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ABSTRACT

For decades, actinomycetes have been a major source of antibacterial and
antiproliferative compounds, providing medicine with drugs invaluable for the
treatment of a variety of diseases and types of cancer. The discovery of antibiotics
allowed humanity to combat infections that would have been lethal otherwise, which
puts them among the most transformative medical innovations in human history.
Nowadays, widespread antibiotic use in agriculture and farming has led to the rise
in bacterial antibiotic resistance, which, together with a rising number of cancer
cases worldwide, creates a critical need for the discovery and synthesis of new
bioactive compounds. Synthetic biology offers a comprehensive toolbox for the
development of new, biologically active natural products, presenting a compelling
alternative to conventional drug discovery methods.

The research presented in this thesis demonstrates how a synthetic biology
approach, particularly the BioBrick technique, can facilitate the discovery and
production of secondary metabolites in Streptomyces strains. First, we developed a
BioBrick-based synthetic biology toolbox for the de novo construction of
biosynthetic pathways, which proves to be especially effective in stepwise pathway
building. We assembled eight deoxysugar pathways and expressed them in a
heterologous Streptomyces host carrying 8-demethyl-tetracenomycin C aglycone,
which resulted in the production of eight compounds, including four new
glycosylated tetracenomycins.

Secondly, we characterised the functions of key enzymes in the chartreusin
pathway using a BioBrick-based synthetic biology platform. We discovered a three-
enzyme cascade responsible for converting an intermediate aglycone, auramycinone,
into resomycin C through a double dehydration reaction. We proved that the 9,10-
dehydration of auramycinone is catalysed by an enzyme pair ChaX/ChaU, while 7,8-
dehydration is catalysed by the Chal enzyme.

Together, these findings establish synthetic biology as a valuable tool in both
pathway assembly and enzyme function elucidation. They shed a new light on the
elloramycin glycodiversification as well as the process of double dehydration of
auramycinone in chartreusin biosynthesis. The synthetic biology approach used here
can help expand our ability to engineer and manipulate biosynthetic pathways for
the future production of valuable compounds.
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TIVISTELMA

Aktinobakteerit ovat olleet vuosikymmenien ajan merkittdva antibakteeristen ja
antiproliferatiivisiten yhdisteiden ldhde, ja ne ovat tarjonneet ldéketieteelle korvaa-
mattomia ladkkeiti erilaisten sairauksien ja syopien hoitoon. Antibioottien 10ytyminen
mahdollisti muuten kohtalokkaiden infektioiden torjumisen, mika tekee niistd yhden
merkittdvimmistd l4dketieteen innovaatioista ihmishistoriassa. Kuitenkin nykyaén
antibioottien laaja kéyttd maataloudessa ja karjanhoidossa on johtanut bakteerien
antibioottiresistenssin  kasvuun. Antibioottiresistenssi sekd maailmanlaajuisesti
kasvava syoOpatapausten madrdn luovat kiireellisen tarpeen uusien bioaktiivisten
yhdisteiden 16ytdmiselle ja syntetisoimiselle. Synteettinen biologia tarjoaa kattavan
tyokalusarjan uusien ja biologisesti aktiivisten luonnonyhdisteiden kehittdmiseen ja
toimii vaihtoehtona perinteisille lddkkeiden kehittimismenetelmille.

Tama vaitoskirjatutkimus osoittaa, kuinka synteettisen biologian lahestymistapa,
erityisesti BioBrick-tekniikka, voi helpottaa luonnonyhdisteiden 10ytdmistd ja
tuottamista Streptomyces-bakteerikannoissa. Ensiksi kehitimme BioBrick-pohjaisen
synteettisen biologian tyokalusarjan biosynteettisten reittien de novo -rakentami-
seen, mika osoittautui erityisen tehokkaaksi vaiheittaisessa biosynteesireitin rakenta-
misessa. Kokosimme kahdeksan deoksisokerireittid ja ilmensimme ne hetero-
logisessa Streptomyces-isdntdkannassa, joka tuotti 8-demetyyli-tetrasenomysiini C -
aglykonia. Témé johti kahdeksan yhdisteen tuotantoon, joista neljd oli uusia
glykosyloituja tetrasenomysiineja.

Seuraavaksi karakterisoimme chartreusiinireitin  keskeisten entsyymien
toimintoja kayttdmalla BioBrick-pohjaista synteettisen biologian tydkalusarjaa.
Loysimme kolmen entsyymin kaskadin, joka vastaa vélituoteaglykonin,
auramysiinin, muuntamisesta resomysiini C:ksi kaksoisdehydraatioreaktion kautta.
Auramysiinin 9,10-dehydraatio katalysoituu entsyymiparilla ChaX/ChaU, kun taas
7,8-dehydraatio katalysoituu ChalJ-entsyymilla.

Yhteenvetona viitoskirjatutkimuksen 10ydot vahvistavat synteettisen biologian
toimivuutta biosynteesireittien rakentamisessa, ettd entsyymien toiminnan
selvittdmisessd. Tutkimus toi myds uutta tietoa elloramysiinin glykodiversifi-
kaatiosta ja auramysiinin kaksoisdehydraatioprosessista chartreusiinin biosyntee-
sissd. Tutkimuksessa kaytetty synteettisen biologian ldhestymistapa voi auttaa
laajentamaan kykydmme suunnitella ja manipuloida biosynteettisid reitteja uusien
luonnonyhdisteiden tuottamiseksi tulevaisuudessa.
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STRESZCZENIE

Przez dziesigciolecia promieniowce byly gtdéwnym zroédlem zwigzkow antybakteryjnych i
przeciwrakowych, dostarczajac medycynie lekow nieocenionych w leczeniu réznorodnych
infekcji 1 nowotworow. Odkrycie antybiotykdéw pozwolito ludzkosci zwalczaé choroby,
ktore w przeciwnym razie bytyby smiertelne, co stawia je wsrod najbardziej przetomowych
innowacji medycznych w historii. Obecnie powszechne stosowanie antybiotykéow w
rolnictwie i hodowli zwierzat doprowadzito do wzrostu opornosci bakterii na antybiotyki,
co wraz z rosnaca liczba przypadkéw nowotworow na calym $wiecie stwarza potrzebg
odkrywania badz syntezy nowych zwiazkow bioaktywnych. Biologia syntetyczna oferuje
kompleksowy zestaw narzedzi do opracowywania nowych, biologicznie aktywnych
metabolitbw wtornych, stanowiac przekonujacg alternatywe dla konwencjonalnych metod
odkrywania zwigzkow chemicznych.

Badania przedstawione w tej pracy doktorskiej pokazuja, jak podejscie z zakresu
biologii syntetycznej, szczegolnie technika BioBricks, moze utatwi¢ odkrywanie i
produkCJf; metabolitow wtdrnych w szczepach baktern z rodziny Streptomyces. Po
pierwsze, opracowaliSmy oparty na technice BioBricks zestaw narzedzi
pozwalajacych na konstrukcje szlakow biosyntetycznych de novo. Zbudowalismy
osiem szlakow deoksycukrow, ktore potem ekspresjonowalismy heterologicznie w
biosyntetycznym szczepie Streptomyces niosacym aglikon  8-demetylo-
tetracenomycyny C, co zaowocowato produkcja o$miu zwigzkdéw, w tym czterech
nowych glikozylowanych tetracenomycyn.

Po drugie, scharakteryzowalismy funkcje kluczowych enzymow w  szlaku
chartreusyny, uzywajac narzedzi biologii syntetycznej opartych na technice BioBricks.
Odkrylismy kaskade trzech enzymoéw odpowiedzialnych za konwersj¢ posredniego
aglikonu, auramycynonu, w resomycyne C poprzez jego podwdjng dehydratacje.
Udowodnilismy, ze 9,10-dehydratacja auramycynonu jest katalizowana przez pare
enzymow ChaX/ChaU, podczas gdy 7,8-dehydratacja jest katalizowana przez enzym Chal.

Lacznie te odkrycia ugruntowujg biologi¢ syntetyczng jako cenne narzg¢dzie
zaréwno w budowie szlakoéw metabolicznych, jak i w opisywaniu funkcji enzymow.
Rzucaja one nowe $wiatto na glikodywersyfikacje elloramycyny, a takze na proces
podwojnej dehydratacji auramycynonu w biosyntezie chartreusyny. Strategia oparta
na biologii syntetycznej zastosowana w ponizszej pracy moze pomoc w rozszerzeniu
naszej zdolnosci do inzynierii i manipulacji szlakami biosyntetycznymi w celu
przysztej produkcji cennych zwigzkow.
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1 Introduction

1.1 Actinomycetes and their natural products

Antibiotics are one of the most important groups of compounds known to man, as
they revolutionized our capacity to fight diseases that plagued humankind for
millennia. Already in ancient times people noticed that using a certain plant reduces
symptoms of an infection [1]. Traces of tetracyclines were discovered in bones of
people living in ancient Sudan, dating back to 350-550 CE, which suggests presence
of tetracycline-containing foods in their diet [2]. Traditional Chinese medicine has
known methods of treating diseases with plants that later were found to contain
active natural agents [3]. After Alexander Fleming noticed that his bacteria do not
grow around certain types of mould [4], the focus shifted towards microbes as
producers of antibiotics. During the “Golden era” of antibiotics between 1950s and
1970s, the research on the natural producers was thriving, which resulted in the
discovery of over 20 new classes of antibiotics [5].

Cancer is a leading and continuously rising concern for modern medicine.
Growing pollution and other environmental factors as well as an aging population
significantly contribute to an increase in the number of cases. According to WHO’s
estimates, in 2022 alone it was responsible for the deaths of nearly 10 million people,
which places it as the second most common cause of death in the world [6]. Given
the circumstances, antiproliferative drugs are now sought after more than ever and
the demand for anticancer therapies is at an all-time high [7]. In the antibiotic
“Golden era” many compounds were discovered which, while showing minimal
antibiotic activity, exhibited potent antiproliferative properties. One of them was an
anthracycline compound daunorubicin which was isolated from Strepfomyces
peucetius in the 1960s and quickly became the preferred chemotherapeutic for
certain types of cancer due to its robust antiproliferative activity. More than half a
century after their discovery, Streptomyces-derived natural products are still
prominent anticancer agents and are included in the WHO list of drugs essential for
cancer treatment [6]. They are used alone or in combination with other
chemotherapeutics in treatment of lymphomas, leukemias as well as solid tumours
in stomach, ovaries, breast or brain [8].

12



Introduction

The phylum that has contributed the most to the antibiotic and anticancer
repository of modern medicine is Actinobacteria. To illustrate their prevalence, in
just one gram of soil, there are about 10° colony-forming units (CFU), with an
estimated 107 of these being Actinomycetes [9]. One of the greatest producers of
secondary metabolites are soil dwelling bacteria from the Streptomycetaceae family.
They diverged from Kitasatospora in the Devonian period, around 382 million years
ago, which was most likely caused by the appearance of photosynthesizing plants
whose dead tissues the bacteria could feed on [10]. The family Streptomycetaceae,
the largest within the phylum Actinomycetota, comprises of a variety of aerobic,
Gram-positive, non-pathogenic bacteria species characterized by high genomic GC
content ranging from 69% to 78% [11].

The genus Streptomyces, which includes over 800 bacterial species, was
established in 1943 and since then has been the most important subject of antibiotic
research. Their preferred environment is soil rich in organic matter, but they also
inhabit a variety of terrestrial and marine environments such as deserts [12], deep
sea [13][14] or even the inner surface of marine sponges [15]. Evolutionarily,
Streptomyces specialized in producing and secreting antibacterial natural products,
initially meant as a competitive strategy against other microorganisms [16]. Bacterial
secondary metabolites are also valuable to plants with which Streptomyces become
symbiotic and protect the plant from pathogens [16]. The first Streptomyces-derived
antibiotics were introduced into clinical use in the 1940s. They were first classified
as antibiotics thanks to their antibacterial properties, but another very important
feature is their anticancer properties [17][18][10]. As of 2018, 17% of all
biologically active natural products came from Strepfomycetes [9]. Thanks to them
we have such widely used antibiotics as kanamycin [19], tetracycline [20],
daptomycin [21], erythromycin [22] or rifampicin [23], to name just a few. The
discovery of this group of compounds contributed immensely to the overall well-
being of humanity, treating diseases ranging from typhoid and leprosy to acne.

1.1.1 The need for new natural products in drug
development

Antibiotics gave humanity a powerful tool to combat pathogenic bacteria, which led
to a rapid and significant decrease in deaths caused by bacterial diseases worldwide.
However, microbes quickly developed numerous mechanisms to gain antibiotic
resistance [24], and recently the pace has picked up at an alarming rate, which poses
a major threat to global health. The ratio of the number of bacterial strains becoming
insensitive to antibiotics to the number of new antibiotics being developed is very
unfavourable for the latter, with only a few new active compounds in clinical trials
[25]. Over the course of recent years, inconsiderate use of antibiotics in medicine,

13
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agriculture and animal breeding has led to a significant increase in antibiotic
resistance in bacteria [1]. As of 2023, there was not even one antibiotic in clinical
use to which there were no resistant strains [25]. The United States alone was
responsible for 46% of global antibiotic use as of 2013 [26] and the trend has
continued to escalate, with worldwide antibiotic consumption increasing by nearly
50% between 2000 and 2018 [26].

Contemporary cancer treatment also remains far from ideal with a lot of currently
used anticancer compounds exhibiting unfavourable side effects. Doxorubicin, one
of the most popular anticancer drugs in treatment of sarcomas in children, acute
lymphoblastic leukemia (ALL), acute myeloid leukemia (AML) or breast cancer has
dose-dependent cardiotoxic side effects with an elevated risk of developing a heart
condition later in life [27]. Another popular chemotherapeutic bleomycin, used for
treatment of Hodgkin lymphoma, non-Hodgkin lymphoma (NHL) or various types
of squamous cell carcinoma [28] was shown to have a connection with vascular
malformations [29]. Dactinomycin, a chemotherapeutical used in treatment of Ewing
sarcoma in adults and children, gestational trophoblastic neoplasia,
rhabdomyosarcoma, and solid tumours, [30] and mitomycin used against gastric and
pancreatic adenocarcinoma are both hepatotoxic [31]. The main goal of current
research on new anticancer compounds is to focus on improving the selectivity,
efficiency and safety of the drug while maintaining its bioavailability and anticancer
activity [11]

1.1.2 Genomic organization, diversity and expression
control of Streptomyces-derived natural products

Actinomycetes produce a wide variety of natural products such as polyketides,
peptides (non-ribosomal peptides (NRPs), [32] and ribosomally synthesized or post-
translationally modified peptides (RiPPs) [33]), aminoglycosides [34], and many
more. Genes responsible for natural product biosynthesis are typically clustered
within the genome into biosynthetic gene clusters (BGCs). A recent genome-wide
study of various Actinomycete species revealed that a single bacterial genome can
encode from 25 to 70 diverse BGCs [35]. The size of a single biosynthetic gene
cluster differs between strains and the type of molecule it encodes. Different genera
of bacteria within the Actinomycetes class also have different secondary metabolite
production patterns. For example, NRP biosynthetic gene clusters are more prevalent
within the genus Rhodococcus than in other genera, while in Streptomyces
polyketide BGCs are the majority [36].

14



Introduction

Early research on Actinomycetes Environmental stimuli
focused on naturally expressed compounds,  (Signals from symbiotic or competing
. organisms, growth conditions)
however after genome sequencing became
more accessible and routinely used, it l
became obvious that the number of potential

BGCs present in the bacterial genome is Global regulators
(Positive regulators such as dnrN and dnr/

signiﬁcantly higher than the number of in S.peucetius and wblA in S. xiamenensis
compounds produced by the strain. This is and negative regulators such as dnrO)
because the majority of biosynthetic gene

clusters are not expressed under laboratory l

conditions [37]. The non-expressed BGCs
were called cryptic, sleeping or silent
clusters. In fact, only about 1% of

Pathway-specific requlators
(such as bldA gene in Streptomyces species )

environmental bacteria can be cultivated l
under laboratory conditions and only a small
fraction of existing biosynthetic pathways Gene expression

have ever been experimentally tested and metabolite production
[38][39]. The control of the activation of
these clusters is tied to the original preferred
environmental conditions of the strain,

Figure 1: Different types of gene expression
regulators in Streptomyces.

where external stimuli such as interactions with other microorganisms, nutrient
scarcity and morphological factors [40] trigger the production of the antibiotic
secondary metabolites [41]. Actinomycetes can also maintain symbiotic interactions
with plants, saprophytes and insects such as parasitic wasps, as well as marine
organisms such as sea cucumbers or sponges [42]. In these relationships the
secondary metabolites are being produced as a response to very specific
communication with the mutualistic partner [42].

The expression of genes within biosynthetic gene clusters (BGCs) is also
controlled through multiple internal regulatory mechanisms (Figure 1). The
environmental signal is typically detected by two-component regulatory system,
which is composed of a transmembrane sensor kinase that phosphorylates an
intracellular regulatory protein upon binding the external molecule triggering the
environmental response [43][44]. The regulatory genes that mediate the
environmental signal further include both global regulators such as the bldA gene
and pathway-specific controllers, such as members of the SARP (Streptomyces
antibiotic regulatory protein) family [40]. The bldA gene, is responsible for
triggering the antibiotic production and plays a crucial role in the regulation of
transcriptional expression [45]. Global regulatory systems can have both positive
and negative control over secondary metabolite biosynthesis. Positive regulators
include dnrN and dnrl in S. peucetius and wblA in S. xiamenensis, while negative
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regulators can be represented by dnrO [46]. SARPs are responsible for the
transcriptional control of the expression of genes within a biosynthetic gene cluster
[47], such as Actll-ORF4 in actinorhodin pathway, CdaR in the calcium-dependent
antibiotic or RedD in undecylprodigiosin, the best studied regulatory cascade of the
antibiotic producing clusters in Strepfomyces [46]. In doxorubicin pathway we have
a three-protein regulatory cascade responsible for the activation of the BGC, and
jadomycin BGC encodes five, including the pathway specific activator JadR1 [46].

1.1.3 Discovery of novel microbial natural products

Despite the large number of microbial natural products currently in clinal use, there
is a constant demand for improved drugs. Every year researchers discover new
natural, biosynthetic or semi-biosynthetic active compounds produced by
Streptomyces, but the demand is at an all-time high. A classic way of sourcing new
strains of Streptomyces would be to venture out into the world and collect a soil
sample, which would later be analyzed for the presence of Actinomycetes, and all the
metabolites would be characterized [12]. Between 2015 and 2020, research on
Actinomycetes has resulted in the discovery of an exceptionally high number of new
Streptomyces strains, Actinomycete-derived antibiotics and antiproliferative agents
[11]. The new natural products include compounds such as branimycins B and C
discovered in 2017 [48], ghanamycins A and B [49] isolated from S. ghanaensis, a
strain known before for the production of moenomycins [50], or benz[a]anthracene
polyketides - donghaecyclinones [51]. Given the number of Streptomyces-derived
natural products that are currently being used in clinical settings, Actinobacteria as
a phylum to this day are and will still be incredibly significant for antibiotic
development [52]. The main issue with the traditional methods is that it is affected
by diminishing yields due to the decades of screening of soil samples. Estimates
suggest that the rediscovery rate of known compounds is close to 99 % [38].
Another strategy for obtaining improved active compounds is their repurposing.
Many microbial natural products have been shown to harbor multiple biological
activities, and several antibiotics have recently been repurposed as anticancer agents.
Daptomycin for example, a compound used for treating difficult infections, was
shown to act in a suppressive manner towards breast cancer cells [53]. Another
example of successful antibiotic repurposed as anticancer drug is doxycycline, which
is a broad-spectrum antibiotic effective against gram-positive and gram-negative,
aerobic and anaerobic bacteria. Its spectrum is so broad that it found use in treatment
of rosacea but also anthrax. As an anticancer agent, doxocycline shows activity
against breast cancer [54] and various cancer cell lines including lymphoma, prostate
cancer or leukemia [55]. Another low-side-effect drug, erythromycin, exhibited
suppressive antitumour activity in mice and other rodents [56]. Aureolic acids were
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also first studied as antibacterial compounds, only to later be used as treatment of
several types of cancer [57]. Overall, it is a promising route to repurpose antibacterial
compounds as anticancer drugs.

One of the more exciting contemporary opportunities for discovery of natural
products is synthetic biology, which offers both a powerful new approach to the
production of unknown secondary metabolites and a way to refine the already known
pathways. The constantly expanding genome sequence databases have revealed the
presence of numerous novel BGCs both within genomes of isolated microbes and
environmental DNA sequencing samples [35]. A variety of advanced bioinformatic
tools have been developed to efficiently analyze, annotate and categorize BGCs
within a Streptomyces genome [58]. Deep learning methods such as DeepBGC [59]
and e-DeepBGC [60], assembly graph analysis by biosyntheticSPAdes [61] and
BGC analysis software antiSMASH [62], that utilizes large-scale comparative
databases such as MIBIG [63] or BiG-FAM [64] are crucial to the discovery and
identification of new BGCs for natural product discovery. The cluster discovery
methods are constantly improved for even more accurate and precise BGC
annotation.

On top of that, advances in genetic engineering and constantly expanding genetic
toolbox for actinomycetes allowed for greater precision in pathway manipulation
[65]. Traditionally, silent gene clusters within the Streptomyces genome were
activated by removing repressors or introducing activators [66]. Today, advanced
tools such as various synthetic biology techniques allow for immensely more precise
and tuned engineering biosynthetic pathways for optimal natural product expression
[52][66][67]. Combinatorial metabolic engineering revolutionized the production of
antibiotics and opened a new door for yield improvement and novel compound
discovery in bacteria. Techniques such as gene cluster manipulation, where specific
genes within a cluster are duplicated, deleted or multiplicated through multi-copy
integration, are incredibly valuable for increasing titers [68][69]. An alternative
approach to combinatorial biosynthesis is regulatory gene engineering, which relies
on increasing the expression of resistance genes and deletion of repressors which
could potentially affect the yields [70][71]. A common practice is also to deactivate
native pathways in the strain that is meant to serve as a heterologous host, to redirect
the intracellular precursors towards the desired pathway [72]. Another key technique
in combinatorial biosynthesis is glycodiversification of compounds via a
promiscuous glycosyltransferase. The enzyme will attach a variety of carbohydrate
units to an aglycone, resulting in the creation of new secondary metabolites [73].
This can be achieved also through enzyme swapping, where a protein from the
original pathway will be replaced by an oftentimes better functioning homolog [74].
A very important technique in pathway engineering is the CRISPR-Cas system. In
Streptomyces this technique found application in activating silent BGCs [75],
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identifying potential BGC regions, and enabling targeted modifications within the
bacterial genome such as deletion of entire clusters [76]. CRISPR-Cas systems are
constantly evolving and expanding to include more Streptomyces species and editing
targets [76]. Synthetic biology utilizes the tools of engineering to recontextualize the
current view on developing new derivatives of natural products and discovering
unknown clusters within the Actinomycetes class. Currently most of the synthetic
biology research focuses on already known groups of natural products that have been
studied for decades in attempts to develop a new synthetic or semi-synthetic version
of the compound in hopes that the derivative will lack the adverse side effects of its
predecessor [77].

1.2 Type Il polyketides

Polyketides are a highly diverse group of natural products, among which we can
name type I, II and III polyketides. Type I polyketide synthases are large, modular
multi-domain enzymes found in bacteria and fungi, where each module performs one
specific step in building a polyketide chain. They are non-iterative, which means that
each module is used only once during the process. Among type I polyketides we can
find groups of compounds such as macrolides or polyenes. Type III polyketide
synthases are smaller and simpler homodimeric enzymes acting iteratively to build
a polyketide compound. Type III polyketides are small, monocyclic or bicyclic
compounds such as flavolin [78].

The research described in this work focuses on type II polyketides, which include a
variety of secondary metabolites possessing valuable, clinically significant activities.
They are abundantly present in Actinomycetes, especially within the Streptomyces
genus [79] and despite their diversity share a common biosynthetic logic and core
structural features. They all start as a long polyketide chain which can then be
cyclized in an array of different ways to yield different polyaromatic structures.
Aromatic polyketides can be divided into groups based on their carbon scaffold.
Within type II polyketides we can distinguish anthracyclines, angucyclines,
tetracenomycins, tetracyclines, aureolic acids, pradimicin-type pentangular
polyphenols, and benzoisochromanequinones [80].
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1.2.1.1 Anthracyclines

Anthracyclines are
the largest
subgroup  within
type II polyketides
[46]. Structurally,

CHy OH

anthracyclines
consist of a
tetracyclic
7,8,9,10-
: tetrahydro-5,12-
HO,, A E
' naphtaceno-
° quinone aglycone
0 ﬁ O‘O‘ wd o saccharde
™e - OH O OH O, moiety [81]
O‘O‘ . (Figure 2). Their
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OH mechanism of
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q K/‘:i LI action involves
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DNA and
Figure 2: Examples of anthracyclines: (A) daunorubicin. (B) nogalamycin. . poisoning
(C) aclacinomycin A. (D) cosmomycin D. (E) steffimycin. topoisomerase 11

[82].

The anthracycline aglycone comprises a planar, linear anthraquinone
chromophore composed of four rings: D, C, B, and A. The fourth ring serves as a
primary binding site for various side chains and is the most common location for the
attachment of saccharide moieties [6]. The anthraquinone skeleton acts as a
chromophore and is responsible for the red colour characteristic for this group of
compounds. Anthracyclines are usually glycosylated at the C7 position of ring A,
with a few exceptions such as nogalamycin, glycosylated both at the C7 and at C1
positions. [83].

Anthracycline aglycones exhibit structural diversity through various
substitutions at different carbons. For example, substitutions at the C10 can differ
from none at all in dauno- and doxorubicin, through a keto group in steffimycin [84]
and hydroxyl group in cosmomycin D to a branched carboxymethyl group in
nogalamycin and aclacinomycin (Figure 2) [85]. Another popular site for structural
substitution is the C9 carbon, where a whole array of different alkyl side chains can
be attached. In nogalamycin we see a methyl group at C9, while in aclacinomycin,
steffimycin and cosmomycin D an ethyl group is found at that position [46].
Doxorubicin and daunorubicin differ at the C9 position by one OH group, the side
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chain of daunorubicin bearing a primary alcohol and the side chain of doxorubicin a
methyl group. This position is also important for the determination of the
stereochemistry of the molecule [81].

1.2.1.2 Tetracyclines

One of the most widely used groups of
antibiotics known to science are
tetracyclines, secondary metabolites
produced by various Streptomyces
species.  This  group  contains
antibiotics such as doxycycline,
chlortetracycline or oxytetracycline
(Figure 3), which are effective against OH OH O OH O
both Gram-positive and Gram-
negative bacteria and even some
protozoan parasites [86]. Their mechanism of action involves inhibition of protein
synthesis through blocking the bacterial ribosome and therefore inhibiting the
binding of aminoacyl-tRNA [86].

Their broad spectrum of action established tetracyclines as the second most used
group of antibiotics in the world as of 2020 [87]. Unfortunately, their widespread
use in agriculture and animal breeding made them the main contributor for the rising
antibiotic resistance in nature [88]. The basis of the tetracycline antibiotic is a four-
ringed linear structure with an array of different functional groups determining the
properties of the compound [89]. Development of new tetracycline antibiotics has
been achieved by shuffling these functional groups around to come up with a new
molecule. The key positions for attachment of functional groups to obtain new
derivatives are C9 and C7 [86] with 6-deoxy-6-demethyltetracycline being the
minimal tetracycline pharmacophore, the simplest tetracycline derivative to still
possess pharmacological properties. Development of new tetracyclines constantly
progresses and nowadays we have three generations of biosynthetic, synthetic and
semi-synthetic tetracycline antibiotics [86].

Figure 3: Chemical structure of oxytetracycline.
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1.21.3 Tetracenomycins

Tetracenomycins are a small group of type II polyketides produced by the
Streptomycetaceae and Nocardiaceae families. The first known tetracenomycin was
tetracenomycin C  (Figure 4)
discovered in 1979 [90]. Despite
being type II polyketides, which
makes them structurally related to
tetracyclines and anthracyclines,
tetracenomycins have remarkably

few close relatives. Some
Figure 4: Chemical structure of tetracenomycin C. tetracenomycins retain more

aromaticity during their biosynthesis than others, whose aromatic ring gets oxidated
into a diol and therefore partially saturated [91]. Similarly to other type II polyketide
natural products, they exhibit anticancer and antibiotic properties [80]. Their
mechanism of action manifests in inhibition of the process of translation by binding
to the larger ribosomal subunit [92]. Most studied tetracenomycins include
tetracenomycin C produced by S. glaucescens and elloramycins A-F produced by S.
olivaceus Tu2353, as well as tetracenomycin D3 or tetracenomycin B3 which were
found to be intermediates of both elloramycin and tetracenomycin C [91].

1.21.4 Angucyclines

Another large group of
type Il polyketides
synthesized by various
species of Actinobacteria
are angucyclines,
glycosylated decaketides
possessing antibacterial,
antifungal and antitumour
~0 properties.  The  first

C o HO angucycline was
o ‘ characterized in 1965 and

(@)
C T
77 YOH
Yy

as of 2024 there are over
O 300 angucyclines known
to science, including
compounds such as

Figure 5: Examples of angucyclines(A) lugdunomycin, (B) landomycin, griseomycin,
rabelomycin, (C) elmonin. lugdunomycin (Figure 5)
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aquayamycin or chlorocyclinones [93][94]. The high structural variation of
angucyclines is reflected in their biological activities and diverse mechanisms of
action. They can be further divided into three groups: classic angucyclines,
rearranged angucyclines and those with C-ring cleavage such as elmonin. C-ring
cleavage occurs when the C ring of the quinone part of the molecule is oxidated,
which results in opening of the lactone ring and subsequent structure rearrangement.
Most angucyclines, such as rabelomycin (Figure 5) have benz(a)anthraquinone as
their tetracyclic backbone [93]. Unlike tetracenomycins or anthracyclines, the
decaketide chain of angucyclines undergoes angular cyclization, hence their name
[94]. Despite the large diversity in this family of natural products and their anticancer
and antibacterial therapeutic potential, none of them reached the final stages of
clinical trials due to their high toxicity and solubility issues [93]. Currently most of
the research on angucyclines focuses on the discovery and synthesis of new, less
toxic derivatives that might have a greater clinical potential [93] [94].

1.2.1.5 Pradimicin-type pentangular polyphenols

Pradimicin-type pentangular polyphenols such as pluramycins, pradimicin A and
benzo(a)naphthacenes are a group of Actinomycete-derived type II polyketides
closely related to angucyclines, also featuring an angular ring system. They exhibit
a broad-spectrum of antiviral and antifungal properties and their mechanism of
action relies on disrupting the
fungal cell wall by binding to
its terminal D-mannoside
[79][95]. Pradimicin A
(Figure 6) is an antifungal
agent consisting of a
benzo(a)naphthacene
aglycone decorated with two
chiral alcohols at positions C6
and CS5 of the D ring and two
saccharide  moieties, D-
xylopyranose and 4-
methylamino-4-deoxy-D-
fucopyranose, attached to one
of them through an oxygen
atom [96]. Pradimicin is one of the few type Il polyketide compounds that feature an
amino acid moiety, D-alanine, attached to the E ring at the C2 position.

Figure 6: Chemical structure of pradimicin A.
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1.2.1.6 Aureolic acids

Aureolic acids are a family of type II tricyclic polyketides produced by various
Streptomyces species. The first member of this family, aureolic acid, also known as
mithramycin (Figure 7), was described in 1953 [57]. Later other members of the
family followed, such as chromocyclomycin, olivomycin and chromomycin A3.
Aureolic acids are fluorescent, intensely yellow compounds characterized by a
tricyclic  ring
system with a
long dihydroxy-
methoxy-oxo-

pentyl aliphatic
chain attached
to it at C2
position. There
are certain

structural
differences Figure 7: Chemical structure of mithramycin A.

between the representatives of the aureolic acids family, such as differences in the
number of rings in the aglycone, the presence of a small methyl or isobutyl residue
attached to C7 carbon, the length and composition of the C2 aliphatic chain or the
type of the oligosaccharide residues at C1 and C6 [97].

Mechanism of action of aureolic acids relies on their nonintercalative interaction
with the minor groove of the DNA double helix in GC rich regions. They inhibit
transcription, which significantly affects the downstream protein production [57]
[97]. Aureolic acids were first studied as antibacterial compounds, however due to
the lack of any activity against gram-negative bacteria, the focus of the research was
shifted to testing their antiviral and anticancer properties. Nowadays they are being
used in the treatment of malignant tumours, testicular cancer and acute myeloid
leukemia. They also proved to be effective against HIV proteins [57]. Unfortunately,
the clinical applications of these compounds are limited by their toxicity [97].
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1.21.7 Benzoisochromanequinones

Benzoisochromanequinones are
a group of aromatic antibacterial
and  anticancer type Il
polyketides  produced by
Actinomycetes containing a
quinone isochromane derivative
in their chromophore. The most
researched
benzoisochromanequinone  is
actinorhodin from S. coelicolor,
one of the best studied type II
polyketides to date. Other
molecules include medermycin
and granaticin from S. olivaceus
(Figure 8) [79].
Benzoisochromanequinones can
be glycosylated, like
medermycin, non-glycosylated,
like actinorhodin or
glycosylated in an atypical way
like granaticin. The saccharide
moiety involved in the
biosynthesis of medermycin is
an  aminosugar, dTDP-D-
angolosamine coming from the deoxyhexose pathway [98]. Medermycin has a
strong activity against Gram-positive bacteria, as well an anti-platelet-aggregation
activity. Due to their diversity, the mechanism of action of
benzoisochromanequinones differs between compounds [99].

Figure 8: Chemical structures of (A) Actinorhodin. (B)
Granaticin. (C) Medermycin.

1.2.2 Typical type Il polyketide biosynthetic gene cluster
(BGC)

Extensive research conducted on the biosynthesis of various polyketides showed that
a typical type II polyketide gene cluster contains around 30 genes encoding a
plethora of enzymes such as cyclases, ketoreductases or transferases [98]. Although
type II PK BGCs are the most abundant among Actinobacteria, there is evidence of
I PK BGCs found in non-Actinobacterial species such as Ktenobacter or
Streptococcus [100]. The following sections discuss the logic of the type II
polyketide PKS biosynthesis using primarily anthracyclines as examples.
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1.2.3 Biosynthetic pathways of type Il polyketides and their
core enzymes

1.2.3.1 Aglycone biosynthesis

A typical type II polyketide biosynthetic pathway starts with a minimal polyketide
synthase (minPKS), comprised of three components: a ketosynthase (KS), a chain
length factor (CLF) and an acyl carrier protein (ACP) [101]. This protein complex is
responsible for assembling a polyketide chain through iterative Claisen condensation
of malonyl-CoA extender units to a variety of different starter units [78]. In the
KS/CLF heterodimer, the KS enzyme contains amino acids responsible for catalysis,
while the chain length factor (CLF) part determines the length of the synthesized
polyketide chain [102]. The growing polyketide chain is attached to an acyl carrier
protein, to protect the highly reactive polyketide intermediates from premature
cyclization [103]. After the elongation is finished, the polyketide chain detaches
from ACP, however the exact moment or the mechanism of the detachment is
unknown. This process results in the creation of an initial polyketide structure [104]
[46].

In biosynthetic pathways of type II polyketides, we can observe different types
of starting units. In anthracyclines such as aclacinomycin or daunorubicin we have a
propionyl-CoA starting unit (Figure 9 B), which requires two additional genes for
chain initiation, dpsC and dpsD. In oxytetracycline we have a malonamyl-CoA
starting unit and in anthraquinones such as R1128 A-D the polyketide chain is
initiated from a short chain carboxylic acid such as butyrate and isobutyrate [105].
An interesting group of polyketides are compounds produced by the marine
Streptomyces maritimus, such as enterocin, a synthesis of which is initiated from a
cyclic starting unit, benzoyl-CoA (Figure 9 D) [106]. The extender unit for type Il
polyketides is always malonyl-CoA [107].
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Figure 9: The diversity of starting units among type Il polyketides: (A) malonamyl-CoA starting

unit in tetracycline biosynthesis. (B) propionyl-CoA in aclacinomycin biosynthesis. (C)
acetyl-CoA in nogalamycin biosynthesis. (D) benzoyl-CoA in enterocin biosynthesis.

enterocin

After the polyketide chain is formed, cyclases determine the orientation, the
cyclization pattern and therefore the final configuration of the structure of the future
compound [108]. The polyketide undergoes a series of enzyme-catalyzed
ketoreduction and aromatization reactions to form a planar aglycone structure. As an
example, in anthracycline biosynthesis (Figure 10) the initial polyketide chain
undergoes 9-ketoreduction on its ninth carbon (C-2 of the final molecule), then the
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D ring is closed by an aromatase, followed by closure of the other two rings of the
anthracene aglycone, B and C. The final ring A is closed in a reaction called aldol
condensation, performed by a cyclase, which determines the stereochemistry of the
final compound. The final step of the synthesis of the aglycone is 7-ketoreduction,
which allows for the potential attachment of a sugar moiety to the aglycone [109].

0
x N o S-ACp AKnA S-ACP
SCoA  minPKS 5 & 6 AKnE1 S & &
w9z ML e
HO SCoA 0 0 0 0 © OHO O O O
AknW
AknX
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-

OH O OH O

5 7
OH O OH OH

aklavinone aklanonic acid
Figure 10: Type Il polyketide aglycone biosynthesis on the example of aklavinone. The
biosynthesis starts with a polyketide chain assembled by the minimal PKS. The

polyketide chain is later modified through a variety of enzymatic reactions to yield a final
product.

1.2.3.2 Glycosylation

Glycosylation patterns significantly contribute to the bioactivity of the compounds.
There are both glycosylated and non-glycosylated type II polyketides. Prior to
attachment to the polyketide aglycones by glycosyltransferases, the carbohydrates
are synthesized and modified as TDP (thymidine diphosphate) sugars. TDP sugar
biosynthetic pathway starts with D-glucose phosphate which then undergoes multiple
enzymatic modifications that allow for the synthesis of a variety of sugars. To yield
TDP-L-rhamnose D-glucose phosphate is converted into TDP-D-glucose, which then
undergoes 6-dehydrogenation and becomes TDP-4-keto-6-deoxy-D-glucose. An
epimerase then converts it to TDP-4-keto-L-rhamnose, which is a substrate for a
reductase that completes the synthesis by yielding TDP-L-rhamnose (Figure 11)
[73]. Examples of compounds decorated with TDP-deoxysugars are novobiocin
glycosylated [110] with TDP-noviose, or an angucycline antibiotic urdamycin
glycosylated with TDP-D-olivose and two TDP-D-rhodinoses [111].
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Figure 11: Biosynthesis of a TDP carbohydrate on the example of TDP-L-rhamnose. TDP-L-
rhamnose starts as a D-glucose-6-phosphate, which is then modified by various
enzymes to achieve the final product.

Type II polyketides can be glycosylated in various
ways. There are O-glycosylations, which are the most
common, less typical C-glycosylations, occurring in
medermycin and angucyclines, and even rare
glycosylations through two bonds, such as the fused
ring system like granaticin (Figure 8) [80] and
nogalamycin (Figure 13). The number of saccharide
moieties attached to an aglycone can vary from just
oHNMe; one to five or more per molecule, like in a tetracycline
hainancycline, whose BGC includes six
Figure 12: Chemical structure of glycosyltransferase genes responsible for attaching
daunorubicin. five carbohydrate moieties [112].
Another differentiating factor in type II polyketides is the positioning of the
glycoside moiety. As an example, in CHs
anthracyclines the most common N OH |
position for the sugar attachment is the H;C'’
C7 position of the A ring (Figure 12), HO"
however there is a plethora of differently
glycosylated type II PKs. One of the
examples is nogalamycin, which has a

neutral sugar attached to the A ring at the o

C7 position and an additional -0-435 3
aminosugar attached to the D ring )
(Figure 13) [85]. Figure 13: Chemical structure of nogalamycin.

1.2.3.3 Tailoring

Tailoring reactions in the type Il polyketide biosynthesis, are steps where the
molecules undergo a series of modifications to maximize their chemical diversity
(Figure 14). Each molecule has a pathway-specific set of tailoring enzymes, such as
3-ketoreductase in actinorhodin biosynthesis [113] or cytochrome P-450
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monooxygenase in doxorubicin pathway responsible for converting daunorubicin to
doxorubicin [114] (Figure 14 C). Tetracenomycins introduce tailoring modifications
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Figure 14: The diversity of tailoring strategies for type Il polyketides: (A) Conversion of
tetracenomycin A2 to Tetracenomycin C by EImG. (B) Double oxidation of
aclacinomycin N to aclacinomycin A to aclacinomycin Y. (C) 14-hydroxylation of
daunorubicin to doxorubicin (D) Carbon ring rearrangement in chartreusin biosynthesis.
(E) 1-hydroxylation in kosinostatin pathway.
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to partially saturate an aromatic ring through oxidation, resulting in a diol structure
[91]. Also, in tetracenomycins, an oxygenase EImG present in elloramycin pathway
catalyzes a triple hydroxylation of tetracenomycin A2 to tetracenomycin C [115]
(Figure 14 A). Tetracyclines are tailored in a way that the tailoring enzymes
desaturate the tetracyclic structure of the molecule and add various functional groups
[80]. In aclacinomycin biosynthetic pathway an interesting oxidoreductase, the
enzyme AknOx, oxidates the outermost L-rhodosamine sugar of aclacinomycin N
turning it into aclacinomycin A and then oxidates it again to turn it into
aclacinomycin Y [116] (Figure 14 B). Final steps of nogalamycin biosynthesis
involve 1-hydroxylation by a two-component hydroxylase system, which leads to
creation of an atypical ring system. For chartreusin, the tailoring steps involve a
rearrangement of the carbon structure of the aglycone and addition of two lactone
rings (Figure 14 D). In kosinostatin pathway we can observe a two-enzyme 1-
hydroxylation mechanism, where enzymes KstA15 and KstA16 together catalyze a
reaction yielding a 1,4-dihydroxy-anthracycline [117] (Figure 14 E).

1.3 Synthetic biology approach to antibiotic
discovery

Synthetic biology is an interdisciplinary field that extends beyond traditional genetic
engineering by using standardized biological parts, computational design, and
engineering principles to construct or redesign biological systems. This includes
assembling genetic circuits, creating synthetic pathways, and even engineering
microbial communities, with the goal of making biology more modular, and
engineerable [118]. The functional biological entity assembled from the parts can be
one of two things: it can either reproduce an already existing biological entity, or it
can comprise a gain of function [119]. However, no matter how well-designed and
well-thought-through synthetic biology systems are, one needs to remember they are
still involving a living organism, which can sometimes be unpredictable and needs
always to be taken into consideration [118]. Synthetic biology flourished as
computational design methods became more reliable and gene synthesis from single
nucleotides became more affordable, which eliminated the tedious process of
amplification of single parts via PCR [120]. As the number of standard biological
parts grew, a repository holding all the information on the biological parts called
iGEM was created [121]. All parts in this database were analyzed and characterized
either experimentally or via software tools.
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1.3.1 Expression systems in Streptomyces for efficient
engineering of biosynthetic pathways

There is a comprehensive genetic toolbox of specific biological parts, that allow for
the heterologous expression of the recombinant or synthetic systems in a
Streptomyces host [65], the design of which depends very much on the desired
outcome. Various expression systems serve different applications, such as activating
cryptic biosynthetic gene clusters through promoter region modification, introducing
activators, deleting negative regulators, or even a complete pathway reconstruction.

Pathway refactoring is an efficient synthetic biology strategy, where the whole
biosynthetic pathway is assembled de novo from artificially produced DNA. The
goal of pathway refactoring is to improve yields of natural products of known
pathways or to activate silent BGCs by introducing native or synthetic regulators
[122]. Using advanced cloning techniques like BioBricks, Gibson Assembly or
Golden Gate every single module of the pathway is separately cloned in, including
genes, promoters, RBSs, terminators and reporters [123]. To successfully express a
gene, one needs to think of all the elements necessary, starting from promoters and
RBSs, through plasmids and inducers, and finishing with fully engineered strains,
resistance mechanisms, and reporter genes.

1.3.1.1 Vectors and integration sites

When creating an expression system, selecting an appropriate vector for the pathway
assembly is crucial. Various cloning vectors are available which, thanks to their
small size, provide a great scaffolding for pathway assembly [124], however classic
E. coli cloning vectors such as pET and pUC vectors also are suitable for that task.
The typical workflow involves initially assembling the pathway in a strictly E. coli
amplifiable vector before transferring it into a shuttle vector. Shuttle vectors fuse
themselves with the Streptomyces host genome through a phage-derived integrating
site. Vector selection depends heavily on the desired integration location within the
bacterial genome, as different vectors have different integration sites (Table 1)[125].
Incorporation of the heterologous DNA into the bacterial chromosome via phage
integrase sites significantly increases stability of the construct [126].
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with 3,5-dinitrosalycilic acid (DNS) as substrate;
absorbance at 540 nm wavelength

Table 1: Genetic parts for the construction of expression systems in Streptomyces. [123]
(Modified)

GENETIC PART FEATURE REF.

Constitutive Promoters

ermE promoter From promoter region of erythromycin resistance [127]
gene of S. erythraeus

kasOP promoter Promoter of SARP family regulator from [128]
coelimycin cluster in S. coelicolor A3

gapdh promoter Derived from the promoter region of [129]
glyceraldehyde-3-phosphate dehydrogenase in
S. griseus

SP44 The strongest constitutive promoter engineered [130]
from the promoter kasOp, with twice the activity of
the latter

rpsL promoter Taken from the promoter region of rpsL gene in S. [129]
griseus

195 native or synthetic High-throughput screening in S. venezuelae [131]

promoters

32 native promoters Transcriptome -based promoter collection in S. [132]
albus

166 native promoters Transcriptome-based promoter collection in S. [133]
coelicolor

2 native promoters Multi-omics -based promoter collection in S. [134]
coelicolor

Inducible Promoters

tipA promoter Thiostrepton-induced promoter [131]

nitA promoter e-caprolactam-induced promoter [135]

xylA promoter Xylose-induced promoter [136]

tcp830 Tetracycline-induced promoter [137]

Terminators

fd Terminator derived from E. coli phage fd [138]

TD1 Terminator derived from Bacillus subtilis phage [139]
$29

ttsbiB Highly efficient terminator in S. lividans, used also [140]
in Mycobacteria

U term Terminator from WebGeSTer, a database of [140]
intrinsic transcription terminators

Vterm Terminator from WebGeSTer, a database of [140]
intrinsic transcription terminators

RBS

AAAAAGGAAG Native RBS sequence of S. coelicolor [141]

192 native or synthetic High-throughput screening in S. venezuelae [131]

RBSs

4 native RBSs Multi-omics data-based selection in S. coelicolor [134]

Reporter genes

luxAB cassette n-Decanal as substrate; absorbance at 490 nm [142]
wavelength

amy gene An assay of reducing sugars released from starch [131]
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xyle gene Catechol as substrate; absorbance at 375 nm [143]
wavelength

gusA gene p-Nitrophenyl-B-D-glucuronide as  substrate; [144]
absorbance at 415 nm wavelength

eGFP Green fluorescent protein; excitation wavelength [145]
470 - 490 nm and emission wavelength 515 nm

fGFP Green fluorescent protein; excitation wavelength [131]
488 nm and emission wavelength 500 - 550 nm

mRFP Red fluorescent protein; excitation wavelength [146]
584 nm and emission wavelength 607 nm

mCherry Red fluorescent protein; excitation wavelength [147]

587 nm and emission wavelength 610 nm
Phage integration sites

®C31 Sourced from Streptomyces phage ¢C31 [148]
[149]
®BT1 Sourced from Streptomyces phage ¢BT1 [150]
VWB Sourced from bacteriophage VWB [151]
RP3 Sourced from Streptomyces rimosus phage RP3 [151]
R4 Sourced from S. parvulus phage R4 [152]
[153]
TG1 Sourced from Streptomyces cattleya phage TG1 [152]
[154]
Bxb1 Sourced from Mycobacteriophage Bxb1 [155]
Sv1 Sourced from S. venezuelae phage SV1 [156]
®Joe Streptomyces phage ¢Joe, introduced to [157]
SCO02603, an ancestral phage fragment, in S.
coelicolor
®>1/6 Sourced from prophage ®u1/6, introduced to [158]
chromosome of tetracycline producing strains, S.
aureofaciens

1.3.1.2 Promoters

Another essential factor for the successful gene expression in Streptomyces is an
appropriate promoter. Selection of a promoter of the right strength is crucial for the
correct gene expression and therefore the optimal production of the compound of
interest [ 123]. There are both constitutive and inducible promoters of varied strength
available for Streptomyces expression systems (Table 1). Constitutive promoters
provide continuous gene expression, while inducible promoters require an inducer,
a specific compound, which can be a small organic molecule like resorcinol or
cumate, sugar, for example xylose, or antibiotic, such as tetracycline or thiostrepton
[137]. Constitutive promoters are most commonly used in pathway building, unless
the gene of interest encodes a product that is highly toxic for the cell and therefore
its expression needs to be tightly controlled. One of the most popular Streptomyces
promoters is the ermEp, a promoter region taken from in front of the ermE gene,
which gives Saccharopolyspora erythraea resistance to erythromycin and
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lincomycin [159]. Another popular choice is kasOp promoter from a cluster
responsible for the production of coelimycin in S. coelicolor [128]. Its sequence, just
like the one of ermEp resembles the sequence of the consensus prokaryotic promoter
[130]. Another promoter worth mentioning is derived from the promoter region of
actinobacterial glyceraldehyde-3-phosphate dehydrogenase of S. griseus, gapdh. It
was noticed that the gapdh and rpsL genes were expressed at a significantly higher
levels than others and upon investigation, it turned out that it was thanks to the
gapdhP promoter, which then, due to its strength, became a staple in the synthetic
biology toolkit [130].

1.3.1.3 Ribosome binding sites

The next step after selecting a promoter, is to choose an appropriate ribosome
binding site (Table 1). A ribosome binding site is a DNA sequence that lies within a
region called 5’-UTR located upstream of the start codon. This sequence, called a
Shine-Dalgarno sequence is usually rich in adenines and guanines and is relatively
conserved amongst bacterial species. The efficiency of translation depends heavily
on the choice of RBS and the 5’-UTR as well as on their pairing with an appropriate
promoter [160]. While native RBSs may be suitable in some cases, a synthetic RBS
is typically preferred due to its standardized nature [161].

1.3.14 Terminators

Since Streptomyces genomic structure is strictly operon-based, it is important to
ensure transcriptional termination at the end of each synthetic operon. Earlier, the
number of characterized terminators which are suitable for Streptomyces was
limited, however recently that number has significantly increased [123] (Table 1).
The most commonly used is the fd terminator, originating from the lambda coliphage
[162], which can be used both in E. coli and Streptomyces strains.

1.3.15 Reporter genes

In synthetic biology, fluorescent reporters are commonly used to measure expression
levels of individual genetic components like promoters and ribosome binding sites,
as well as sophisticated genetic circuits. Fluorescent proteins are used for example
as biosensors, genetic pattern reporters in plants [163], and as protein localisation
indicators [164]. The intensity of fluorescence is proportional to the protein
abundance, which is therefore a great indicator of the expression rate. Fluorescence
is measured at a wavelength specific to the protein. Interestingly, a reporter gene
does not always have to be a fluorescent protein. There are several colorimetric
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methods based on the enzymatic reaction of the expressed protein with added
substrate, for example the luxAB luciferase cassette from Vibrio harveyi [165], gusA
encoding a B-glucuronidase [166] or xy/E, a product of which converts catechol into
a yellow oxidation product [167]. Each of the colorimetric assays works by the
principle of the colourful product absorbing light at a certain wavelength which can
later be measured, and gene expression levels can be quantified. Neither of these
methods are without limitations, because the product compound in the colorimetric
method can interfere with cell metabolism and the fluorometric method can be
misleading due to Streptomyces having significant natural fluorescence [161].

1.3.2 Streptomyces strains as versatile hosts for antibiotic
production

A common practice in synthetic biology is to heterologously express a BGC from
one Streptomyces strain in a model host strain, which is more amenable to genetic
engineering. It also often improves the yield of the desired molecule, since the
heterologous host strains have been specifically designed for overexpression of
secondary metabolites [ 168]. An ideal Streptomyces host should be relatively free of
secondary-metabolite-encoding clusters to limit the interactions between
intermediates from various pathways, should provide a high level of precursors to
facilitate product formation, have a clean production profile and increased yields of
the desired compound compared to the native strain [169]. There are several
Streptomyces strains developed specifically for the heterologous production of
secondary metabolites, such as S. coelicolor 145 derivatives, S. lividans TK24, S.
avermitilis and S. albus J1074 [169].

1.3.2.1 Streptomyces coelicolor

One of the most popular strains for secondary metabolite production is S. coelicolor
M145 and its derivatives [170]. M145 was engineered from the actinorhodin
producer Streptomyces coelicolor A3 [171][172], which is a stable, easy to
manipulate strain with a genome of a little over 8,7Mb. M145 lacks two plasmids,
SCP1 and SCP2, that are present in the parental strain. Further modifications of S.
coelicolor M145 included deletion of four antibiotic-producing gene clusters,
actonorhodin, undecylprodigiosin, a calcium-dependent peptide antibiotic cluster
and coelimycin via homologous recombination, which yielded a S. coelicolor M1146
strain [168]. M1146 was further modified to enhance the production of secondary
metabolites, which resulted in development of S. coelicolor M1154 strain which,
aside from the quadruple deletion of the metabolic clusters, carried a mutation in
rpoB, a gene encoding the § subunit of bacterial RNA polymerase, and in rpsL,
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encoding ribosomal protein S12 [168]. Point mutations C1298T in rpoB and A262G
in rpsL resulted in a strain with improved antibiotic production without growth
impairments. Another engineered S. coelicolor derivative strain was designed
specifically for the expression of type III polyketide biosynthetic clusters. Strain
M1317 was built on the basis of S. coelicolor M1152 which already carried multiple
mutations enhancing the yields of natural products. In addition to the dact Ared Acpk
Acda deletions and rpoB (C1298T) mutation, M1317 carries three additional
deletions in genes typical for type Il polyketides, gcs, srs and rppA, resulting in a
strain tailored for the expression of type III polyketides [173].

1.3.2.2 Streptomyces lividans

A close relative of S. coelicolor is S. lividans, an easily manipulated strain with low
endogenous protease activity [169]. The most popular S. lividans derivative is TK24
[170], which carries the mutation (K88E) in rpsL gene encoding ribosomal protein
S12 [174], which increases the yields of metabolite production. Other attempts to
increase the yields of natural products were made by deleting the whole silent
actinorhodin producing cluster, which yielded strains S. /ividans K4-114 and K4-
155. Recent advances on strain improvement yielded the strain RedStrep, which,
through multiple deletions of biosynthetic clusters such as actinorhodin,
undecylprodigiosin, calcium dependent antibiotic or melanin (RedStrep dact Ared
Acda Amel), shows significantly increased yields of mithramycin [175].

1.3.2.3 Streptomyces albus

Another widely used Streptomyces strain for heterologous gene expression is S.
albus 11074, with disabled endonuclease sall gene that facilitates phage transfection
of the strain. The engineered strain lacks the restriction activity of Sall, which would
otherwise recognize and cleave specific sequences within the phage Pal6 genome
[176]. Among the advantages of this strain are rapid growth rate (complete life cycle
in 4 days on solid media) and a very small chromosome consisting of only a little
over 6Mb, encoding 5,832 genes [177]. Despite carrying over two dozen
biosynthetic gene clusters, it is still one of the most successful strains for
heterologous expression of secondary metabolites. Compounds such as stefimycin,
iso-migrastatin [178], greocycline [179] or landomycin [180] were successfully
expressed in this strain, giving better yields than their native hosts. In 2017, a
derivative S. albus strain was created with a translocated a#fB integration site of
phage ¢C31 to eliminate the chromosomal position effect. The chromosomal
position effect occurs when a heterologous biosynthetic gene is integrated into a
bacterial chromosome within a silent cluster or a region subjected to repression,
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which results in lowered expression levels and therefore lower yields of a secondary
metabolite [181]. This shows how important positioning of the integration site is for
the future yields of the desired compound [181]. The availability of more than one
attB site also significantly influences the yields, which was also demonstrated in S.
albus J1074 [169]. S. albus J1074 has been further developed into the derivative
strain Dell4, where 15 of the biosynthetic gene clusters present in original J1074
were deleted, yielding a chassis strain with an extremely simplified production
profile [169].

1.3.2.4 Streptomyces venezuelae

An emerging candidate for becoming a heterologous host for secondary metabolite
production is S. venezuelae. Its rapid growth rate, easy genetic manipulation, high
conjugation efficiency [ 182] and relatively homogenous mycelium proved to be very
valuable for research [183]. The native chloramphenicol producer is described as a
strain most suitable for industrial antibiotic production due to relatively dispersed
growth [ 184]. Both short pathways as well as those encoding entire biosynthetic gene
clusters were successfully heterologously expressed in S. venezuelae [185]. Several
mutant strains emerged over the years, such as S. venezuelae YJ003 or DHS2001
derived from S. venezuelae ATTC15439. DHS2001 was created through the
replacement of the pikA I-IV genes from pikromycin biosynthetic gene cluster with
a hygromycin resistance gene [186]. Another mutant strain, YJ003 was developed
through deletion of the desl-desVIII and desR genes from deosamine biosynthetic
cluster, native to the parental strain [187]. Later, as proof of principle, the entire
kanamycin A biosynthetic gene cluster from S. kanamyceticus was expressed in that
strain, which led to the discovery of previously unknown kanamycin intermediates
and production of both kanamycin A and B [188]. Finally, a double mutant strain
was created, where both pikromycin and deosamine biosynthetic gene clusters were
deleted from the bacterial chromosome of the S. venezuelae parental strain resulting
in a strain named YJ028 [189].

1.3.2.5  Streptomyces avermitilis

Finally, there is also S. avermitilis, a strain naturally producing the widely used
anthelmintic agent avermectin. This strain is not as widely used in genetic
engineering as the S. lividans or S. coelicolor, however it is more stable than them
in terms of genome instability and terminal inverted repeats (TIR). In 2010, a
deletion mutant of S. avermitilis was created, where a deletion of over 1,4Mb was
removed, containing mostly non-essential genes. The strains called SUKA2-17
carried various deletions and were not able to produce the secondary metabolites

37



Magdalena Joanna Niemczura

native to the parent strain [190]. Development of the SUKA strains encouraged the
heterologous expression endeavors using S. avermitilis as host [191].

1.3.3 Pathway assembly methods

1.3.3.1 BioBricks

One main goal of synthetic biology is to simplify and standardize the workflow of
genetic engineering to make the process more straightforward and efficient. The key
step in standardization of a biological system is to come up with a definition of a
standard biological part. In the late 1990s, there were attempts at developing a
standardized biological engineering platform called NOMAD, however the system
was not well received by the scientific community and therefore was reluctantly used
beyond its lab of origin [124]. The NOMAD system was proposed in 1996 and had
certain downsides, such as no clear distinction between front and back inserts, and
the restriction enzymes used in the system were not user friendly [192]. An
innovation came in 2003 when Knight et.al. at a MIT Computer Science and
Artificial Intelligence lab proposed the concept of a BioBrick. The first approaches
to the creation of a BioBrick standard part were not without flaws. The original
BioBrick scar consisted of 8 nucleotides, which would later disrupt the open reading
frame and subsequently compromise the downstream protein production [193]. This
was later corrected and the whole idea was pitched to the public at the Synthetic
Biology 1.0 conference in 2004. The inventors compared BioBricks to a set of screw
threads that all fit together thanks to their standardized nature. Knight was among
the early advocates of the concept of “biological simplicity” and compared the parts
to Lego building blocks, which were even depicted on the cover of his first BioBrick
manual handbook [194]. The goal of this technique was to eliminate the need to
design a whole new expression system from the experiment planning, which
significantly speeds up the progress of research.

1.3.3.1.1 BioBricks Registry of Standard Biological Parts

BioBricks are a collection of interchangeable biological parts allowing for the rapid
and smooth cloning of synthetic DNA fragments into a biosynthetic pathway. In the
BioBrick system, a biological part is a nucleic acid sequence encoding a biological
function. One BioBrick part can be combined with any other BioBrick part, creating
a seamless joint. This allows for the creation of a global collection of standard
biological parts, from which an engineer can take whatever they need and implement
it into their research [195]. The standard nature of the BioBrick design also allows
for smoother collaboration between labs in different parts of the world, because it
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ensures that whatever fragments of pathways they design, will always be joinable
[124].

The global database of BioBrick parts is called the iGEM (International
Genetically Engineered Machines) parts registry. It was launched in 2003 as an
internal MIT collection of biological parts stored in an -80°C freezer in a basement,
meant for a course for students taught therein. Later, as the database expanded, it
was offered to the public as Registry of Standard Biological Parts [193]. It is said
that the repository is a constant work in progress due to its communal and
collaborative nature. By 2010 iGEM contained 7000 physical samples of biological
parts and continues to grow to this day, shipping a great number of parts across the
globe every year [193]. As of 2024 it contains tens of thousands of entries, each of
them including all the necessary information about a certain biological part that a
biologist or engineer might need to include in their design.

1.3.3.1.2 Principles of the modular BioBrick design

The principle of the BioBrick system is very simple and relies on recycling of
restriction sites. By definition, any BioBrick part must be able to be connected with

E X s P E X s P E X
Pmﬁx ) @
! | :

E X s X s P
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E X scar site s P.

Prefix part

Figure 15: A standard assembly of BioBrick parts. The prefix fragment is digested with EcoRI and
Spel, the suffix fragment is digested with Xbal and Pstl. The acceptor vector is digested
with EcoRI and Pstl. The parts are ligated so that the EcoRI sites from the prefix
fragment and PsiT site from the suffix part fuse with the corresponding sites in the
acceptor vector. Spel site from the prefix fragment and Xbal site from the suffix part
create a ‘scar site’ which cannot be re-cut by neither of the enzymes.
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another BioBrick part, which means that a standard BioBrick part must be flanked
by four specific restriction sites: EcoRI and Xbal upstream and Spel and Pstl
downstream of the coding sequence. By cutting the fragment with appropriate
enzymes one can create a prefix part, which can be cloned in front of an existing
BioBrick sequence, or a suffix part, which can be cloned after an existing sequence
[194]. Additionally, Spel and Xbal share a very useful feature, which allows for the
recycling of restriction sites. After digestion, the sticky ends created by these
enzymes (TCTAGA and ACTAGT) can be sealed together by a ligase into an
ACTAGA scar site, which then cannot be cut again by either of the two enzymes
[194]. This means that once ligated, two BioBrick parts cannot be re-cut, but that
also means that after ligation of two parts, Spel and Xbal can be safely used again
without the risk of them cutting the already assembled fragments [194].

BioBrick parts can be either very small or relatively big. A whole cloning vector
can be a single BioBrick part, but it can also be built out of BioBrick parts itself.
There are parts as small as plasmid replication origins, terminators, RBSs or
antibiotic resistance markers, which allow for the construction of cloning vectors
perfectly tailored to individual research needs [124].

A BioBrick part can either be synthesized via de novo DNA synthesis offered
commercially or amplified using PCR from native DNA template. Literature offers
pre-designed PCR primers for optimal amplification of a BioBrick part from a native
template [196]. The primers are designed to add 8nt at the 5° terminus, which enables
more efficient cleavage of the prefix restriction sites and promote the addition of a
3’ overhang by Taq polymerase which facilitates downstream cloning. While
designing a part, certain criteria need to be met, and rules need to be followed. Each
standard BioBrick part, with an exception for protein expression parts, must be
prefixed with a 5’-GAATTCGCGGCCGCTTCTAGAG-3" sequence. In protein
encoding parts the prefix sequence is shorter by 2nt at the 3’ terminus, which ensures
the optimal spacing between the Shine-Dalgarno sequence and the start codon [197].
The suffix sequence for the standard BioBrick part is always 5’-
TACTAGTAGCGGCCGCTGCAG-3’ (Figure 16). Standard BioBrick parts must
not contain the four BioBrick restriction sites within their coding sequence to prevent
unintended cleavage [196].

$..-- GAATTC GCG GCC GCTTCT AGA G - ™**-- T ACT AGT AGC GGC CGC TGC AG---*
----- CTT AAG CGC CGG CGAACATCT C-------- ATGATCA TCG CCG GCGACG TC---
EcoRI Xbal Spel Pstl

Figure 16: A standard BioBrick part flanked with EcoRI, Xbal, Spel and Pstl restriction sites.
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The most popular way of joining multiple BioBrick parts together is a method
called a 3-way assembly (Figure 15), where the destination vector is cut with EcoRI
and Pstl to create a standard BioBrick opening. Then two fragments of choice are
cut, one with EcoRI and Spel to create a prefix part and the other with Xbal and Pstl
to create a suffix part. These two parts, when joined together, create an Spel/Xbal
scar sitte ACTAGA upon ligation. Then the EcoRI and Pstl sites of the vector are
ligated to the corresponding sites on the prefix and suffix parts, respectively. The 3-
way assembly is a fast and efficient way to join several BioBrick parts at once. The
method can be performed without having to purify the fragments from a gel as long
as the three BioBrick parts to be joined come from vectors with different resistance
markers [196].

1.3.3.2 Gibson Assembly

Classical cloning techniques usually take multiple steps to assemble more than two
DNA fragments into a pathway. However, in the past decade several new cloning
methods were developed to facilitate the process, such as Gibson assembly or Golden
Gate cloning. When it comes to pathway building, time and efficiency are of the
highest value, therefore any technique that facilitates the assembly of the
biosynthetic pathway is invaluable.

The Gibson assembly is a molecular cloning method that has been perfected and
improved over the years. The general principle of Gibson assembly is ligation of
digested DNA fragments in vitro, using a thermocycler. There are two versions of
Gibson assembly, the first involves joining up to five DNA fragments in a
thermocycler in two steps, and the other, thanks to the addition of exonuclease III
and antibody-bound Taq DNA polymerase, can be performed in just one step. The
method uses a process called overlap assembly instead of restriction enzymes [198]
and can be used for both simple cloning of small genes and joining multiple
fragments of large sizes [199].

The main difference between using the BioBrick 3-way assembly and the Gibson
assembly is that for the latter the DNA fragments need to have at least 40bp
homologous overlapping sequences at the 5’ of one and 3’ end of the other. A
BioBrick can become a part for the Gibson assembly if it undergoes a round of PCR
where PCR primers are used to create those overlapping sequences using a BioBrick
part as a template. They add approximately 20 nucleotides at the end of one BioBrick
that are identical with the standard 5’ BioBrick prefix sequence of the other [200].

The process of Gibson assembly starts with at least two PCR fragments,
amplified so that they share a homologous fragment of at least 40bp at their 5° and
3’ termini (Figure 17). These homologous fragments are later cut with TS5
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endonuclease to generate sticky ends, which anneal to each other at 50°C. Then the
DNA polymerase fills in the gaps in the strands between the double stranded
structure and the annealed fragments. Finally, the ligase seals the strands amplified
by the polymerase with the rest of the double stranded fragment [198]. All three
enzymes do not interfere with each other, so they can all be present in the same
reaction tube at the same time. The reaction master mix contains all the necessary
components for the enzymes to perform their tasks: NAD as a cofactor for the ligase,
PEG-8000 as a crowding agent necessary to create a cell-like environment for the
reaction to occur, MgCl; as a cofactor for the polymerase and DTT as a reducing
agent [198][199].

overlap
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T5 exonuclease chews back at 5' ends

Fragments anneal at 50°C
[TTTTTTTTTITT 111 TTTTTTTTTTTTTITTTTTIT]

Phusion polymerase closes gaps

Tag DNA ligase seals nicks
J

Figure 17: The principle of Gibson Assembly. The process begins with two PCR fragments with 40
bp homologous regions at their termini. T5 exonuclease generates sticky ends by
digesting the 5’ ends, which anneal to each other at 50°C. DNA polymerase then fills
gaps in the strands, and DNA ligase seals nicks, completing the assembly of the
recombinant DNA fragment.
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1.3.3.3  Golden Gate cloning

Golden Gate cloning is another one-step cloning method developed to facilitate the
speed of assembling DNA fragments into a functional pathway. It allows for the
assembly of up to 52 DNA fragments in one step (Figure 18) [201].

The main principle of Golden Gate cloning is joining DNA fragments cut by
Type IIS restriction enzymes. The key feature of Type IIS restriction enzymes is that
their recognition sequences are distinct from their cleavage sites. They identify
specific DNA sequences called recognition sites and then cleave the DNA strand at
a fixed distance from these recognition sites. Another important feature of type IIS
endonucleases is that the cleavage site is not sequence specific. In traditional cloning
type I restriction enzymes are used to cut within their recognition site. For type IIS
restriction enzymes, the recognition site can even be outside of the DNA fragment
of interest, which allows for the donor and recipient DNA fragments to be cut and
then ligated seamlessly [202]. The joint is considered seamless because the ligated
fragment does not contain any scar site or restriction enzyme restriction site [203].

Golden Gate assembly starts with a reaction mix containing the donor and
recipient vectors, T4 ligase and type IIS restriction enzymes. The donor DNA
fragments, and the recipient vector can be provided as circular DNA [204]. First the
donor and recipient fragments bearing the restriction enzyme recognition sites are
cut by the restriction enzyme at a restriction site [203]. Sticky ends created by these
enzymes are then ligated by T4 ligase. Whatever fragments fail to ligate in a seamless
manner and still contain the original recognition sites, will be re-cut by the restriction
enzymes always present in the reaction mix, which also means that the concentration
of correctly ligated fragments increases proportionally to the incubation time [202].
The reaction is conducted in a thermal cycler at 37°C for 60-120min.
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Figure 18: The principle of Golden Gate cloning. First, the enzymes cleave the donor and recipient
fragments at their recognition sites, generating compatible sticky ends. T4 ligase then
joins these ends, while any un-ligated products are re-cut by the restriction enzymes
and subsequently re-ligated. This iterative process results in a growing number of
correctly assembled fragments as the time of the reaction progresses.
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1.3.4 Advantages and limitations of pathway assembly
methods

BioBricks, Golden Gate cloning, and Gibson Assembly each offer unique
advantages in terms of efficiency, scalability, and precision, yet come with their own
sets of limitations. Understanding the comparative strengths and weaknesses of these
techniques is essential for selecting the most appropriate approach for a specific
experiment.

BioBricks have found applications in a variety of biological research projects.
Researchers started building on the foundation set by Knight et.al., tailoring the
technique to their own needs, making it one of the most prominent tools in modern
synthetic biology. Many new, specific BioBrick-based systems were developed,
building genetic toolboxes for certain organisms such as Bacillus subtilis [205], E.
coli [206], the Streptomycetaceae family [125][65] or even for less studied
organisms such as Rhodococcus [207] , Acinetobacter [208] or mycobacteria [209].
The main advantage of BioBricks lies in their modularity and the ability of mixing
and matching the parts to achieve the most optimal expression, which is very useful
when designing branched pathways or optimizing yields. The standardized nature of
BioBricks is also a great asset, as it facilitates efficient cloning. BioBricks are not
only used in genetic modifications of bacteria, but also eucaryotic organisms such as
yeast [210] or plants [211]. Synthetically engineered standardized biological
components find application in a vast variety of fields, such as drug development,
biofilm research, protein production and amino acid synthesis, to just name a few.

While BioBricks provide versatility across organisms and applications, other
assembly methods offer distinct advantages for specific cloning challenges. For
example, Gibson Assembly is an optimal method for cloning large DNA fragments.
One of'its many advantages is the ability to join fragments as large as 580kb. Another
is the fact that the whole reaction can be performed in a single tube, all the reagents
are commercially available and the whole reaction takes about 15 minutes to
complete [199]. Cloning high GC-content DNA using Gibson Assembly has
classically been challenging, but a recently developed improved protocol allows for
cloning fragments high in GC content, such as Streptomyces genes, which gives a
new perspective for the Streptomyces pathway refactoring [212].

Gibson assembly can be used by synthetic biologists to create entire biosynthetic
pathways for producing biofuels, pharmaceuticals, and to create DNA libraries. It
can also be used as a tool for introducing mutations in genes for a phenotype change
[213] or construction of infectious viral clones [214], which makes it very popular
in plant synthetic biology, especially in research on plant-infecting viruses [214].
There are multiple examples of assembling an entire viral genome via Gibson
assembly [215]. Sometimes the technique is paired with Crispr-Cas9 for seamless
insertion of a fragment into a linearized vector. In Streptomyces Gibson Assembly
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can be used for gene cluster engineering. It was used to introduce a duplicate of the
whole pristinamycin II biosynthetic gene cluster into a S. pristinaespiralis
HCCB10218 strain to increase yields of the molecule. Gibson Assembly is also used
for expression of entire gene clusters in a heterologous Streptomyces host [216].

While Gibson Assembly excels with large fragments and high GC content,
Golden Gate cloning offers its own set of advantages in terms of assembly efficiency
and precision. One of many advantages of Golden Gate cloning is the speed of
assembly, with the reaction being just a one-step reaction. Moreover, Golden Gate
cloning joins DNA fragments in a seamless manner, which allows for the
engineering of fusion in-frame constructs, for example proteins with linkers and tags
[203]. Joining more than two fragments requires very careful design of the
recognition and restriction sites. By using a single type IIS restriction enzyme one
can create a multitude of different fragment-specific sticky ends [202]. In 2011
Weber et.al. developed another cloning strategy based on the principle of Golden
Gate cloning, called Molecular Cloning, or MoClo [204]. Golden Gate cloning can
be joined with Crispr-Cas system to achieve targeted modification of the
Streptomyces chromosome, which allows for genome editing in any given locus
[217]. There are also methods combining Golden Gate cloning with BioBricks,
where the DNA fragment of interest is flanked not only with BioBrick restriction
sites but also with type IIS restriction sites [218] [219].
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2 Aims

The main aim of this research was to develop a BioBrick-based synthetic biology
platform for the engineering, assembly and functional characterisation of
biosynthetic gene clusters within microbial hosts.

More specifically the aims were:

L To develop a BioBrick-based synthetic biology toolbox enabling efficient
pathway engineering to facilitate the discovery of novel antiproliferative and
antibiotic compounds.

II. To demonstrate the versatility and applicability of the BioBrick toolbox
through glycodiversification of type II polyketides.

III.  To leverage the BioBrick toolbox for functional characterization of previously
unidentified steps within the chartreusin biosynthetic pathway.
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3 Materials and Methods

3.1 Gene synthesis and cloning

The genetic components were synthesized (Genewiz from Azenta Life Science,
South Plainfield, NJ (Article II) and GenScript, Piscataway, NJ (Article 1)) as
standard BioBrick parts following the [RFC10] guidelines, each having the
appropriate BioBrick prefix (5'-GAATTCGCGGCCGCTTCTAGAG-3") and suffix
(5'-TACTAGTAGCGGCCGCTGCAG-3"). The biosynthetic genes were codon-
optimized for efficient expression in S. coelicolor (Article I). A robust ribosome
binding site (BBa B0034) was added at the front of each fragment within the
BioBrick prefix (5'-
GAATTCGCGGCCGCTTCTAGAGAAAGAGGAGAAATACTAG, underlined).
The BioBrick parts were cloned using standard BioBrick EcoRI, Xbal, Spel, and Pstl
restriction enzymes. For cloning and gene amplification, high copy number vectors
pUCS7 pSBIC3-J04450 (Article 1I) and pSB1C3-J04450, pSB1K3-J04450, and
pSB1A3-J04450 (Article I) were utilized. The restriction enzymes and T4 DNA
ligase for cloning were sourced from Fisher Scientific (Waltham, MA) (Article II)
and NEB (New England Biolabs, Ipswich, MA) (Article I).

3.2Bacterial strains and growth conditions

E. coli TOP10 (Fisher Scientific, Waltham, MA) (Article II) and E. coli IM109
(Promega) (Article 1) strains were used for routine cloning of the BioBrick parts,
amplification and maintenance of the plasmids. Chemically competent cells were
prepared following standard protocols [220]. The E. coli strain transformed with an
appropriate vector was grown on LA (lysogeny agar) agar plates and in LB (lysogeny
broth) liquid medium supplemented with antibiotics at the following concentrations:
100pg/mL ampicillin and 50pg/mL apramycin (Article II) and 25 pg/mL apramycin,
25 pg/mL kanamycin, 100 pg/mL ampicillin, and 35 pg/mL chloramphenicol
(Article II). E. coli ET12567 / pUZ8002 was used for intergeneric conjugation.

For heterologous expression in Streptomyces, S. coelicolor M1152AmatAB
(Article II) and S. coelicolor M1146::cos16F4iE were used. The strains and their
derivatives were routinely cultured on R5 and MS (mannitol-soy flour) solid agar
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plates. Spore conjugation of the shuttle vector pENTG3 (Article II) and
pUWL201PWBB-based plasmids (Article I) carrying the constructs into
Streptomyces was performed according to the standard protocol [221]. E. coli
ET12567 / pUZ8002 carrying the desired constructs were washed and mixed with
spores of a target Streptomyces strain. The bacterial suspension was streaked on solid
MS agar plates supplemented with 10mM MgCI2 and incubated at +30°C. After 24
hours, the plates were overlaid with 500uL of sterile MQ water containing
appropriate antibiotics and 25ug/ml nalidixic acid and incubated for 72 hours at
+30°C. After the appearance of exconjugants, six of them (Article II) or ten to twelve
(Article I) were streaked onto a secondary MS (Article II) or RS (Article I) agar plate
with the same antibiotic combination and incubated for an additional three days at
+30°C.

For the production of metabolites, vegetative mycelia were collected from the
MS plates and suspended in liquid TSB (tryptone soy broth) medium. Seed cultures
were grown with appropriate antibiotic selection for three days at +30°C and
300rpm. A 100ul inoculum from the seed culture was added to 250ml flasks
containing 50ml SG media (10g soytone, 20g glucose, 5g yeast extract, 5,73g TES
buffer, Img cobalt chloride per one liter) and cultured for 7 days (30°C, 300rpm).
The preculture (100ul) was then transferred to 250ml flasks, each containing 50ml
of SG media, and incubated for 7 days (30°C, 300rpm). Cultivations were performed
in triplicate.

For large scale production of compounds for NMR, compounds 2, 8, 10 (Article
I) were produced by culturing S. coelicolor M1146::cos16F4iE/pDOLV, S.
coelicolor M1146::cos16F4iE/ppDMYC, S. coelicolor M1146::cos16F4iE/
pDFUCO2, and S. coelicolor M1146::cos16F4iE/pDALO in 4 L of SG-TES liquid
media (100 mL x 40 shake flasks, 250 mL Erlenmeyer baftled flask) at 220rpm for
5-6 days. Compounds 7, 9, 11, and 14 (Article I) were produced by growing S.
coelicolor M1146/cos16F4iE strains on MS agar plates (containing 20 g/L each of
mannitol, soya flour, and agar) with thiostrepton and apramycin for 5 days at 30°C.
Spores from these transformants were used to seed 50 mL E1 media (containing 20
g/L glucose, 20 g/L starch, 5 g/L cottonseed flour, 2.5 g/L. yeast extract, 1.3 g/L
K2HPO4-3H20, 1 g/L MgS04-7H20, 3 g/LL NaCl, and 3 g/LL CaCO3) in 250 mL
flasks, supplemented with the same antibiotics and incubated for 3 days (30°C, 300
rpm). The preculture was then used to inoculate (4% v/v) main cultures containing
250 mL E1 media with antibiotics in 2 L flasks, which were grown for 7 days (30°C,
250 rpm).

Compound 9 (Article II) was produced by conducting a large-volume enzymatic
reaction combining auramycinone, KstA16, ChaU, and NADPH.

Compounds 4, 6 and 7 (Article II) were produced by culturing appropriate
bacterial strains were first grown in 50 mL SG media for 5 days (30°C, 300rpm).
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The preculture (100ul) was then transferred to ten 250ml flasks, each containing
50ml of SG-TES media and 1ml of LXA1180 resin slurry, and incubated for 7 days
(30°C, 300rpm).

3.3 Extraction and purification of the compounds

In Article I the extraction of compounds was performed by adding 25mL of ethyl
acetate +0,1% formic acid to 25mL of culture. The organic top phase was collected,
and the solvent was evaporated in a rotary evaporator (Buchi, Flavil, Switzerland).
The dried compound was resuspended in 4mL of methanol for further analysis.

In Article II the compounds were extracted from the LXA1180 resin with acidic
chloroform (1% of 37% HCI in chloroform), dried using a vacuum concentrator
(Fisher Scientific, Waltham, MA), and resuspended in 100ul of DMSO for UPLC
analysis.

For large scale purification for structure elucidation the cells were centrifuged at
3000rpm for 10 minutes and the pellet was extracted with 1L of methanol. The
supernatant was extracted 3 times with 4L of ethyl acetate +0,1% formic acid. Then
the solvents were combined and dried in a rotary evaporator. The dried extract was
dissolved in 9:1 chloroform/methanol, dry-loaded on a 25 g silica cartridge, and
fractionated on a silica cartridge (24 g silica RediSep Rf Gold) on a Teledyne
Combiflash 100 instrument wusing a gradient of chloroform to 9:1
chloroform/methanol at a flow rate of 30 mL/min over 15 min. The resulting
fractions were further purified using preparative HPLC. The obtained fraction F1
was purified by preparative HPLC using method A afforded 8-demethyl-8-O-B-D-
mycarosyl-tetracenomycin C and 8- demethyl-tetracenomycin C as yellow solids.
Similarly, fraction F2 was purified using Sephadex LH-20 (MeOH; 2.0 % 30 cm2),
followed by prep-HPLC to afford 8-demethyl-8-B-D-olivosyl-tetracenomycin C in
pure form as a yellow solid.

In Article II compound 9 was isolated through serial chloroform extractions,
followed by methanol dissolution and subsequent purification using preparative
HPLC (Agilent Technologies, Santa Clara, CA) with a Kinetex 5 pm Phenyl-Hexyl
250%21.2mm column (Phenomenex, Torrance, CA, USA). The isolated compounds
were dried by rotary evaporation, weighed, and dissolved in 700ul deuterated
chloroform before transfer to NMR tubes.

Compounds 4, 6 and 7 (Article II) were extracted through acidified chloroform
extraction (1% HCI), followed by concentration using a rotary evaporator (Buchi,
Flavil, Switzerland) and DMSO resuspension. Compound purification was
performed via preparative HPLC (Agilent Technologies, Santa Clara, CA) using a
Kinetex Spym EVO C18 250x21.1mm column (Phenomenex, Torrance, CA, USA).
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The isolated compounds were dried by rotary evaporation, weighed, and dissolved
in 700pul deuterated chloroform before transfer to NMR tubes.

3.4 Analysis of the compounds

In Article I the compounds were analyzed on an Agilent 1260 Infinity II LC/MSD
iQ single quadrupole HPLC-MS (Agilent Technologies, Santa Clara, CA) using
Poroshell 120 Phenyl-Hexyl column (ID 2.7um, 4.6 mm % 100 mm). The diode array
detector (DAD) was set to monitor UV—vis absorbance at 290 and 410 nm. 10uL of
the sample was injected into the system and analyzed with a 15-minute-long gradient
method (0 min, 95% solvent A and 5% solvent B; 0—10 min, 95% solvent A and 5%
solvent B to 5% solvent A and 95% solvent B; 10—13 min, held at 5% solvent A and
95% solvent B; 13.1 min, re-equilibrate to 95% solvent A and 5% solvent B; and
13.1-15.1 min, 95% solvent A and 5% solvent B). Solvent A was 0,1% formic acid
in MQ water, solvent B was 0,1% formic acid in acetonitrile.

In Article II the samples were analyzed using an UHPLC system (Shimadzu)
with a DAD detector using a Kinetex C18 1.7um, 100A, 100x2.1mm column as
stationary phase. The samples were run for 20 minutes in a gradient of buffer A
(acetonitrile + 0.1% TFA), and buffer B (MQ water + 0.1% TFA) as mobile phase.
The method used was a gradient from 10% to 90% (1-15 min), 100% (15-17 min)
and 10% (17-20 min).

LCMS analysis was done using an Agilent 1290 Infinity LC and Agilent 6460
Triple Quadrupole Jetstream MS/MS (Agilent Technologies, Santa Clara, CA).
Samples were analyzed on Kinetex C18 1,7 um 100A 100x2,1 mm (Phenomenex,
Torrance, CA) column using a 20 min gradient method from 10% to 90% (1-15 min),
100% (15-17 min) and 10% (17-20 min). Mobile phase: buffer A was 100%
acetonitrile; buffer B was MQ water. Samples were analyzed in both positive and
negative ionization modes, with DAD focusing on UV absorbance at 430nm and
450nm. Mestrelab Research Analytical Chemistry Software (Mestrelab, Santiago de
Compostela, Spain) was used for data analysis.

NMR analysis of the samples was conducted on a Bruker Avance Neo 500 with
an Oxford 500MHz magnet and BB/1H Smartprobe. The NMR spectra were
analyzed using TopSpin 4.1.3 (Bruker BioSpin Corporation, Billerica, MA) and J-
coupling constants were simulated and extracted using ChemAdder (Spin
Discoveries Ltd.).

3.5 Antibacterial activity testing

Antibacterial properties of the compounds were evaluated (Article I) against various
pathogens using a microdilution well assay according to established protocols. The
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test organisms included E. coli O157:H7 (ATCC 35150), S. enterica ser.
Typhimurium (ATCC 14028), L. monocytogenes (ATCC 15313), methicillin-
susceptible S. aureus (MSSA; ATCC 12600), methicillin-resistant S. aureus
(MRSA; ATCC 43300), which were cultured in LB media at 37°C for 12 hours. C.
jejuni (ATCC 33560) was grown in MH media at 42°C for 48 hours, while S.
prasinus NRRL B-12101 (ATCC 13879) and S. violaceusniger NRRL B-1476
(ATCC 27477) were cultured in ISP broth. Each bacterial suspension (100 pL at 0.05
ODsoo, approximately 1 x 107 CFU/mL) was exposed to test compounds (1 pL, 100
uM final concentration) in appropriate media using 96-well plates. Controls included
DMSO, chloramphenicol (1 pL, 20 pg/mL), and sterile culture media.

3.6 Cancer cell line viability assay

The effects of the compounds on cell viability were tested (Article I) in triplicate on
multiple human cancer cell lines: A549 (non-small cell lung), PC3 (prostate),
HCT116 (colorectal), and Merkel cell lines MKL1 and MCC26, following
established methods80-83. Tests included negative controls using DMSO and
positive controls using actinomycin D and H,O, (for A549, PC3, MKLI1, and
MCC26) at concentrations of 20 uM and 1 mM respectively.
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4 Results

This thesis investigates the use of synthetic biology for both applied and basic
research on the secondary metabolism of Streptomyces. 1 utilized BioBricks for the
heterologous expression of biosynthetic genes in Streptomyces bacteria, with a focus
on the production of novel antiproliferative and anticancer compounds and to
investigate the biosynthesis of secondary metabolites. The results presented in this
chapter are derived from two studies: Article I, which examined the production of
novel secondary metabolites through glycodiversification, and Article II, which
explored the unknown functions of enzymes involved in the chartreusin biosynthetic
pathway. Together, these studies provide complementary insights into the
importance of a well-tuned synthetic biology platform for the progress of research
on secondary metabolites.

4.1 Glycodiversification of elloramycin using
BioBricks

Article I demonstrates the use of BioBrick gene cassettes to modify and diversify the
sugar configurations of tetracenomycins, aiming to engineer new variants of
tetracenomycin antibiotics with different carbohydrates, including the creation of
four new tetracenomycin compounds with unique sugars.

Tetracenomycins and elloramycins are type II polyketides produced by
Streptomyces bacteria. Elloramycin is a natural product of S. olivaceus, while
tetracenomycin C is produced by S. glaucescens. Both tetracenomycins and
elloramycins exhibit antibacterial and anticancer properties through binding to the
polypeptide exit channel of the large ribosomal subunit and therefore inhibiting
translation. Naturally occurring tetracenomycins have a binding affinity for both
eucaryotic and prokaryotic ribosomes, although evidence suggests that there is a
potential for selective binding of glycosylated tetracenomycins to bacterial but not
to eucaryotic ribosome [92]. The binding site itself is located in a unique position
specific for tetracenomycins, in the polypeptide exit tunnel within the large
ribosomal subunit [222]. The main objective of the study described in Article I was
to develop elloramycin derivatives which would exhibit enhanced binding selectivity
towards bacterial ribosomes.
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Elloramycins and tetracenomycins differ by one O-methylation present at the
C12a position of elloramycin and absent at the C12a position of tetracenomycin C
and 8-demethyl tetracenomycin C (Figure 19). Additionally, tetracenomycin C has
a methyl group at C8 while 8-demethyltetracenomycin does not. Elloramycin as a
glycosylated compound, has a saccharide moiety, 2',3',4'-tri-O-methyl-a-L-
rhamnose, attached at the C8 position [184].
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Figure 19: Bosynthetic pathway of elloramycin. Elloramycin starts as a decaketide chain
assembled by a type Il polyketide synthase. Then it undergoes a series of enzymatic
modifications including methylations, cyclizations and aromatisations to yield a
tetracyclic tetracenomycin molecule.

All three compounds start as a linear decaketide chain composed of nine
malonyl-CoA moieties and one acetyl-CoA moiety which are assembled by a type 11
polyketide synthase consisting of the e/mKLM genes. Later aromatase EImNI and
third ring cyclase ElmJ form an early tetracenomycin intermediate, tetracenomycin
F2 [185]. Then the fourth ring cyclase ElmI closes ring A to form another
intermediate, tetracenomycin F1, later converted to tetracenomycin D3 by
monooxygenase ElmH, which then is O-methylated into tetracenomycin B3 by
EImNII. Tetracenomycin B3 then undergoes another O-methylation catalyzed by
ElmP into tetracenomycin A2. Finally, EImG enzyme is responsible for triple
hydroxylation of the tetracenomycin A2 into 8-demethyl tetracenomycin C [185].

411 Deoxysugar biosynthesis

Deoxysugar biosynthesis begins with D-glucose-1-phosphate, which undergoes a
series of enzymatic transformations involving phosphorylation, thymidine
monophosphate transfer, dehydration, epimerization, and reduction. Through these
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Figure 20: SBOL vector diagrams for TDP-L-rhamnose sugar plasmids tested in Article | in

order to assess the best performing producing construct for further pathway bulding.[73]

steps, key enzymes like TDP-D-glucose synthase (OleS, Deslll, MtmD), TDP-D-
glucose-4,6-dehydratase (MtmE, OleE, DesVI), epimerase OleL, and ketoreductase
OleU progressively modify the glucose molecule. The final product of this
biochemical pathway is TDP-L-rhamnose, the native sugar attached to 8-demethyl
tetracenomycin C to form elloramycin. We tested four different BioBrick constructs
for the most efficient synthesis of TDP-D-rhamnose when expressed in the 8-
demethyl tetracenomycin C producing strain M1146::cos16F4iE (Figure 20). The
best performing construct proved to be pPRHAM3, which featured genes from the
mithramycin biosynthetic pathway and oleandomycin pathway. The strain produced
elloramycin as expected, but through chromatographic analysis we detected a second
glycosylated compound, which was proved to be 8-demethyl-8-O-D-glucosyl-
tetracenomycin C. This compound is a presumed result of the relaxed substrate
preference of EImGT. Both compounds were purified and analyzed using various
chromatography techniques and their structures were confirmed with 1D and 2D
NMR spectroscopy.

4.1.2 Construction of carbohydrate cassettes

The glycodiversification of elloramycin was first performed by using a promiscuous
glycosyltransferase EImGT to glycosylate 8-demethyl tetracenomycin C with
different neutral sugars to yield new compounds (Figure 21). The sugar cassettes
were designed and cloned into a pUWL201PWBB plasmid at the laboratory of a
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collaborator at Ferris State University, College of Pharmacy. My role in the progress
of this project was conjugating the sugar plasmids into S. coelicolor
M11464AmatAB::cos16F4iE, culturing them and analyzing the production profile. As
a result, eight carbohydrate cassettes were assembled and expressed in a
heterologous Streptomyces host.
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Figure 21: Deoxysugar nucleotide pathways engineered in this work. (A) TDP-D-allose, (B) TDP-
D-fucofuranose, (C) TDP-D-olivose, (D) TDP-D-mycarose, (E) TDP-D-digitoxose, (F)
TDP-D-boivinose, (G) TDP-D-antiarose, (H) TDP-D-quinovose.
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4.1.2.1 2,6-dideoxysugars

Initially, we engineered expression cassettes for the biosynthesis of thymidine
diphosphate (TDP)-activated deoxysugars, specifically TDP-D-olivose, TDP-D-
digitoxose, TDP-D-boivinose, and TDP-D-mycarose (Figure 22). In 2,6-
deoxysugars, the biosynthetic pathway starts with TDP-4-keto-6-deoxy-D-glucose
and then is modified by a variety of enzymes such as OleV, OleW, UrdR, and EryBII
to yield a range of TDP-deoxysugars. By exchanging pathway-specific genes for a
gene from different BGCs, different sugar variants could be created.
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Figure 22: SBOL diagrams of TDP-2,6-dideoxysugar gene cassettes. pDOLV — TDP-D-olivose,
pDDIG — TDP-D-digitoxose, pDBOV — TDP-D-boivinose, pDMYC — TDP-D-mycarose
used in this work. The sugar cassettes were then introduced to a Streptomyces host for
the production of new 8-demethyl-tetraceomycin C derivatives. [73]

For the production of TDP-D-olivose, the biosynthetic pathway has to feature
genes such as oleV, oleW and then urdR, which performs a 4-ketoreduction to yield
TDP-D-olivose. Upon expression, the TDP-D-olivose biosynthetic cassette was able
to convert approximately 84% of the 8-demethyl-tetracenomycin C to 8-demethyl-
8-0-B-D-olivosyl-tetracenomycin C.

To yield TDP-D-digitoxose, the intermediate compound created by OleW needs
to undergo 3-ketoreduction catalyzed by EryBII from the erythromycin pathway and
then 4-ketoreduction performed by UrdR. For the TDP-D-digitoxose cassette the
conversion rate to the glycosylated product, 8-demethyl-8-O-B-D-digitoxosyl-
tetracenomycin C was at 60-65%.

Upon exchange of UrdR enzyme from TDP-D-olivose pathway to OleU to yield
TDP-D-boivinose, we observed the expression of a new glycosylated compound, 8-
demethyl-8-0-(4'-keto)-B-D-digitoxosyl-tetracenomycin C. This suggested that
OleU might not be functioning correctly due to a sequential discrepancy, so the gene
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was resynthesized and expressed in M1146AmatAB::cos16F4iE, which resulted in
production of the expected compound, 8-demethyl-8-O-B-D-boivinosyl-
tetracenomycin C.

TDP-D-olivose and TDP-D-mycarose are, together with TDP-D-oliose the native
sugars attached to the mithramycin aglycone. We decided to design the full TDP-D-
mycarose biosynthetic pathway to demonstrate the ability of EImGT to attach
branched sugar to a tetracenomycin aglycone. We assembled the cassette adding a
cmm(C gene from chromomycin A3 pathway, hypothesizing that it would act as a
methyltransferase, without the ketoreductase activity characteristic to MtmC, an
enzyme native to the mithramycin biosynthetic pathway. As expected, the strain
carrying mtmC gene produced 8-demethyl-8-O-B-D-mycarosyl-tetracenomycin C
with 80% efficiency.

41.2.2 6-deoxysugar cassettes

The next step of the project was to focus on engineering 6-deoxysugar cassettes.
Given that TDP-D-rhodinose, a carbohydrate native to the elloramcyin pathway, is a
6-deoxysugar, we hypothesized that EImGT will be able to attach other 6-
deoxysugars and therefore focused on TDP-D-allose from the dihydrochalcomycin
pathway.
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Figure 23: SBOL diagrams of TDP6-dideoxysugar gene cassettes pDALO — TDP-D-allose,
pDFUCO — TDP-D-fucofuranose. pDALO and pDFUCO were 6-deoxysugars attached
to the 8-demethyl-tetracenomycin C aglycone for production of novel secondary
metabolites. [73]

TDP-D-allose is synthesized from TDP-4-keto-6-deoxy-D-glucose through the
activity of epimerase GerF and 4-ketoreductase GerK1 (Figure 23). We expressed
the TDP-D-allose cassette in S. coelicolor M1146::cos16F4iE. The resulting strains
produced two novel tetracenomycin compounds, which suggested successful
attachment of two different 6-deoxysugars to the 8-demethyl-tetracenomycin C
aglycone. Upon LCMS and NMR analysis the glycosylated compounds were
characterized as 8-demethyl-8-O-B-D-quinovosyl-tetracenomycin C and 8-
demethyl-8-O-B-D-allosyl-tetracenomycin C. The generation of D-quinovose was
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unexpected, yet not unprecedented, as D-quinovosyl-narbonolide production had
previously been described in extracts from S. venezuelae ATCC15439 strains with a
deleted des! aminotransferase gene [223]. This result could be attributed to either
GerK1 activity on TDP-4-keto-6-deoxy-D-glucose or potentially to an alternate 4-
ketoreductase encoded within the host S. coelicolor genome with a moonlighting
activity.

Next, we decided to assemble the TDP-D-fucofuranose cassette. TDP-D-
fucofuranose is a carbohydrate native to the gilvocarin V biosynthetic pathway
[224]. Extensive research has been conducted on gilvocarin pathway in order to
characterize the functions of its most crucial enzymes, however the enzyme
responsible for the TDP-D-fucopyranose to TDP-D-fucofuranose conversion was
never described. We transformed S. coelicolor M1146::cos16-F4iE with a construct
containing deslll, deslV, gilU and gilV, which resulted in the production of two
glycosylated compounds, one of which was 8-demethyl-8-O-B-D-quinovosyl-
tetracenomycin C, and the other was a new compound, 8-demethyl-8-O-D-fucosyl-
tetracenomycin C.

Finally, we focused on assembling a TDP-D-antiarose biosynthetic pathway from
the rubterolone A pathway [225]. The rare deoxysugar TDP-D-antiarose, characterized
by axial 3'-OH and 4’-OH groups, is synthesized from TDP-4-keto-6-deoxy-D-glucose
through the catalytic activity of an unusual enzyme possessing both reductase and
epimerase activity, RubS3. We created a construct encoding the TDP-D-antiarose
biosynthetic pathway (containing deslIl, desIV and rubS3) however, expression of this
construct in S. coelicolor M1146::cos16F4iE did not yield any new glycosylated
tetracenomycins. We hypothesized that this lack of new tetracenomycin formation was
due to EImGT's inability to use the TDP-D-antiarose sugar as substrate.

4.1.3 Bioactivity testing

All of the compounds generated in this study were tested for antiproliferative (Figure
22) and antibacterial (Figure 23) properties. The assays were conducted at the
University of Kentucky, Pharmaceutical Sciences Dept. by a collaborator.

4.1.31 Cancer cell cytotoxicity assay

The compounds were assayed individually with cancer cell lines [A549 (nonsmall
cell lung), PC3 (prostate), and HCT116 (colorectal) human cancer cell lines and
Merkel cells (MKL1 and MCC26] and the only compounds that exhibited moderate
cytotoxic activities were elloramycin, tetracenomycin C and 6-hydroxy-
tetracenomycin C (Figure 24), highlighting the significance of a carbohydrate or
methyl group at the C8 and C12 positions for antiproliferative activity. Likewise, 8-
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demethyl-8-O-(2'-methoxy)-a-L-rhamnosyl-tetracenomcyin C showed minimal
activity against the MKL1 cancer cell line and demonstrated lower cytotoxicity
compared to elloramycin. This result suggests that the permethylated L-rhamnose in
elloramycin pathway plays a crucial role in both binding the 50S ribosome subunit
and cytotoxicity. Among the compounds developed in this study, 8-demethyl-8-O-
B-D-mycarosyl-tetraceomycin C containing the branched D-mycarose sugar
demonstrated the most significant activity in the single-dose assay on MKLI1 cell
line. The glycosylated analogues with neutral sugars showed low cytotoxicity across
the tested cancer cell lines.

% Cell Viability (Relative
to Untreated Controls)

Figure 24: % Viability of A549 (nonsmall lung), PC3 (prostate), and HCT116 (colorectal) human
cancer cell lines and Merkel cells (MKL1 and MCC26) (after 72 h) at 80 yM
concentration of representative compounds 1 (elloramycin A), 2 (8-
demethyltetracenomycin C), 3 (tetracenomycin C), 5 (6-hydroxy-tetracenomycin C), 8
(8-demethyl-8-O-B-D-olivosyl-tetracenomycin C), 10 (8-demethyl-8-O-3-D-mycarosyl-
tetracenomycin C), 12 (8-demethyl-8-O-B-D-quinovosyl-tetracenomycin C), 13 (8-
demethyl-8-O-B-D-allosyl-tetracenomycin C), and 15 (8-demethyl-8-O-(2"-methoxy)-a-L-
rhamnosyl-tetracenomycin C). [73].

These results suggest that hydrophobic sugars or methyl substitutions at the C8
position may enhance cytotoxicity. Further research strategies for creating new
elloramycin glycoside derivatives could focus on creating tetracenomycins with
alkyl chains or other nonpolar substitutions at the 8-position to develop more
effective ribosome inhibitors with improved antibiotic activity.

41.3.2 Antibacterial assay

Elloramycin exhibited the highest activity against methicillin-susceptible
Staphylococcus aureus (MSSA; ATCC 12600) and methicillin-resistant S. aureus
(MRSA; ATCC 43300) (90—95% inhibition, at 100 uM concentration) (Figure 24).
This suggests that L-rhamnose is crucial for binding the 50S ribosomal polypeptide
exit channel. Another finding in the antibacterial study was that tetracenomycin C
and 6-hydroxy-tetracenomycin C inhibited the growth of Streptomyces
violaceusniger NRRL B-1476 (ATCC 27477) (80—90% inhibition, at 100 pM
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concentration). The glycosylated compounds developed in this study presented
moderate antibacterial properties with a narrow spectrum of activity. The compounds
were active against the Streptomyces strains, with 40-70% inhibition of bacterial
growth at 100uM concentration on S.prasinus, which was previously shown to be

resistant to tetracenomycins. No significant antibiotic activity was detected against
MSSA and MRSA (Figure 25)
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Figure 25: Antibacterial activities ofthe representative compounds 1 (elloramycin A), 2 (8-
demethyltetracenomycin C) ,3 (tetracenomycin C), 5 (6-hydroxy-tetracenomycin C), 8
(8-demethyl-8-O-B-D-olivosyl-tetracenomycin C), 10 (8-demethyl-8-O-f-D-mycarosyl-
tetracenomycin C), 12 (8-demethyl-8-O-B-D-quinovosyl-tetracenomycin C), 13 (8-
demethyl-8-O-B-D-allosyl-tetracenomycin C), and 15 (8-demethyl-8-O-(2'-methoxy)-a-L-
rhamnosyl-tetracenomycin C) (% inhibition). [73]
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4.2 Elucidating the chartreusin biosynthetic
pathway using BioBricks

Chartreusin is a type II polyketide natural product which was first described in 1953
as a product of Streptomyces chartreusis isolated from African soil. The name owas

OH O derived from the
reenish ellow

o OH O & yele
o colour of the dried
od O OO 0 purified compound.
Hogw OH O Initial  bioactivity
? o HO#&/O o tests showed
Hom o o] antibacterial activity
O OH NS against Gram-
chartreusin OH O ? _0 on positive bacteria and
0 olsamicin A Mycobacteria [22-6].
The chemical
OH O O structure of
I ‘ chartreusin was
chartarin © o established in 1964

o and revealed that the
/<O§ E \ o O © compound is
Ph™ O i OCOC,H40C,Hs composed of an
angular pentacyclic

0 .
HO bislactone aglycone

/o OH called chartarin

decorated with two

saccharide moieties,
Figure 26: Chemical structures of chartreusin, chartarin, elsamicin A D_fycose and D-
and IST-622.

I1ST-622

digitalose attached to

the aglycone at C7
position through an O-glycosydic bond. Similar compounds, elsamicin A and B,
sharing the same chartarin aglycone, but differing in the saccharide moieties
attached to it, were isolated from another Actinomycete strain in 1986. Another
interesting chartreusin derivative is the synthetic prodrug IST-622, which showed
anticancer and antibacterial activity similar to chartreusin and elsamicin A (Figure
26) [227].

Chartreusin itself exhibited moderate anticancer activity against human liver
cancer cell lines Hep3B2.1-7 and H1299 [228] as well as murine leukemia cancer
cell lines P388 and L1210 and melanoma cell line B16. The mechanism of action of
chartreusin and related compounds manifests in their ability to poison the
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topoisomerase II, bind to DNA and generate radical-mediated single-strand breaks
[229].

At first, thanks to its unusual structure and high antiproliferative activity in vitro,
chartreusin was anticipated to proceed to clinical trials, however due to its low
solubility and therefore bioavailability, it was not selected. Elsamicin A showed
better bioavailability and reached phase II of clinical trials, just like the synthetic
chartreusin prodrug, IST-622. IST-622 was tested in clinical setting in Japan as an
orally administered therapeutic for breast cancer. The compound exhibited a series
of dose-limiting hematologic side effects, although they were mild enough to let the
drug move on to phase II of clinical trials [230]. Recent research has focused on
developing synthetic and semisynthetic chartreusin derivatives with improved
bioavailability and higher solubility than the precursor compound but retaining their
anticancer and antibacterial properties.

The cha biosynthetic gene cluster was first described in Streptomyces chartreusis
strain HKI-249. The 37kb long cluster is flanked by housekeeping genes involved in
primary metabolism and consists of 35 open reading frames [231]. The biosynthesis
of chartreusin has been extensively investigated, however not all chartreusin
biosynthetic genes have been assigned with an experimentally proven function. The
functions of a few gene products have remained unknown to this day and the
functional assignment of others is just assessed based on homology to known
proteins.

4.2.1 Chartreusin biosynthetic pathway

The cha biosynthetic gene cluster was first described in Streptomyces chartreusis
strain HKI-249. The 37kb long cluster is flanked by housekeeping genes involved in
primary metabolism and consists of 35 open reading frames [231]. Chartreusin
begins as a decaketide chain, which is later cyclized, aromatized and reduced into a
tetracyclic anthracycline intermediate, resomycin C, which has been experimentally
confirmed to be a substrate for a flavin-dependent monooxygenase ChaZ (Figure
27). To achieve the pentacyclic bislactone aglycone characteristic for chartreusin,
the linear structure of resomycin C needs to undergo two reactions. The first reaction
is catalyzed by enzymes ChaZ and ChaE. ChaZ is a flavin-dependent
monooxygenase responsible for the Baeyer-Villiger oxidation and lactonization of
the tetracyclic linear intermediate resomycin C [232]. After that, a NADPH-
dependent ketoreductase ChaE rearranges the ring structure, which yields a
pentacyclic angular aglycone intermediate. The next step is a cleavage of C-C bond
followed by another ring lactonization catalyzed by ChaP. Activity of these three
tailoring enzymes yields a pentacyclic bislactone carbon skeleton of the chartreusin
atypical aglycone, chartarin. Chartarin is later double-glycosylated by two
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glycosyltransferases, ChaGT]1 attaching D-fucose to C7 position of chartarin and
ChaGT?2 responsible for the attachment of D-digitalose to D-fucose through an O-
glycosidic bond [233].
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Figure 27: Chartarin biosynthesis. Chartarin begins as a polyketide chain assembled by the type Il
polyketide synthase. The polyketide chain is then cyclized, aromatized and reduced into
a pentacyclic bislactone compound.

The biosynthesis of chartreusin has been extensively investigated, but the steps
from auramycinone to resomycin C are still unknown. Correspondingly, not all
chartreusin biosynthetic genes have been assigned with an experimentally proven
function. The functions of chaU, chaX, chaJ or chaK products have remained
unknown to this day and the functional assignment of others was assessed based only
on their homology to known proteins [231].
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422 Phylogenetic analysis

We performed phylogenetic analysis P N
on cyclase-like proteins from the ChaJ]
chartreusin biosynthetic gene cluster ChaK
(BGC), comparing them with known KstA9
fourth ring cyclases and 1- RdmA
hydroxylases (Figure 28). After 0.2 DnrD
aligning representative proteins using +—— AknH
MUSCLE [234], we  built a CcalMP
phylogenetic tree using PhyML+LG

. . A SnoalL J
model in SeaView 5 [235]. Our p- N
analysis revealed two distinct clusters [ ———chau |
of cyclase-like proteins: one group KstA15
containing fourth ring cyclases (SnoaL, — AcR
AknH, DnrD) along with two I_ Snoal 2
chartreusin BGC proteins (ChaK and

L CalR )

Chal), and another group containing

Cl-hydroxylation enzymes (Snoal.2, Figure 28: Phylogenetic tree showing homology

KstA15) and the chartreusin pathway between 4th ring cyclase enzymes, 1-
protein ChaU. hydroxylases and cyclase-like proteins.

4.2.3 Enzymatic assays

A co-author overexpressed ChalJ, ChaX and ChaU in E. coli as recombinant proteins
carrying a N-terminal 6xHis tag. Upon failing to produce ChaX as a soluble protein,
we conducted the assays involving ChaX using a cell-free bacterial lysate. Based on
the phylogenetic analysis we speculated that the function of KstA16 is homologous
to the function of ChaX, which was confirmed by the assays, where both ChaX and
KstA16 performed a 1-hydroxylation reaction on the auramycinone molecule in the
presence of NADH, yielding 1-hydroxy-auramycinone. The incubation of ChaX
with ChaU in the presence of NADH and using auramycinone as substrate, yielded
a new product, 9,10-dehydroauramycinone. These results confirmed that the
functions of ChaX and KstA16 are identical and KstA16 can therefore be used as a
substitute for ChaX in enzymatic assays.

To fully determine the functions of all three enzymes, ChaX, Chal and ChaU,
we assayed them in various combinations using auramycinone as a substrate, in the
presence of NADH and KstA15 (Figure 14). None of the enzymes showed any
activity on the substrate when tested alone. The combination of Chal and KstA16
did not exhibit any activity either, but upon addition of ChaU, all three enzymes
together converted auramycinone into a new product. We confirmed it to be
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resomycin C based on LC-MS and NMR analysis. To further investigate the reaction
mechanism, we incubated the intermediate, 9,10-dehydroauramycinone with each of
the enzymes alone in the presence of NADH. Assay with KstA16 or ChaU showed
no activity, however Chal was able to perform a 7,8-dehydration of 9,10-
dehydroauramycinone which resulted in production of resomycin C. What is more,
Chal was able to perform the reaction without any cofactors.

4.2.4 Assembly of the Biosynthetic Pathway

I assembled the biosynthetic pathway leading to production of resomycin C in S.
coelicolor M1152AmatAB using synthetic BioBrick DNA fragments (Figure 29). For
the production of auramycinone we improved our previously cloned construct,
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Figure 29: (A) Assembly of the resomycin C biosynthetic pathway in Streptomyces coelicolor
M1152AmatAB. (A) Production of auramycinone was increased via the use of genetic
insulators LitsvJ, Vtmod and RiboJ (B) SBOL diagrams for the BioBrick expression constructs
used to study the functions of kstA16, chaX, chaU and chaJ. (C) UPLC chromatogram traces
recorded at 450nm of culture extracts. Legend: |, Streptomyces coelicolor
M1152AmatAB_pAURA2; I, pAURA2_kstA16 chaU; Ill, pAURA2_k16 chaU chad; IV,
pAURA2 chaU chaX chaJ; V, pAURA2_chaX; VI, purified 9,10-dehydroauramycinone; VII,
purified 7-deoxyauramycinone; VIII, purified resomycin C; IX, purified auramycinone. KR —
ketoreductase, ARO — aromatase, CYC - cyclase, MT — methyltransferase, RED — reductase.
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pEN10003 by adding ribozyme insulators and terminators to enhance stability of
mRNA, which increased the yields to 77,78mg/L. Then we cloned chaU,
chaX/kstA16 and chaJ into a pENTG3 integrating vector under the strong SP44, or
natural gapdhP promoter. At first, we detected only trace amounts of resomycin C,
which was caused by using an inappropriate solvent in the extraction process.
Resomycin C is very poorly soluble in organic solvents and after switching to DMSO
as the main solvent for the compound, we observed a significant increase in the yield.

Expressing chaU together with kstA16 yielded small amounts of resomycin C,
9,10-dehydroauramycinone and 7-deoxyauramycinone. Addition of chaJ to kstA16
and chaU resulted in an incomplete conversion of auramycinone to resomycin C.
Upon switching kstA4 16 for chaX, native to the chartreusin pathway, we observed an
almost complete conversion of auramycinone to resomycin C. When chaX was
expressed alone, the strain yielded a shunt product, 7-deoxyauramycinone, which
has been characterized in the past [236].

425 The three-enzyme cascade reaction mechanism

The results let us describe ChaX as a NAD(P)H dependent reductase, ChaU as a
cyclase-like protein and Chal as a cofactor-independent cyclase-like protein. We
propose that the conversion of auramycinone to 9,10-dehydroauramycinone is
catalyzed by a pair of enzymes, ChaU and ChaX, whereas the 7,8-dehydration of
9,10-dehydroauramycinone is performed by Chal.

Based on the findings from both in vitro reaction and in vivo studies we proposed
amechanism of reaction for the three-enzyme cascade. The double dehydration takes
place with first ChaX donating a hydride from NAD(P)H to C5 of the substrate,
similarly to what happens in reactions involving SnoaW and KstA16 [236] [117].
The negative charge of the formed carbanion delocalizes over the anthraquinone ring
structure and therefore can contribute to resonance stabilisation. We propose that
ChaU, by participating in the stabilization of the molecule, facilitates the detachment
of the hydroxyl group from C9 and formation of the double bond between C9 and
C10.

The second dehydration reaction catalyzed by Chal. The hydroxyl group at C7
is protonated and subsequently detached, which leads to the formation of a double
bond between C7 and C8, aromatization of the A ring and therefore formation of
resomycin C.
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Actinomycetes are a rich source of antiproliferative and antibacterial compounds,
the discovery of which opened a completely new chapter in the history of medicine
and allowed for advancement never seen before. Nowadays, the overuse of
antibiotics in farming and agriculture contributed to a rise in antibiotic resistance
amongst bacterial strains, which has generated an urgent demand for new
antibacterial compounds. Similarly, the growing number of cancer cases worldwide,
coupled with an aging population, influences the demand for innovative cancer
treatments and further emphasizes the necessity for innovative therapeutic strategies.
Traditional approaches to developing antibacterial and anticancer compounds face
serious challenges and constraints, which encourages researchers to turn towards
other, new methods, such as synthetic biology. Synthetic biology allows for de novo
construction of biosynthetic pathways by selecting and combining specific genes to
achieve a functional biosynthetic pathway with the best yield. This has great
potential for accelerating the future development of novel secondary metabolites
with therapeutic antibacterial and antiproliferative properties.

In our research, we demonstrate the scope of applications of synthetic biology
technique, more specifically the BioBrick cloning technique. Our findings indicate
that the BioBricks approach is particularly effective for developing hierarchical
deoxysugar pathways. By adding or removing dehydratases, ketoreductases, or
methyltransferases, we can produce sugar cassettes with predictable stereochemistry
and structural modifications. This approach allowed us to successfully reconstruct
known pathways with good conversion efficiency, including TDP-D-glucose, TDP-
D-olivose, TDP-D-digitoxose, TDP-D-mycarose, and TDP-L-rhamnose. We also
expanded tetracenomycin chemical diversity by characterizing a new ketosugar
(TDP-4'-keto-D-digitoxose) and new D-series 6-deoxysugars (TDP-D-allose, TDP-
D-quinovose, and TDP-D-fucose). Although the novel tetracenomycin derivates did
not appear to gain desired specificity towards bacterial ribosomes, the work provided
important structure-activity relationship information on this class of microbial
natural products. Overall, the BioBricks cloning system in S. coelicolor
M1146::cos16F4iE proves to be an excellent method for assembling sugar
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nucleotide pathways in vivo and serves as a foundation for deeper understanding of
structure-activity relationships in this important polyketide class.

We also used the synthetic biology approach for characterization of the functions
of key enzymes in the chartreusin biosynthetic pathway. Through stepwise pathway
assembly we discovered a three-enzyme cascade catalyzing conversion of
auramycinone, an anthracycline aglycone intermediate, into resomycin C through a
double dehydration reaction. The first dehydration reaction is catalyzed by
ChaX/KstA16 and ChaU, through a carbanion intermediate, while the second
dehydration is catalyzed by Chal and proceeds involving a carbocation intermediate.
ChaX and ChaU catalyze a 9,10-dehydration of auramycinone, yielding an
intermediate molecule, 9,10-dehydroauramycinone. 9,10-dehydroauramycinone is
further dehydrated by Chal leading to full aromatization of the A ring and formation
of resomycin C. This discovery contributed to better understanding of the chartreusin
BGC as well as the biosynthesis of microbial natural products in general, which
forms the basis for all applied aspects such as pathway engineering.

The results described in this thesis demonstrate the efficacy of synthetic biology
platforms in facilitating the identification of novel antibiotic and antiproliferative
compounds, as well as characterization of previously unidentified genes within
biosynthetic gene clusters. The BioBricks technique provides researchers with a
comprehensive toolkit for the design and optimization of synthetic biological
systems, thereby enhancing efficiency and effectiveness in drug discovery and
metabolic pathway elucidation. By employing BioBrick, we successfully assembled
deoxysugar pathways, expanding the structural diversity of tetracenomycins and
revealed key enzymatic mechanisms in chartreusin biosynthesis. The modular
pathway design strategy using standardized genetic parts allowed us to bypass the
unpredictability of traditional methods, significantly shortening development
timelines, which facilitates discovery of new compounds. Moreover, merging
BioBricks with other molecular biology techniques such as Golden Gate
(GoldBricks) could overcome speed limitations of classic BioBricks. Moving
forward, combining synthetic biology with more advanced computational tools and
deep learning models may even more accelerate the process of drug development.
This paves the way for a new chapter where synthetic biology not only supplements
traditional drug discovery but becomes its driving engine.
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