by the abundance of the MmyB

homolog is creating issues for the DNA.

The aim going into the experiments was to study if the three MmyB homologs selected were
involved in any secondary metabolism. Even though many of the twenty-seven BGCs in S.
coelicolor A3(2) have been characterised (Figure 1.2), there are still some cryptic BGCs. Many
genes in the predicted gene clusters showed differential expression (Figure A3-A42), however
the majority of these were not predicted to be involved in the biosynthesis. This is likely the

result of transcriptional regulators that are within the clusters being affected in some way by
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the MmyB homolog overexpression and having a downstream effect on the genes within the
cluster. Even the BGCs that contained MmyB homologs such as the SapB BGC (Figure 3.8 and
3.16) did not have consistent differential expression that could be used to make predictions. An
interesting observation was how the antiSMASH prediction for certain characterised clusters
overestimated the limits of the cluster compared to what had been experimentally validated
and recorded in databases such as MIBIG”3 which antiSMASH uses. This is an indication that
although prediction tools used in natural product discovery have come a long way and
antiSMASH is a great tool, especially for novel genomes, there are still certain limitations to the

technology.

One of the most interesting BGCs in these experiments was the actinorhodin BGC due to the
fact that all three mutants in SMM have a conserved area of genes that have all been under
expressed (Figure 3.5). This would seem to indicate that either the integration of the pOSV556
vector has disrupted the regulation of the cluster or that the core homology of MmyB is able to
recognise and down regulate the core biosynthetic genes within the cluster. Although there’s
twenty-five genes under expressed between the three mutants it is unlikely that any are under
the direct influence of one of the MmyB homologs. It is much more probable that it is the
sc05085 gene that is having the influence on the cluster®’. The sco5085 gene, also known as
actll-4, has been characterised as the actinorhodin cluster activator protein, similar to how
mmyB activates the methylenomycin cluster by itself. Therefore it isn’t a stretch to hypothesise
that the under expression of the genes involved in actinorhodin production is due to the under
expression of its activator gene by the mutant bacteria whether due to direct control by the
homologs but much more likely to be a downstream effect of the overexpression. However, the
overexpression in the actinorhodin BGC seen in the YEME media sequencing (Figure 3.15)
indicates that the MmyB homologs are unlikely to be the cause of under expression of actll-4
and may have the opposite effect on the cluster. It could be that the stress from growing in
minimal media led to the cells prioritising transcription away from actinorhodin and that the
levels seen in the minimal media may have been even lower if not for the MmyB homolog

overexpression.
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Unfortunately not too many inferences can be made on the SMM RNA sequencing overall. The
data does show that they are some similarities with many of the genes affected, occurring in
multiple of the mutants. This however could be due to the integration of the pOSV556 plasmid
into the genome affecting certain transcriptional regulators around the integration site leading
to any number of untold downstream effects. It is impossible to discern if the integration of the
pOSV556 plasmid has disrupted some regulatory genes and how much of an effect that may
have elsewhere in the genome. Therefore trying to identify the differentially expressed genes
specific to the MmyB homologs is difficult. There is also the potential that the minimal media
that the bacteria was grown in is minimising the transcription changes in biosynthetic gene
clusters from the homolog overexpression. The stress that this media exerts onto the bacteria
encourages the activation of secondary metabolism due to competition faced for the lack of
nutrients. This priming of the bacteria means that any clusters that may be influenced by any of
the homologs could already have an increased expression in the wildtype, so the
overexpression doesn’t have the same impact. On top of this because the bacteria is already
beginning the process of switching on secondary metabolism the building blocks for these
clusters are in high demand. One of the reasons cryptic clusters haven’t been characterised yet
is that in natural environments the bacteria are prioritising the already discovered compounds
as these are the most reliable. These cryptic clusters could be very niche molecules in their
targeting and the bacteria wants to reduce the biosynthetic stress while ensuring maximum
efficiency. Therefore the broad targets compounds are preferable and what the bacteria will
funnel resources towards. Nevertheless, the fact that there is a number of differences between
the three mutants indicates that the overexpression of the MmyB homologs is having an effect
on gene expression. Unfortunately it doesn’t seem that the alteration in expression is centred
on the biosynthetic gene clusters expected. Now this could be for a variety of factors. The
biggest is that the MmyB homologs that have been overexpressed just may not be involved in
the regulation of any of the clusters predicted by antiSMASH. Another scenario could be that
certain triggers are not being met for precursors. So although the MmyB homolog could be

involved in a cluster’s regulation, it may not be the only regulator needed for expression.
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The CO-250 mutant with the empty pOSV556 vector should have been the control from the
beginning and it is unfortunate that it was not available for the minimal media sequencing. The
identification of 202 genes with differential expression in CO-250 compared to M145 clearly
shows that the integration of the plasmid does have an effect on the cell’s transcription. The
switch from minimal media to the nutrient rich YEME had a drastic effect. There is a huge
increase in genes with differential expression with the total number in YEME (Table 3.6) being
roughly eight times greater than the SMM (Table 3.1). The large amount of genes makes it
extremely difficult to determine the genes directly influenced by the homologs as the DNA
binding target is unknown. The far reaching effects are so large that they must be interacting
with either a wide variety of different types of genes, potentially many regulatory genes or are
somehow encouraging a global regulator to increase expression. Using the Abasy Atlas tool it
predicts all three of the homologs are associated in some way with a global regulator®®. The CO-
121 homolog sco7140 is linked with the RNA polymerase sigma factor sigR, sco0236 introduced
in CO-124 is connected to the RNA polymerase sigma factor hrdB and the CO-154 homolog
5€06926 interacts with the global regulator argR. The likely answer to these interactions is that
these sigma factors and regulator are part of the regulation of the homologs but it could be that
somehow the homologs are actually encouraging these protein’s activation and they are the
cause of the widespread differential expression. The reduced stress from growing in nutrient
rich YEME may also be a factor in allowing a much stronger downstream effect from the MmyB

homolog overexpression.

All the changes in gene expression have ultimately been shown to have little effect on the
metabolome of the cell. The SMM cultures, which due to the stress on the bacteria are more
primed for secondary metabolism, only had three new peaks occur across the three mutants.
CO-121 had two peaks detected that were unique when compared to M145 (Figure 3.18). One
of these peaks, the formula was unable to be predicted but the second peak was predicted to
have a chemical formula of CsHa6NsO7 (Figure 3.19). This formula does not correspond to a

known discovered compound and the two clusters in CO-121 that have increased expression of
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the core biosynthetic gene (Figure 3.4 and 3.10) are unlikely to be the cause due to expecting
much larger compounds so it is more probable that this is an intermediate. CO-124 and CO-154
actually shared the same new peak when compared to M145 (Figure 3.20 and 3.21), with a
predicted formula of C3gH23N20s3 (Figure 3.22). This formula is again not one that corresponds to
a known compound. As none of the core biosynthetic genes in any of the clusters have over
expression in both CO-124 and CO-154, it does not seem that the new peak is part of secondary
metabolism but another intermediate. The YEME cultures metabolomics had very little
alteration in the profiles. CO-250 was compared to the M145 parent strain and as no changes
were detected in the LCMS trace it would seem to indicate that the integration of pOSV556
does not alter the metabolome of the cell (Figure 3.23), reinforcing the RNA sequencing data.
CO-121 was compared against CO-250 and one of the replicates showed a large peak but this
was not conserved in the other two replicates so it seems likely that this was an anomaly
(Figure 3.24). The CO-124 and CO-154 mutants were compared against CO-250 and both
showed no changes (Figure 3.25). The lack of change in the metabolome in the YEME cultures
would seem to indicate that the stress caused by the minimal media was an important aspect in

the peaks being identified in those cultures.

The overexpression of a the MmyB homologs in the mutants CO-121, CO-124 and CO-154
seems to have a widespread affect in gene expression across the genome although the type of
media has a significant influence on how many genes are being targeted. This coupled with the
linked metabolomics of those same cultures having little to no changes in the metabolic profile,
there doesn’t seem to be a link for all of this differential expression and the production of

secreted metabolites.

4.2 Rhodococcus investigations

From the genome mining analysis, the Rhodococcus genus looks to be a severely underutilised

bacteria for natural product discovery with over 519 clusters predicted across 28 genomes.

While there will be a large amount of redundancy of shared clusters between the different
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genomes, even if each genome had only one novel cluster that would result in 28 compounds

that could have antimicrobial activity to be developed for commercialisation.

As can be seen in Figure 4.1, there is a huge number of MmyB homologs located in the
Rhodococcus genus that seem to group into three distinct clades. This grouping is likely due to
there being different variations in the DNA and ligand binding domains of the proteins. There
are some genes that are found in multiple species. There is a group of three genes;
RER_RS29060, XU0O6_RS25955 and C1M55 RS27190 found in R. erythropolis PR4, R.
erythropolis BG43 and R. gingshengii djl-6-2 respectively. This conservation could mean that
this gene is beneficial in some way to the bacteria, potentially involved in secondary
metabolism. There are two other pairs that are found in different strains of the same species
which is unsurprising and unlikely to be involved in secondary metabolism. There’s one final
pair found in two species, the A3L23 RS07750 gene from R. fascians D188 and the

A3Q41 _RS08810 found in R. sp. PBTS2. This again could be an indication that this gene is

somehow involved in secondary metabolism.

There are many other sets of genes with very small phylogenetic differences indicated by values
lower than 0.05 that likely correspond to genes that are shared throughout the evolutionary
tree of bacteria. The four genes found on plasmids in the various bacteria are all grouped
together as well in the tree as Rhodococcus are prone to having large linear plasmids that are

conserved through the genus, that contain a variety of useful genes in catabolism?>2°,

As can be seen in Table 4.2, there is a huge number of MmyB homologs but only a few are
located anywhere close to a antiSMASH cluster prediction. There are ten homologs within five
kilobases of a cluster and there’s even four that are found within the prediction. The three
conserved distances for the homologs would suggest that of the ten, it is probable that there is
some redundancy and that there are three distinct clusters. Regardless these clusters are just

the tip of what Rhodococcus may be hiding under the surface.
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Both of the trio of genes (RER_29060, XU0O6 _RS25955 and C1M55 RS27190) and the pair
(A3L23_RS07750 and A3Q41_RS08810) are identified to be very close to a cluster in the
former’s case and actually present in the cluster for the latter. This would seem to suggest that
the clusters they are associated to are conserved between the species and that these genes are

somehow involved with the cluster in some way.

The construction of Rhodococcus mutants is really the first step in the investigation of this
genus. The sixteen homologs were selected for varying reasons. The homologs from R.
erythropolis PR4 and R. jostii RHA1 were chosen as these two strains are the most well studied
and having the native gene being overexpressed gives more confidence that it will have some
influence compared to other MmyB homologs that may not be able to function in a
heterologous host. The R. opacus PD630 homologs were chosen due to the prevalence of NRPS
clusters in that strain with seventeen different NRPS clusters being predicted. The mutants
constructed did not show any changes in their metabolome when compared to the parent
strain so it seems that more work is needed and potentially R. opacus PD630 needs to be the

focus due to amount of NRPS clusters.

While the over expression of the MmyB homologs in CO-121, CO-124 and CO-154 did not result
in the identification of a novel BGC compound, the previous evidence of homologs to
methylenomycin regulation being a target to identify novel compounds, the prevalence of the
76 MmyB homologs across the Rhodococcus genus still make the deregulation of these

homologs an attractive area for natural product discovery.

4.3 MmyB homolog bioinformatic analysis

So little is currently understood about the MmyB-like transcriptional family that the

investigation of it is quite messy. Without having the knowledge of where the activators may

want to target in the DNA, experiments to identify if they are involved in cryptic biosynthetic

clusters are quite scattergun in their approach. While this tactic could be successful in bacteria
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that have a majority of uncharacterised BGCs, in a species as well studied as S. coelicolor in the
area of secondary metabolism, more background is required to streamline the point of attack.

Bioinformatic analysis is a strong starting point to find commonalities across the family.

The phylogenetic analysis of the S. coelicolor M145 MmyB homologs groups the sixteen
homologs into three distinct clades (Figure 3.28). The top clade could be a future starting point
for experiments as it contains mmyB, sco0110 and sco6926 which are all located within BGCs
indicating they might be involved in the regulation of secondary metabolism. The phylogenetic
distribution when comparing the DNA binding domain and ligand binding module does vary
(Figure 3.29). The consistency of the three distinct clades in the tree being present suggests
that the maintenance of certain features that may be involved in protein function. The
alteration as to how closely related some genes are to one another depending on which domain
is being compared might mean that some homologs have a similar DNA binding target but
require different ligands to be bound to the protein for function and vice versa. For example,
the sco0307 and sco4944 are quite closely related in the ligand binding module, indicating they
probably have a common ligand they bind to but the DNA binding domains are much further
apart. There are some genes that stay linked together in both trees such as mmyB and sco2537,
which are closely related in both domains. This could indicate that sco2537 although not

situated in a cluster in the antiSMASH prediction is involved someway in secondary metabolism.

As the target sequence of MmyB is unknown, there is the potential that the homologs share a
consensus sequence or that the different clades of DNA binding domains target different DNA
sequences. The MEME enrichment of the promoter sequences of the MmyB homologs identify
a motif of twenty-nine bases (Figure 3.30). As this is a similar size to most promoter binding
sequences, that is a good indication that this motif is a possible consensus for MmyB homologs.
If this was a consensus sequence, the large number of return hits identified by FIMO in the S.
coelicolor M145 genome could also help explain the large swathe of changes in transcription

that was identified by the RNA sequencing.
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The top ten most over expressed genes in each of the mutants CO-121, CO-124 and CO-154
compared to the control in the SMM and YEME cultures were identified. Each of their promoter
sequences were compared against the identified motif using FIMO to identify matches (Table
3.10 - 3.12). In total there are six genes out of sixty across the three mutants that do not have a
positive match for the motif. However, the number of hits for each of the genes varies from as
few as one, up to six when overlapping hits are discounted. This multiplicity of the sequence
could indicate that multiple copies of the protein are required for activation or even allows

multiple different homologs to interact together to promote expression.

The motif was compared against the promoter sequences of the MmyB homologs identified in
Rhodococcus bacteria (Table 3.13). As the expected mode of regulation is a positive feedback
loop for MmyB, it would be expected that if this motif was a consensus sequence for all MmyB
homologs that the promoter sequence for all of them would contain at least one instance of
this sequence. Out of the seventy-six MmyB homologs in Rhodococcus only four did not contain
a single match for the motif in their promoter sequence. This conservation of the motif across
different bacteria genus gives more confidence to the likelihood that this motif could be

involved in MmyB regulation and is a potential point for further research.
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5. Summary and Future Work
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5.1 Summary

Due to the rise in AMR across the bacterial kingdom, novel antibiotics that aren’t modified
derivatives of existing drugs are an urgent need. With the vast majority of medically used
antibiotics originating from Streptomyces perhaps the time has come to move away from the
drug libraries and high-throughput screening that pharmaceuticals has gravitated towards and
return to trying to exploit bacteria themselves. Advancements in techniques such as next
generation sequencing and bioinformatic analysis has made this the perfect time to enjoy a

new golden age of discovery centred around natural products.

5.1.1 Streptomyces

As have been proven for years, Streptomyces is a scientific wonder when it comes to secondary
metabolism. The sheer number of drugs, not only antibiotics, that originated from this genus of
bacteria is mind-boggling. Even now, with the model species S. coelicolor being researched into
the ground, it still offers up new potential points of attack to eke out even more novel natural

products from its genome.

The MmyB-like transcriptional activators are one such area of research. The prevalence of this
family of proteins throughout all different actinomycete bacteria makes it hugely attractive,
especially if they are all like mmyB itself and involved in the regulation of a biosynthetic gene
cluster. Being able to understand how these proteins work, then makes it so much simpler to
exploit them not only in Streptomyces but in all the bacteria that contain them. To date not
much is known other than the general structure. Much is predicated on this and the activity of

mmyB in regulation of the methylenomycin cluster.

Previous experiments have identified bioactivity triggered by deregulation of one of the MmyB

homologs present in S. coelicolor. Three of these genes were successfully overexpressed to

attempt to determine how they influenced transcription in the bacteria and whether it was
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localised to any biosynthetic gene clusters. In both sets of RNA sequencing, all three of the
mutants proved that they are somehow influencing not only the gene expression in BGCs such
as the actinorhodin cluster through under expression of one of the key regulators of the cluster
activator, but also having much wider spread alterations in transcription across the genome.
How this is possible is not yet understood but it can be confidently said that gene expression of

biosynthetic gene clusters can be influenced by MmyB-like transcriptional activators.

The RNA sequencing was coupled with comparative metabolic profiling that has identified
across the three mutants, three novel metabolites, who's production has somehow been
triggered by overexpression of a MmyB homolog. It would seem a distinct possibility now that
in those few cryptic clusters still left in S. coelicolor, the MmyB homologs could be involved in
the regulation of one, likely a homolog that can be found within a cluster prediction. This
should be one of the next steps in attempting to exploit these genes alongside purifying those
three metabolites and determining what cluster they might originate from. This would further
inform the next steps as identification of the cluster being influenced would help understand

not only its regulation but also the targeting of the MmyB homologs.

5.1.2 Rhodococcus

The Rhodococcus genus is one with great potential to be a source of novel natural products.
The abundance of NRPS type clusters across the genus makes it an extremely attractive
prospect considering how many pharmaceuticals originated in that same sort of cluster. That is
the both an advantage and downside of a bacteria that hasn’t previously been particularly
focused in regards to secondary metabolism. The prospect of any secondary metabolism being

something new is so high but the knowledge as to how to activate these clusters is lacking.

Perhaps the answer, at least for some of the clusters is the MmyB-like transcriptional

activators. Almost eighty were identified across the genus and all could switch on a gene

cluster. Obviously lots is still not understood about these genes so the phylogenetic analysis of
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those present in Rhodococcus is a great indicator for those that may be involved in secondary
metabolism. Coupling this with genome mining allows the identification of genes that are
conserved between species and if this is due to their likely involvement with a cluster. The
bacteria naturally want to keep beneficial genes and those a part of secondary metabolism are
definitely that. This can prevent redundancy in experiments, ensuring that the same gene

cluster is being accidently targeted in multiple species.

Two of the MmyB-like activators were successfully integrated into both R. jostii RHA1 and R.
erythropolis PR4. Now only one of these is an extra copy of a gene found in either strain but it’s
an interesting experiment to investigate if the homologs are able to interact in other species.
Nearly all the MmyB-like transcriptional activators before this analysis were identified in S.
coelicolor, obviously being the bacteria that mmyB itself was found in, this isn’t surprising. Now
however, future experiments could be done using Streptomyces MmyB-like activators in

Rhodococcus and vice versa.

The four mutants total had their metabolomic profile compared to their wildtype to investigate
if the overexpression was influencing secondary metabolism in any way. There were no distinct
changes between the mutants and wildtype bacteria but this could have been for a variety of
reasons, most probable of which is the nutrient rich media. This metabolic comparison needs to
be repeated using minimal media to stress the bacteria enough to encourage secondary
metabolism. Ideally more mutants with a variety of overexpressed MmyB-like activators can be

tested at the same time in the search of a novel natural product to develop onwards.

5.1.3 Bioinformatic investigation

The regulation of MmyB-like transcriptional activators isn’t particular well understood. The

hypothesis is that similar to mmyB, each gene is able to undergo autoregulation. This is

obviously dependent on ligand availability as the protein structure contains a module for such a

function. MEME enrichment of the S. coelicolor MmyB-like activators identified a conserved
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sequence of 29 nucleotides present in the promoters of the genes. This could be the site that is
targeted by the genes, allowing their autoregulation. These motif was further run against the S.
coelicolor M145 genome as well as the promoter sequences of the Rhodococcus MmyB-like
activators and identified a large number of hits throughout the genome and was found in nearly
all of the Rhodococcus genes. This could go some way in explaining the results produced in the
RNA sequencing data in the S. coelicolor mutants. This motif can be investigated further
through mutagenesis experiments altering nucleotides and identifying how expression of the
genes are altered. Probably the best experiment to ascertain the binding sites of the MmyB-like

activators is a ChIP-seq analysis of the S. coelicolor genes.
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7. Appendix

Figure Al: PCR testing integration of plasmids into R. jostii RHA1. Even lanes are the genomic DNA of
potential mutants, odd lanes are the plasmid positive control for all gels.

A) Lanes correspond to 1. Generuler 1kb ladder 2-3. pDRO05 01+pOSV02 4.5. pDR0O05 02+p0OSV01 6-7.
pDRO07 01+p0OSV02 8-9. pDRO07 02+p0OSV01 10-11. pDRO08 01+p0OSV02 11-12. pDR0O08 02+p0OSV01 13-
14. pDR009 01+p0OSV02 15-16. pDRO09 02+p0OSV0O1 17. Generuler 1kb ladder

B) Lanes correspond to 1. Generuler 1kb ladder 2-3. pDR0010 01+p0OSV02 4.5. pDR0010 02+pOSV01 6-
7. pDR0O11 01+p0OSV02 8-9. pDR0O11 02+p0OSV01 10-11. pDRO12 01+pOSV02 11-12. pDRO12 02+p0OSV0O1
13-14. pDR013 01+p0OSV02 15-16. pDR0O13 02+p0OSV01 17. Generuler 1kb ladder

C) Lanes correspond to 1. Generuler 1kb ladder 2-3. pDR014 01+pOSV02 4.5. pDR014 02+p0OSVO01 6-7.
pDR0O015 01+pOSVO02 8-9. pDRO15 02+p0OSVO01 10-11. pDRO16 01+pOSV02 11-12. pDRO16 02+p0OSV0O1
13-14. pDR017 01+p0OSV02 15-16. pDR0O17 02+p0OSVO01 17. Generuler 1kb ladder

D) Lanes correspond to 1. Generuler 1kb ladder 2-3. pDR018 01+p0OSV02 4.5. pDR018 02+p0OSV01 6-7.
pDR019 01+p0OSVO02 8-9. pDRO19 02+p0OSV01 10-11. pDR0O20 01+p0OSV02 11-12. pDR020 02+p0OSVO1 13-
14. pDR021 01+p0OSV02 15-16. pDR021 02+p0OSV01 17. Generuler 1kb ladder
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Figure A2: PCR testing integration of plasmids into R. erythropolis PR4. Even lanes are the genomic
DNA of potential mutants, odd lanes are the plasmid positive control for all gels

A) Lanes correspond to 1. Generuler 1kb ladder 2-3. pDR005 01+pOSV02 4.5. pDR0O05 02+p0OSVO01 6-7.
pDR0O07 01+p0OSVO02 8-9. pDRO0O7 02+p0OSVO1 10-11. pDROO08 01+p0OSV02 11-12. pDROO8 02+p0OSV0O1
13-14. pDR0O09 01+p0OSV02 15-16. pDRO0Y 02+p0OSVO01 17. Generuler 1kb ladder

B) Lanes correspond to 1. Generuler 1kb ladder 2-3. pDR0O010 01+p0OSV02 4.5. pDR0010 02+p0OSV01
6-7. pDRO11 01+pOSV02 8-9. pDRO11 02+p0OSVO1 10-11. pDR0O12 01+p0OSV02 11-12. pDRO12
02+p0OSV01 13-14. pDR013 01+p0OSV02 15-16. pDR0O13 02+p0OSV01 17. Generuler 1kb ladder

C) Lanes correspond to 1. Generuler 1kb ladder 2-3. pDR014 01+p0OSV02 4.5. pDR014 02+p0OSVO01 6-7.
pDRO015 01+p0OSV02 8-9. pDRO15 02+p0OSV01 10-11. pDR0O16 01+pOSV02 11-12. pDR0O16 02+p0OSV01
13-14. pDR017 01+p0OSV02 15-16. pDR0O17 02+p0OSVO01 17. Generuler 1kb ladder

D) Lanes correspond to 1. Generuler 1kb ladder 2-3. pDR018 01+p0OSV02 4.5. pDR018 02+p0OSVO01 6-7.
pDR019 01+p0OSV02 8-9. pDRO19 02+p0OSV01 10-11. pDR020 01+p0OSV02 11-12. pDR0O20 02+p0OSV01
13-14. pDR021 01+p0OSV02 15-16. pDR0O21 02+p0OSVO01 17. Generuler 1kb ladder
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Figure A3: The log2 fold change of RNA transcription for the first antiSMASH predicted cluster
in CO-121, CO-124 and CO-154 compared to S. coelicolor M145 grown in SMM. A log?2 fold
change greater than 1 or -1 indicates differential expression with the stars signifying
significance due to a b value < 0.05.
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Figure A4: The log2 fold change of RNA transcription for the fourth antiSMASH
predicted cluster in CO-121, CO-124 and CO-154 compared to S. coelicolor M145
grown in SMM. A log2 fold change greater than 1 or -1 indicates differential
expression with the stars signifying significance due to a p value < 0.05. 127
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Figure A5: The log2 fold change of RNA transcription for the fifth antiSMASH predicted cluster in CO-121,
C0-124 and CO-154 compared to S. coelicolor M145 grown in SMM. A log2 fold change greater than 1 or -1

indicates differential expression with the stars signifying significance due to a p value < 0.05
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Figure A6: The log2 fold change of RNA transcription for the sixth antiSMASH predicted cluster
in CO-121, CO-124 and CO-154 compared to S. coelicolor grown in SMM. A log2 fold change
greater than 1 or -1 indicates differential expression with the stars signifying significance due to

a p value < 0.05.
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Figure A7: The log2 fold change of RNA transcription for the seventh antiSMASH predicted cluster in CO-
121, CO-124 and CO-154 compared to S. coelicolor M145 grown in SMM. A log2 fold change greater than
1 or -1 indicates differential expression with the stars signifying significance due to a p value < 0.05
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Figure A8: The log2 fold change of RNA transcription for the seventh antiSMASH predicted cluster in CO-
121, CO-124 and CO-154 compared to S. coelicolor M145 grown in SMM. A log2 fold change greater than
1 or -1 indicates differential expression with the stars signifying significance due to a p value < 0.05
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Figure A9: The log2 fold change of RNA transcription for the tenth antiSMASH predicted cluster in CO-121,
C0-124 and CO-154 compared to S. coelicolor M145 grown in SMM. A log2 fold change greater than 1 or -1
indicates differential expression with the stars signifying significance due to a p value < 0.05
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Figure A10: The log2 fold change of RNA transcription for the twelfth antiSMASH predicted cluster in
C0-121, CO-124 and CO-154 compared to S. coelicolor M145 grown in SMM. A log2 fold change greater
than 1 or -1 indicates differential expression with the stars signifying significance due to a p value <

0.05
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Figure Al11: The log2 fold change of RNA transcription for the fourteenth antiSMASH predicted cluster in
C0-121, CO-124 and CO-154 compared to S. coelicolor M145 grown in SMM. A log2 fold change greater
than 1 or -1 indicates differential expression with the stars signifying significance due to a p value < 0.05.
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Figure A12: The log2 fold change of RNA transcription for the sixteenth antiSMASH predicted cluster in

C0O-121, CO-124 and CO-154 compared to S. coelicolor M145 grown in SMM. A log2 fold change greater

than 1 or -1 indicates differential expression with the stars signifying significance due to a p value < 0.05
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Figure A13: The log2 fold change of RNA transcription for the seventeenth antiSMASH predicted cluster in
C0-121, CO-124 and CO-154 compared to S. coelicolor M145 grown in SMM. A log2 fold change greater than
1 or -1 indicates differential expression with the stars signifying significance due to a p value < 0.05.

15
1
g 05
=
o]
=
o
z mCO-121
L
~ mC0-124
g
3 0 mCO-154
-05
-1
-15 *
SCo6221 SC06222 SC06223 SC06224 SC06225 SC06226 SC06227 SC06228 SC06229 SC06230 SC06231
Gene Name

Figure A14: The log2 fold change of RNA transcription for the eighteenth antiSMASH predicted cluster in
C0-121, CO-124 and CO-154 compared to S. coelicolor M145 grown in SMM. A log2 fold change greater
than 1 or -1 indicates differential expression with the stars signifying significance due to a p value < 0.05
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Figure A15: The log2 fold change of RNA transcription for the nineteenth antiSMASH predicted cluster in
C0-121, CO-124 and CO-154 compared to S. coelicolor M145 grown in SMM. A log2 fold change greater
than 1 or -1 indicates differential expression with the stars signifying significance due to a p value < 0.05.
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Figure A16: The log2 fold change of RNA transcription for the twentieth antiSMASH predicted cluster in
CO-121, CO-124 and CO-154 compared to S. coelicolor M145 grown in SMM. A log2 fold change greater
than 1 or -1 indicates differential expression with the stars signifying significance due to a p value < 0.05
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Figure A17: The log2 fold change of RNA transcription for the twenty-first antiSMASH predicted cluster in CO-
121, CO-124 and CO-154 compared to S. coelicolor M145 grown in SMM. A log2 fold change greater than 1 or
-1 indicates differential expression with the stars signifying significance due to a p value < 0.05.
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Figure A18: The log2 fold change of RNA transcription for the twenty-second antiSMASH predicted cluster in
C0-121, CO-124 and CO-154 compared to S. coelicolor M145 grown in SMM. A log2 fold change greater than
1 or -1 indicates differential expression with the stars signifying significance due to a p value < 0.05.
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Figure A20: The log2 fold change of RNA transcription for the twenty-fifth antiSMASH

predicted cluster in CO-121, CO-124 and CO-154 compared to S. coelicolor M145 grown in

SMM. A log2 fold change greater than 1 or -1 indicates differential expression with the stars

signifying significance due to a p value < 0.05.
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Figure A21: The log2 fold change of RNA transcription for the twenty-seventh antiSMASH
predicted cluster in CO-121, CO-124 and CO-154 compared to S. coelicolor M145 grown in
SMM. A log2 fold change greater than 1 or -1 indicates differential expression with the stars
signifying significance due to a p value < 0.05
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Figure A22: The log2 fold change of RNA transcription for the first antiSMASH predicted cluster in CO-121, CO-
124 and CO-154 compared to the empty vector control CO-250 grown in YEME media. A log2 fold change
greater than 1 or -1 indicates differential expression with the stars signifying significance due to a p value < 0.05
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Figure A23: The log2 fold change of RNA transcription for the fourth antiSMASH predicted cluster in CO-121, CO-124
and CO-154 compared to the empty vector control CO-250 grown in YEME media. A log2 fold change greater than 1
or -1 indicates differential expression with the stars signifying significance due to a p value < 0.05
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Figure A24: Figure 3.37: The log2 fold change of RNA transcription for the fifth antiSMASH predicted cluster in CO-
121, CO-124 and CO-154 compared to the empty vector control CO-250 grown in YEME media. A log2 fold change
greater than 1 or -1 indicates differential expression with the stars signifying significance due to a p value < 0.05
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Figure A25: The log2 fold change of RNA transcription for the sixth antiSMASH predicted cluster in CO-121, CO-
124 and CO-154 compared to the empty vector control CO-250 grown in YEME media. A log2 fold change
greater than 1 or -1 indicates differential expression with the stars signifying significance due to a p value < 0.05
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Figure A26: The log2 fold change of RNA transcription for the seventh antiSMASH predicted cluster in CO-
121, CO-124 and CO-154 compared to the empty vector control CO-250 grown in YEME media. A log2 fold
change greater than 1 or -1 indicates differential expression with the stars signifying significance due to a p
valiie < 0 NG
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Figure A27: The log2 fold change of RNA transcription for the eighth antiSMASH predicted cluster in CO-121,
CO-124 and CO-154 compared to the empty vector control CO-250 grown in YEME media. A log2 fold change
greater than 1 or -1 ind