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ABSTRACT

Anthracyclines, microbial natural products primarily produced by soil-dwelling
Streptomyces bacteria, are potent chemotherapeutic agents used clinically worldwide.
However, despite their potent antiproliferative activities, their therapeutic
application is limited by irreversible cardiotoxicity. Furthermore, their
stereochemical complexity hinders the discovery of improved semi-synthetic
analogs. Synthetic biology offers a promising alternative for modification of
complex natural products. However, this approach is constrained by the lack of a
well-established synthetic biology platform tailored for anthracycline biosynthesis.

To address these issues, this doctoral thesis establishes a complete synthetic
biology platform designed for anthracycline engineering, consisting of an amenable
Streptomyces chassis, modular expression vectors, promoters with tunable strengths,
efficient terminators, and a curated library of anthracycline biosynthetic genes. To
systematically explore anthracycline production, the biosynthetic pathway was
redesigned and assembled into four distinct functional modules: (i) polyketide
aglycones, (ii) TDP-carbohydrate, (iii) self-resistance and glycosyltransferases, and
(iv) post-PKS tailoring, using a standardized BioBricks approach.

Initially, the platform was employed to achieve the first complete biosynthesis
of three clinically relevant anthracyclines—nogalamycin, doxorubicin, and
aclacinomycin. Furthermore, the modular design facilitated combinatorial
biosynthesis through strategic mixing and matching of biosynthetic modules. This
approach led to the production of 16 anthracycline derivatives, 13 of which are
entirely new. The streamlined biosynthetic process and balanced expression enabled
efficient downstream purification from small-scale fermentations, which facilitated
structural characterization by nuclear magnetic resonance and cytotoxicity test on
human cell lines, leading to a discovery of six high potency anthracyclines and
giving an insight on structure-activity-relationship of anthracyclines.

Overall, this thesis demonstrates the utility of a modular synthetic biology
platform for the rational biosynthesis of natural products and the discovery of novel
anthracycline analogs, offering a powerful strategy for expanding the structural
diversity and therapeutic potential of this important class of anticancer agents.

KEYWORDS: synthetic biology; anticancer agent; anthracycline; BioBricks;
complete biosynthesis; combinatorial biosynthesis
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TIVISTELMA

Antrasykliinit ovat maaperdssd esiintyvien Streptomykeetti-bakteerien tuottamia
luonnonyhdisteitd. Antrasykliinejd kdytetddn syovan hoidossa maailmanlaajuisesti,
mutta niiden kaytdssd on rajoituksia annoksesta riippuvan sydiantoksisuuden takia.
Viahemmain toksisia antrasykliinien johdannaisia on vaikea tuottaa synteettisen
kemian keinoin antrasykliinien monimutkaisen stereokemian takia. Synteettinen
biologia toimii paremmin luonnonyhdisteiden johdannaisten kehittimiseen, mutta
antrasykliinien biosynteesin muokkauksen vaatimat strandardoidut tyokalut
puuttuvat.

Edelldmainittujen ongelmien ratkaisemiseksi tdssd véitoskirjatutkimuksessa
luodaan kokonainen synteettisen biologian tyokalusarja antrasykliinien biosynteesin
muokkaukseen. Tdméa tydkalusarja perustuu standardisoituihin BioBrick-osiin ja
sisdltdd  tuottoisdntdnd  toimivan  Streptomykeetti-bakteerin  modulaariset
ekspressiovektorit, promoottorit sdddettavilla vahvuudella, tehokkaat terminaattorit
sekd tarkeimmadt antrasykliinien biosynteettiset geenit. Néitd tyokaluja kayttden
antrasykliinien biosynteesi uudelleenjarjesteltiin neljdksi eri moduuliksi: (i)
polyketidien aglykonit, (ii)) TDP-sokerit, (iii) antibioottiresistenssi ja
glykosyylitransferaasit ja (iv) polyketidin synteesin jalkeiset muokkaukset.

Tyokalusarjan  avulla  rakennettiin ~ ensimméistd  kertaa  kokonainen
biosynteesireitti  kolmelle  térkedlle  syOpdlddkkeelle:  nogalamysiinille,
doksorubisiinille ja aklasinomysiinille. Tdmén liséksi tydkalusarjaa onnistuttiin
kayttdmidn kombinatoriseen biosynteesiin yhdistelemalld eri biosynteettisid
moduuleja toisiinsa. Kombinatorisen biosynteesin tuloksena saatiin luotua 16
antrasykliinien johdannaista, joista 13 ovat uusia yhdisteitd. Ndiden yhdisteiden
tuotto onnistui tehokkaasti pienen mittakaavan fermentoreissa, mikd mahdollisti
niiden kemiallisen rakenteen ratkaisemisen sekd bioaktiivisuuden testaamisen.
Kaiken kaikkiaan ndistd yhdisteistd kuusi osoittautui tehokkaiksi syOpésoluja
vastaan, ja bioaktiivisuustestien perusteella voitiin my0s pditelld minkélaiset
kemialliset rakenteet lisddvét yhdisteiden tehoa syOpésoluja vastaan.

Yhteenvetona viitoskirjatutkimuksessa osoitetaan modulaarisen synteettisen
biologian hyoty luonnonyhdisteiden johdannaisten kehittdmisessa.
Viitoskirjatutkimuksessa kehitetyn synteettisen biologian tydkalusarjan avulla
onnistuttiin tuottamaan 13 uutta antrasykliinien johdannaista. Tulevaisuudessa tita



tyokalusarjaa voidaan hyddyntdd myos muiden luonnonyhdisteiden johdannaisten
valmistuksessa.

ASTASANAT: synteettinen biologia, syOpélddke, antrasykliini, BioBricks,
kombinatorinen biosynteesi
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1 Introduction

1.1 Streptomyces and anthracyclines

Micro-organisms are a prolific source of bioactive natural products (NPs),
accounting for around two-thirds of antibiotics and one-third of chemotherapeutic
agents in clinical use'. In particular, soil-dwelling Streptomyces bacteria are a rich
source of chemical diversity and NPs originating from secondary metabolites. The
genus Streptomyces is a group of aerobic, Gram-positive, multicellular, and
filamentous bacteria with complex life cycles®. Streptomyces exhibit a large linear
chromosome with an average size of 8.4 Mbp and high G-C content DNA*, where
typically more than 20 secondary metabolic pathways are hidden®‘. Secondary
metabolites are non-essential for microbial growth, development, or reproduction,
but provide ecological advantages such as defense, signaling, or competition’. A
great example of secondary metabolites derived primarily from Streptomyces is the
clinically used anti-cancer anthracyclines'. Anthracyclines are a class of type II
aromatic polyketides and chemically consist of a linear tetracyclic 7,8,9,10-
tetrahydro-5,12-naphthacenoquinone carbon scaffold with one or more carbohydrate
moieties decorated®. The first anthracycline, rhodomycin B, was discovered in the
1950s°, and over five hundred anthracyclines have been isolated to date (Figure 1)'°.
Anthracyclines have been prescribed to more than one million patients per year,
among which doxorubicin, daunorubicin, and aclacinomycin A (aclarubicin) have
been widely used to treat both solid and hematological tumors'"'2.

13



Rongbin Wang

O OH OH O OH o O OH o]
OH
"/OH |O‘|O“”OH |O‘O"’/OH |O‘|D‘ ‘OH
H H H OH O OH O
OH O OH O ?OOHO ?OOHO
o
o o o
NH, O/N\
N— oNHz o NH2
"N 727
rhodomycin B doxorubicin daunorubicin OHO aclacinomycin A
Y=
O/
o OH

o oH o 2 2
oH 0 JOH
LI Yo LT,
B O\
: 6 O OH & OH O OH O
|
o o Ho /79
Hac?i co Ho N\ Ho_o
3
OCHj / HN
nogalamycin N,N-dimethyl-doxorubicin steffimycin B

kosinostatin

o OH o OH
o, o)
*C"C" OH *CI‘C" 9
OH O OH OH WO O OH OH
. OH .
komodoquinone B Ho N— komodoquinone A
\

o
W yellamycin A cosmomycin B

HO OH

Figure 1. Structures of common anthracyclines.

Anthracyclines are highly efficient anti-proliferative agents, but they can cause
accumulative and irreversible cardiotoxicity, which limits the amount that can be
safely administered over the lifetime of a patient'>. Therefore, there is an urgent
demand and great interest in searching for novel anthracyclines with improved
therapeutic indices'. The cardiotoxicity of doxorubicin-like anthracyclines could
result from two mechanisms: topoisomerase [I-mediated DNA double-strand breaks
and chromatin damage via histone eviction at specific genomic loci'®. Fortunately, it
has been demonstrated that anthracycline-induced cardiotoxicity is caused by the
combined impact of DNA damage and chromatin disruption'®'”. Further
modifications to anthracyclines have effectively uncoupled the two bioactivities,
leading to the discovery of potentially cardiotoxicity-free chemotherapy agents, such
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Introduction

as the semi-synthetic anthracycline N,N-dimethyl-doxorubicin (DM-DXR)". DM-
DXR is currently progressing towards clinical trials and is generated by organic
semi-synthesis from doxorubicin, which is known to be less efficient and less
environmentally friendly compared to biosynthetic manufacturing'®. To accomplish
the biosynthesis of novel anthracyclines, the advantages of synthetic biology and a
comprehensive understanding of anthracycline biosynthetic pathways should be
leveraged, which will be reviewed in the following sections.

1.2 Biosynthesis of anthracyclines

Anthracycline biosynthesis is directed by biosynthetic gene clusters (BGCs), which
are groups of genes encoding the enzymes and proteins required for the synthesis of
various molecules®. BGCs of anthracyclines usually contain a large number of
biosynthetic genes due to the complexity of the chemical structures®. These genes
can be divided into several groups based on their functions, including biosynthetic
genes for polyketide aglycones, carbohydrates, glycosyltransferases, post-PKS
tailoring, and self-defense genes (transporters and DNA damage repair genes)'®. In
addition, anthracycline BGCs commonly contain several regulatory genes, which
tightly regulate the expression of the pathways'®. Finally, a few genes of unknown
function typically co-exist in anthracycline BGCs'®. The details of each group will
be discussed in the following sections.

1.2.1 Biosynthesis of anthracycline aglycones

Anthracyclines are a group of type Il aromatic polyketides that share similar core
carbon scaffolds®. These scaffolds are initially synthesized by type II minimum
polyketide synthase (minPKS) to form enzyme-linked decaketide intermediates’.
The minPKS usually contains a ketoacyl synthase (KSa), a chain length factor (KSb),
and an acyl carrier protein (ACP), which condense an acetyl-CoA or propionyl-CoA
starter unit with nine malonyl-CoA units through nine rounds of iterative Claisen
condensations'®. In Figure 2, I present the schemes of the two most common
anthracyclinone pathways: aklavinone and nogalamycinone. Specifically, the
minPKS Snoal23/AknBCDE2F/DpsABCDG complex synthesizes decaketide
intermediates, which are inherently unstable and prone to forming various differently
folded polyketides in the absence of subsequent biosynthetic enzymes®'*>. When
intermediates undergo reactions with ketoreductases (SnoaD/AknA/DpsE),
aromatases (SnoaE/AknE1/DpsF), cyclases (SnoaM/AknW/DpsY), and oxygenases
(SnoaB/AknX/DnrG), the first stable tricyclic anthraquinone intermediate,
nogalonic acid or aklanonic acid, is generated'®. The difference between these two
molecules originates from the longer propionate starter unit for aklanonic acid. The
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fourth ring cyclization is carried out by enantiospecific cyclases, which determine
the configuration at the C9 position”. For example, SnoaL from the nogalamycin
pathway results in a 9S configuration, while AknH from the aclacinomycin pathway
and DnrG from the doxorubicin pathway contribute to a 9R configuration'®?*, The
methyltransferases (SnoaC/AknG/DnrG) add the methyl group to form an ester
group at C10'%%, The final step of aglycone biosynthesis is the reduction of the keto
group at C7, catalyzed by an NAD(P)H dependent ketoreductase
(SnoaF/AknU/DnrE) to form a 7S configuration for the hydroxyl group'®*®. The
reduction is extremely important as it allows 7-O-glycosylation to occur later in the
biosynthesis, which is essential for the bioactivity of most anthracyclines®.

Apart from the most common aglycone biosynthetic pathways mentioned above,
there are some exceptions®. For instance, in the steffimycin pathway, the
aromatization occurs directly after the minPKS reactions, as the BGC does not
contain a ketoreductase equivalent to SnoaD?"?®. This reaction results in a
polyketide-derived 2-hydroxyl group.

o
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Figure 2. The biosynthetic pathway of polyketide aglycones aklavinone and
nogalamycinone. Sno, nogalamycin proteins; Dps/Dnr, daunorubicin proteins; Akn,
aclacinomycin proteins.
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Introduction

1.2.2 Biosynthesis of carbohydrates

Anthracyclines are prominently glycosylated molecules bearing diverse sugar
moieties, which are crucial for their biological activity, solubility, and
pharmacokinetic properties”. The most common form of sugar donor for
anthracyclines is thymidine diphosphate (TDP) sugars'®. TDP-sugars are exclusively
synthesized from glucose-1-phosphate by glucose-1-phosphate
thymidylyltransferases (e.g., DnmL, AknY, SnogJ) to form TDP-D-glucose (Figure
3)"®. TDP-D-glucose is subsequently converted into the key intermediate TDP-4-
keto-6-deoxy-D-glucose by the action of TDP-glucose 4,6-dehydratase (e.g., DnmM,
AknR, SnogK)*. Various modifications, including deoxygenation, epimerization,
methylation, transamination, and so on, can occur on TDP-4-keto-6-deoxy-D-
glucose, branching the metabolic pathways towards more than 30 different kinds of
TDP-sugars®'.

The TDP-sugar moieties on anthracyclines can be divided into neutral and amino
sugars, depending on whether a transamination step occurs'®. The classification is
important because amino groups on sugar units drastically alter the physicochemical
properties of the molecules, including solubility in water*”. In case of anthracyclines,
amino sugars have been shown to impact histone eviction and double-strand break
activities’>*. For amino sugars, the most widely used anthracyclines, daunorubicin
and doxorubicin, both contain L-daunosamine attached to C7®. Aclacinomycin A has
L-rhodosamine decorating the aglycone, a sugar presenting two extra methyl groups
in comparison to L-daunosamine'®. During TDP-L-daunosamine biosynthesis, TDP-
4-keto-6-deoxy-D-glucose is modified through 2-deoxygenation (DnmT, AcIN,
SnogH), 3-aminotransfer (DnmJ, AknZ, Snogl), 3,5-epimerization (DnmU, AknL,
SnogF), and 4-ketoreduction (DnmV, AknM, SnogG) to form the final product'®**.
TDP-L-daunosamine further undergoes dual N-methylations (AknX2/AclP, SnogAX)
to form TDP-L-rhodosamine™*°.

Many kinds of neutral TDP-sugars are also found in anthracycline pathways®.
For example, TDP-L-nogalose is present in the nogalamycin pathway*’, while TDP-
2-deoxy-L-fucose and TDP-L-rhodinose are seen in aclacinomycin N**. Additionally,
the oxidoreductase AknOx catalyzes two FAD-dependent consecutive reactions on
the TDP-L-rhodinose of aclacinomycin N, leading to the formation of aclacinomycin
A and aclacinomycin Y**. TDP-L-nogalose is biosynthesized by 3-methylation
(SnogG2), 3,5-epimerization (SnogF), 4-ketoreduction (SnogC), and three
subsequent C-methylations (SnogYLM)*’. On the other hand, TDP-L-rhodinose is
generated through 3-ketoreduction (AknQ), 3-dehydration (AknP), 3,5-
epimerization (AknL), and 4-ketoreduction (AknM) of TDP-4-keto-6-deoxy-D-
glucose®®. TDP-2-deoxy-L-fucose only exhibits an extra hydroxyl group at the 3’
position compared to TDP-L-rhodinose since AknP is not involved'®*.

17



Rongbin Wang

O7™>0TDP ?QY\OTDP 070 0
OH HO TDP HO OTDP
o - ACrA L7507

HO/N\ OH on HO OH HO O
TDP-L-decilonitrose TDP-L-4-epi-nogalamine TDP-L-rhamnose TDP-L-2-O-methyl-rhamnose

OH OH o '[ o
HO Q DnmL_ HO QO DnmM Q SnogG2 o
HO —> HoO 5 —— > HO Sh —_— Sh
OHopoy TDP

OTDP OH™ OTDP

J SnogH l SnogF

O,
1 O
O07~oTDp SNogF Q Snog Q 10
O%Ni\ HoN ong 1.0
2 OTDP °© OTDP OH
SnogG
J 9 AknQ SnogC
O, O,
WOTDP o AP Q HO@QZ\OTDP
NH HO
ONH: HO  on
_ OTDP oTDP
TDP-L-daunosamine
AknL AknL SnogY
SnogA
SnogX
WOTDP /?Q7\OTDP WOTDP HOZ/ Q7 0TDP
N—
OHN o dgHo HO o
TDP-L-rhodosamine JAan l AknM lSnogLM

0 0
/N\OTDP W\OTDP ,oﬂo\?\OTDP

'O
HO HOHO N
TDP-L-rhodinose TDP-L-2-deoxyfucose TDP-L-nogalose

Figure 3. The biosynthetic pathways of common sugar units in anthracyclines. Snog,
nogalamycin proteins; Dnm, daunorubicin proteins; Akn, aclacinomycin proteins.

1.2.3 Glycosylation of anthracyclines

Glycosylation of polyketide aglycones is mediated by glycosyltransferases (GTs)®.
Carbohydrate units can be attached to several positions on the aglycones, including
the C1, C4, C7, and C10 positions®’. Here, the most common 7-O-glycosylation is
first discussed, which is exclusively catalyzed by B family GTs with additional
assistance from cytochrome P450 auxiliary enzymes®. Anthracycline 7-O-
glycosyltransferases possess a GT-B fold, with an N-terminal domain responsible
for binding the aglycone acceptor and a C-terminal domain that interacts with the
sugar nucleotide donor*'. It has been proven that P450 enzymes have an activating
effect on GTs, possibly by causing a conformational change in GTs, thereby
stabilizing the transition state and ultimately enhancing carbohydrate transfer*?. For
example, in the aclacinomycin pathway, the P450 auxiliary protein AknT can
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accelerate the turnover rate of the GT AknS for TDP-L-rhodosamine transfer by 200-
fold¥. Although no protein structures of GT and P450 partner pairs for
anthracyclines have been solved, the hypothesis was supported by the structure
complex of GTs in the erythromycin D pathway**.

On the other hand, the crystal structure of GT SnogD, responsible for 1-O-
glycosylation in the nogalamycin pathway, was solved. The structure showed that
SnogD contains two Rossman fold domains: one that binds the aglycone acceptor
and the other responsible for binding the sugar donor*’. Evidence showed that SnogD
can catalyze the 1-O-glycosylation independently®. The sugar donor for SnogD is
TDP-L-rhodosamine instead of TDP-L-nogalamine, as seen from the nogalamycin
structure®®. Later research clarified that the 2°’-hydroxylation by SnoT occurs after
the attachment of TDP-L-rhodosamine®. C10 is another position where O-
glycosylation can happen, such as in the rhodomycin and cosmomycin pathways*’*.
The mechanism of glycosylation is similar to 7-O-glycosylation, requiring both GTs
and P450 enzymes.

The 4-O-glycosylation was found in some anthracyclines, such as
komodoquinone A*. The rarer O-glycosylation can occur through the hydroxyl
group on the epoxyoxocin rings of the atypical anthracyclines, such as decilorubicin
and keyicin®®'. Furthermore, additional sugar molecules can be attached to a
previously attached sugar through the formation of glycosidic bonds, creating
complex polyglycosylated anthracyclines (Figure 1), such as aclacinomycin A and
its derivatives®’, cosmomycin B and its derivatives®®, rhodomycin SS-288
derivatives®, decilorubicin®®, and keyicin®.

1.2.4 Post-PKS tailoring reactions

Post-PKS tailoring enzymes responsible for modifications on the aglycone core
structures are crucial to the chemical diversity of anthracyclines. These
modifications can occur at several positions, including C1, C2, C4, C6, C8, C9, C10,
and C11 (Table 1)*.

For instance, hydroxylation at C1 is observed in several anthracycline pathways,
such as nogalamycin, kosinostatin, and decilorubicin®. The modification is
necessary for subsequent 1-O-glycosylation in the nogalamycin and decilorubicin
pathways, playing an important role in bioactivity*®. The reaction is catalyzed by an
atypical two-component mono-oxygenase system composed of a cyclase-like protein
and a short-chain alcohol dehydrogenase/reductase (SDR)>. Several enzymatic pairs
from different pathways and the mechanism for Cl-hydroxylation have been
reported recently’®. The C4 position in anthracyclines is typically a polyketide-
derived hydroxy group, but dehydration or methylation has been noted on selected
pathways. For example, in the kosinostatin pathway, a four-enzyme system
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(KstA15161011) catalyzes the 4-hydroxyl regioisomerization that removes a
hydrogen group from the C4 position®”. O-methylation modification is much more
common, as demonstrated in the doxorubicin pathway, where the multi-functional
enzyme DnrK is responsible for the reaction®®.

The carbon length and regiochemistry at the C9 group is determined by the
starter unit and the fourth ring cyclase, respectively®®. However, in the doxorubicin
pathway, the cytochrome P450 enzyme DoxA is responsible for three-step oxidation
events on the ethyl side chain at C9 to generate compounds daunorubicin and
doxorubicin®. The C10 position remains a methyl ester group after aglycone
synthesis due to the presence of oxygenase and methylase in most anthracycline
pathways'®. Additional modifications, such as demethylation, decarboxylation, and
hydroxylation, are found in many pathways®’. Demethylation, catalyzed by DnrP,
RdmC, and EamC, is found in the doxorubicin, rhodomycin, and komodoquinone B
pathways, respectively®. The pathways diverge in the next step, where DnrK in the
doxorubicin pathway and EamK in the komodoquinone B pathway decarboxylate
the C10 position, while RdmB in the rhodomycin pathway catalyzes
hydroxylation®*®!. The hydroxyl group at the C10 position is essential for atypical
10-O-glycosylation in the thodomycin pathway*’. Hydroxylation at the C11 position
is observed in the doxorubicin, decilorubicin, and rhodomycin pathways, and the
reaction is catalyzed by classical flavoenzymes (e.g., RAmE)>*®*,

There are some uncommon post-PKS tailoring modifications in certain
anthracycline pathways. For instance, in the steffimycin pathway, the C8 group can
be further modified to a methoxy group®. In addition, steffimycin is a 2-
hydroxylated anthracycline and this position can be further methylated to a methoxy
group®?®. The hydroxyl group at C6 is derived from the polyketide backbone, but
the substituent is removed in very rare anthracyclines such as yellamycin®.
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Table 1. The common post modifications on natural anthracycline aglycones.

Anthracycline C1 c2 C4 C6 C8 co* c10 c11
aklavinone H H OH OH H Et, OH COOMe H
nogalamycin OH* H* OH OH H Me,OH COOMe H
kosinostatin OH H H OH H Me, OH* OH* H
decilorubicin OH* H* H OH H Me,OH H OH
doxorubicin H H OMe OH H Et, OH H OH
daunorubicin H H OMe OH H Et, OH H OH
rhodomycinB  H H OH OH H Et, OH OH* OH
steffimycin B H OMe OH OH OMe Me, OH (0] H
yellamycin A H H OH H H Et, OH OH* OH

*Further modifications can occur in this position. *An atypical modification happens later. Et, ethyl
group; Me, methyl group.

1.2.5 Transporters and self-resistance to anthracyclines

Anthracyclines can alter DNA structure and/or inhibit its functions, thereby exerting
cytotoxic effects on their producers'®. To ensure the survival of natural producers,
the BGCs usually contain genes for transporters and self-resistance'®. Anthracyclines
are mostly exported to the extracellular environment by ATP-binding cassette (ABC)
transporters in natural Streptomyces producers®®. The most well-studied case
involves the transporters DrrAB from the doxorubicin pathway (Figure 4)%. DrrAB
are among the simplest ABC drug transporters. DirA is a peripheral membrane
protein, while DrrB is an integral membrane protein containing seven
transmembrane domains*. When both DrrA and DrrB are present, their interaction
stabilizes DrrA in the membrane, enabling it to adopt an active conformation. DrrA
can subsequently bind ATP in a doxorubicin-dependent manner, functioning as an
ATP-driven pump to efflux doxorubicin and daunorubicin. Evidence suggests that
the DrrAB function as a multidrug transporter system with broad drug specificity®’.

The repair of damaged DNA by UvrA-like proteins is an additional protection
mechanism. In the doxorubicin pathway, the UvrA-like protein DrrC is vital for
resistance and the dr»C mutant is less resistant to daunorubicin®®. DrrC could scan
the DNA and dislodge the intercalated daunorubicin/doxorubicin, thereby allowing
free DNA for replication®. A similar damage repair gene, snorO, also exists in the
nogalamycin pathway”’.

21



Rongbin Wang

] ] (] ] @

dnrO dnriN dn, Biosynthetic genes drA  drB  drC drD
I | \

B8

\
\
Vv

| ! I
1 1 I
1 1 1
| I I
v g v
Biosynthetic @
-l Og

I
I
|
1
I
I
|
I
I

O OH o) :
1
1
I
)
!

v

v

. Regulatory genes
. Resistance genes ~ — > Translation

.Biosynthetic genes —> Regulation C(jg)

Figure 4. Regulation of doxorubicin biosynthesis and resistance mechanism. Reprinted
from the reference with permission granted?®.

1.2.6 Regulatory genes

Anthracycline pathways are mostly derived from secondary metabolism, therefore,
the expression of these BGCs is tightly regulated'®. The regulation is mediated by a
variety of global and pathway-specific regulators'. Understanding the mechanism
of these regulators is crucial, as they can be targets for engineering strains for
enhanced production of NPs or the activation of silent BGCs™. Here, I would like to
discuss more on the pathway-specific regulators.

For instance, the regulation of the doxorubicin BGC involves three pathway-
specific regulators (Figure 4). DnrO is a TetR-family transcriptional regulator that
can inhibit its own transcription by binding to its promoter region. Meanwhile, DnrO
can bind to all glycosylated products of the pathway, which inhibits DNA-dnrO
binding and leads to increased dnrO expression’'. DnrO can also activate the
transcription of dnrN by binding to its promoter region’. Therefore, the translation
of DnrN is upregulated, which subsequently activates dnrl. The increased Dnrl then
directly regulates the expression of the biosynthetic and self-defense genes in the
BGC, leading to the activation of doxorubicin production’.

1.3 Synthetic biology tools in Streptomyces

Synthetic biology is an interdisciplinary field focused on creating new biological
components, devices, and systems, or redesigning existing biological systems using
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engineering principles’®. Since the beginning of this century, synthetic biology has
developed significantly, thanks to recent advances in bioinformatics, recombinant
DNA techniques and synthetic DNA techniques, especially in the model
microorganisms like Escherichia coli (E. coli) and yeast’””’. Although the
development of synthetic biology in Streptomyces is constrained by their complex
life cycle and high G-C ratio of DNA content, there have been many successful cases
of developing various synthetic biology tools in Streptomyces’™ *°. These include
new recombinant DNA tools, well-established Streptomyces chassis, and other
essential DNA elements for engineering, which will be discussed in the following
sections.

1.3.1 Streptomyces chassis development

As a fundamental step in the development of synthetic biology in Streptomyces,
several heterologous expression hosts have been built for discovering and
characterizing novel metabolites’”. An ideal heterologous host should be well-
characterized and possess essential characteristics, including fast and dispersed
growth, a clear genetic background, a clean metabolic background, amenability to
genetic engineering, and enhanced secondary metabolite production”. To this end,
several engineered Streptomyces strain chassis have been created and been widely
used for heterologous expression of BGCs, including Streptomyces coelicolor (S.
coelicolor), S. venezuelae, S. lividans, S. albus and S. avermitilis.

Among these, S. coelicolor is the best-known species of the Streptomyces
genus”’. S. coelicolor A3 (2) was the first Streptomyces species to have its genome
fully sequenced, showing an 8.7 Mb linear chromosome and harboring over 20
BGCs®'. Many attempts have been made to construct a better S. coelicolor chassis”.
For example, four endogenous BGCs were knocked out to generate S. coelicolor
M1146 with a clean production background®. In addition, point mutations in 7poB
encoding RNA polymerase B-subunit (S. coelicolor M1152) and rpsL encoding
ribosomal protein S12 (S. coelicolor M1152) enhanced the overall BGC production
without growth impairment®. S. lividans is genetically close to S. coelicolor and
popular for lacking an endonuclease restriction system, which makes it accept
methylated foreign DNA and results in high transformation efficiency®. The
derivative S. lividans TK24 has been widely used as heterologous hosts because of
clean background resulting from knock-out of endogenous BGCs***. S. albus is
another versatile species with a small genome size (~6.8Mb). S. albus J1074,
defective in the Sall restriction-modification system®’, allows efficient
transformation of heterologous BGCs and has shown excellent performance in
numerous heterologous expression studies®®*”*, More details of widely used chassis
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regarding their genotypes, characteristics, and applications are listed in Table 2
below.

Table 2. Examples of widely used Streptomyces chassis

Chassis Species advantages Genotype/characteristics Product Reference

S. coelicolor Chloramphenicol 82
M145 ASCP1 ASCP2 Congocidine
S. coelicolor Aact, Ared, Acpk, and Acda Cypemycin 89,90

Genetically best- studied

M1146 species: compared to S. coelicolor M145 Formicamycin
S. coelicolor Vgrious‘ enetic tools Point mutations in rpoB [S433L] Chloramphenicol 91,02
M1152 9 " in S. coelicolor M1146 Tatiomicin
S. coelicolor Point mutations in rpsL [K88E] FK506 93.94
M1154 in S. coelicolor M1152 Clorobiocin
L Low endogenous Aact, Ared, and Acda mithramycin A 84.85
S. lividans TK24 protease activity; One copy integration of AfsRS  Syringolin
S. lividans TKzsAgcept methylate_d DNA; mc_re_ased plasmid uptake JI_3|R-159 _ 95.96
High transformation efficiency Kinanthraquinone
S. lividans K4-  efficiency; Aactin S. lividans TK24 PIaFencm _ 97.98
114 Fast growth. Salinomycin
S. venezuelae Fast growth; ApikA Ehenylpropanmd 99100
DHS2001 Sporulates in liquid; o
: e Tylactone
Easy manipulation; o
S. venezuelae High conjugation Doxorubicin
’ - ApikA and Ades derivatives 101,102
YJ028 efficiency. L
Flaviolin
Apfk and AwblA; Steffimvain
S. albus J1074 . Overexpression of cpk; ye 28,88
Small genome; - ) Thaxtomins
) ’ .. Deletion of paulomycin BGC
Efficient genetic toolkits. . . . .
Deletion of 15 BGCs in S. albusTunicamycin B2 103
S. albus Del14 .
J1074 Moenomycin M
S. avermitilis Deletion of 1.51 Mb left arm; Pladienolide 6
SUKA5 Stable genome; Deleted oligomycin BGC; Streptomycin
s Efficient precursor Deletion of three BGCs; . .
S. avermitilis supol Prevent undesired Resistomycin 104
SUKA22 PRly- Bafilomycin

recombination

1.3.2 Vector development

Vectors play a crucial role in identifying and manipulating heterologous genes,
facilitating the heterologous expression of BGCs in Streptomyces’'®. The vectors
developed for Streptomyces can be divided into three groups: cosmids, artificial
chromosomes, and standardized and orthogonal vectors.

1.3.21 Cosmid

Cosmid vectors are designed to accommodate large DNA fragments, up to 45 kb in
size, making them ideal for cloning small to medium-sized BGCs'*. They combine
features of plasmids and A phage'®’. First, they harbor essential plasmid elements,
including the origin of replication, multiple cloning sites, and selective markers.
Additionally, cosmids encode the cos sequences of bacteriophages, allowing them
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to be packaged in vitro into phage capsids'”’. After packaging, they can be
transduced into a target host, such as E. coli, where they replicate as plasmids.
Cosmids are usually designed as multi-copy plasmids in E. coli to benefit DNA
isolation and further manipulation. In contrast, fosmids, which are low-copy-number
cosmids with the E. coli F factor replicon, were constructed to improve structural
stability of large DNA inserts'®,

1.3.2.2 Avrtificial chromosome vector

Cosmids are designed for medium-sized DNA'®. However, natural product BGCs
can reach up to 200 kb'?. Therefore, vectors based on artificial chromosomes were
designed, which have the capacity to carry 100-350 kb of DNA'?. Artificial
chromosome vectors can be grouped based on the origin of the replicons. The most
common categories are phage artificial chromosome (PAC)'", bacterial artificial
chromosome (BAC)''?, yeast artificial chromosome (YAC)'"?, and fungal artificial
chromosome (FAC), among which PACs and BACs have been more frequently
utilized in Streptomyces''*.

The first PAC vector, pPCYPAC-1, was designed by merging the features of P1-
phage and F factor'"'. It can accommodate DNA inserts ranging from 100 to 300 kb
in bacterial cells. The recombinant PAC vector can remain as a single copy and
propagate stably, while the inserted DNA can exist without issues of chimerism or
rearrangements. More derivatives of pCYPAC-1 were developed later, such as
pESAC, to include essential elements for gene manipulations in Streptomyces®'".

On the other hand, the first BAC vector, pPBAC108L''"?, was developed by taking
advantage of the well-studied E. coli single-copy plasmid F factor. It contained the
oriS and repE genes mediating replication. Meanwhile, parA and parB were also
retained to control the copy number at a level of one or two in E. coli, which helped
maintain large intact DNA. Additionally, a chloramphenicol resistance marker and
a cloning segment were introduced to benefit the cloning process. Thanks to this
design, pPBAC108L was able to stably carry a 300 kb size of human DNA. Similarly
to PAC vectors, more BAC vectors were designed later for Streptomyces, including
pStreptoBAC''® and pSBAC'", which included more user-friendly elements for
genetic engineering in Streptomyces.

1.3.2.3 Standardized and orthogonal vectors

With the rapid advancements in synthetic biology, a wide range of standardized and
orthogonal vectors has been designed for Streptomyces, including both replicative
and integrating plasmids”. The replicative vectors usually contain replicons
originating from natural Streptomyces plasmids, such as SCP2 from S. coelicolor.
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Meanwhile, the integrative vectors are based on integration mediated by phage
integrases. Specifically, integrases are a group of phage-encoded, site-specific
recombinases that facilitate a single crossover event between the a#tP site on the
phage and the a#B site on the bacterial chromosome. Therefore, designing the
integrase coding genes and aftP site on a vector allows integration at the attB sites
that naturally exist in Streptomyces chromosomes, thereby obtaining stable
expression''®, The common replicative and integrative plasmids for Streptomyces
and their characteristics are listed in Table 3.

Table 3. Examples of common plasmids for Streptomyces

Vector Name Type Characteristics Reference
pWHM3 replicative ampR, tsrR, oriT, plJ101 ori e
pUWL201 replicative ampR, tsrR, plJ101 ori 120
pSET152 integrative ampR, aprR, oriT, attP-dC31 121
pAV integrative apr?, RP4, attP-VWB 122
pSC integrative spcR, RP4, attP-dC31 122
pTB integrative tsrR, RP4, attP-®BT1 122
pOSVEO1-B12  integrative a8 Na OUF oEL
pENSV1 integrative ampR, spcR, oriT, attP-SV1 124
PENTG1 integrative ampR, vioR, oriT, attP-TG1 124

ampR, ampicillin®; tsr®, thiostreptonR; aprR, apramycin®; hygR, hygromycin®; kanR, kanamycin®; spcR,
spectinomycin; vioR, viomycinR; oriT and RP4, origin of transfer enabling conjugative transfer from
E. coliinto Streptomyces; plJ101 ori, origin of replication in Streptomyces; attP, attachment sites of
the recombinases.

1.3.3 Promoter engineering

Promoters are fundamental genetic elements that control gene transcriptions. They
can be categorized into two primary categories: constitutive and inducible promoters.
Constitutive promoters, usually derived from housekeeping genes, ensure stable
expression levels across various growth conditions. In contrast, inducible promoters,
often originating from genes that are naturally activated under specific conditions,
enable significant changes in expression levels in response to environmental
stimuli'®. Numerous natural and synthetic promoters have been identified to
manipulate gene expression in Streptomyces, encompassing both constitutive and
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inducible types™. The most widely used promoters along with their origins and
characteristics are listed in Table 4 below.

Table 4. Examples of commonly used promoters in Streptomyces

Promoters Origin and characteristics Reference

Constitutive promoters

Derived from the promoter of Streptomyces antibiotic
regulatory protein (SARP) family regulator in S. coelicolor
kasOp* A3 126-128
Removing the binding sites of ScbR and ScbR2 regulators,
then obtained by random mutation

Derived from the promoter of erythromycin resistance gene
ermEp* in Streptomyces erythraeus; trinucleotide deletion in the 129-131
ermEp1 region of ermEp

Promoter region of glyceraldehyde-3-phosphate 132-134
gapdhp(EL) dehydrogenase in Eggerthella lenta
Promoter region of 30S ribosomal protein in Cellulomonas
rpsLp(CF) flavigena 9 P 132,133
SF14 Derived from phage 119 isolated from Streptomyces 135,136
ghanaensis
Screened from the synthetic promoter library built based on
p21 the consensus -35 and -10 sequences of the ermEp1 187-139
promoter
p15 RNA sequencing screening from S. albus J1074 140
spT—spd4 Flow cytometry screening from mutated kasOp* promoters 131,132,141

induced by osmotic stress

Inducible promoters

tipAp Thiostrepton inducible promoter from S. lividans 142-145
xylAp Xylose inducible promoter 146
. e-caprolactam and transcription factor NitR induced 147
nitAp Y .
promoter from the nitrilase gene nitA
tcp830 Synthetic tetracycline-inducible promoters 148-150
P21-cmt-CymR Synthetic cumate inducible promoter 138,151

1.3.4 Terminator engineering

Terminators are essential genetic elements that stop transcription, insulating and
stabilizing the transcripts. Many natural terminators have been screened and
characterized in Streptomyces (Table 5). Furthermore, many well-characterized
terminators from other microorganisms have also been found to function in

27



Rongbin Wang

Streptomyces, owing to the shared fundamental principle of intrinsic termination.
Specifically, their palindromic sequences fold into stable hairpin structures, which
disrupt interactions between RNA polymerase and the nascent RNA, leading to
transcription termination'**.

Table 5. Examples of terminators for Streptomyces

Terminators Origin and characteristics Reference
fd An intr'insic transcription terminator from fd 153
bacteriophage
Combined ribosomal RNA operon B (rrnB) T1 and 154
B0015 )
T2 terminators
B0017 Terminator with two copies of rrnB T1 154
tt-sbi-A Synthetic bidirectional terminator 155
10 synthetic terminators ~ Synthetic terminators tested in S. venezuelae 151,156

1.3.5 DNA assembly tools for Streptomyces

1.3.5.1 Traditional cloning tools for natural product BGC

The sizes of NP BGCs are typically large, ranging from 10 to 200 kb, making their
cloning challenging and time-consuming'®'"”. To address this issue, various
methods have been developed over the last several decades''®. One of the earlier
BGC cloning methods is based on cosmid library construction'”’. In this method,
chromosome DNA containing the target BGCs is extracted and partially digested
with restriction enzymes or random shearing. The resulting fragments are then
ligated into cosmid vectors with compatible restriction sites. The DNA library is
packaged into phages, which are used to infect E. coli. However, the subsequent
PCR-based screening is relatively tedious, requiring the screening of thousands of
colonies'®. In addition, cosmid library cloning relies on the random digestion of the
genomic DNA and is limited by the capacity of the cosmid, often resulting in
incomplete BGCs™’.

Due to the limitations of cosmid library-based BGC cloning, more efficient
methods were developed, such as transformation-associated recombination (TAR)
system, Red/ET recombineering, integrase-mediated recombination (IR) system, and
plasmid Streptomyces bacterial artificial chromosome (pSBAC) system''*. The TAR
system leverages homologous recombination in Saccharomyces cerevisiae (Figure
5A)"7'1%8 The key aspect of this method is the construction of a capture plasmid with
two homology arms of the target BGCs'*®. Enzymes are required to digest intact
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BGCs from genomic DNA'". The linear capture plasmid and the digested BGCs are
then co-transformed into yeast to allow in vivo homologous recombination. A well-
designed capture plasmid typically contains elements for replication in yeast, E. coli,
and actinobacteria, enabling the recombinant plasmid to shuttle between these
organisms'*®. For Streptomyces, the oriT sequence is usually included in the capture
plasmid to facilitate intergeneric conjugation from E. coli'®. The attP-int sequence
and integrase coding sequence are often introduced for stable expression of the
BGCs by integrating them into the Streptomyces chromosome, with the TAR
plasmid pCAPO1 being a typical example'*’.

Red/ET recombineering (Figure 5B) is another BGC cloning tool developed in
E. coli, utilizing phage-recombinases, either Reda/Redp from the A phage or
RecE/RecT from the Rac prophage'®. RecE/Reda are 5°—3’ ATP-independent
exonucleases that create single-stranded overhangs, whereas RecT/Redf} are DNA
annealing proteins that promote the annealing of complementary single-stranded
DNA during recombination'®’. The procedure for this method is similar to the TAR
system, where digested genomic DNA with BGCs is co-transformed into E. coli with
a linear vector containing homology arms of the BGC'®!. Homologous
recombination subsequently occurs in vivo by the recombinases to generate the
recombinant vector, which can be shuttled and further expressed in Streptomyces'®.

The IR system (Figure 5C) was developed to directly clone large DNA
fragments from bacterial genomes through site-specific recombination''. This
method utilizes phage integrases for Streptomyces. For example, the ®BT1 integrase
system allows the direct cloning of BGCs from genomic DNA'®. The system
consists of three different plasmids: a pUC119-based suicide vector (pSV)
containing a mutated a#tP site of the ®BT1 integrase and a homologous region to
the 5° end of the target BGC, a pKC1139 with an a#¢B site and a region homologous
to the 3’ end of the target BGC, and an integrative plasmid plJ10500 that introduces
the ®BT1 integrase. The two plasmids can be inserted adjacent to the BGC by single
crossover, and the subsequent introduction of ®BT1 integrase enables the excision
of the pKC1139 harboring the target BGC. The pKC1139 can then be extracted and
transferred for recovery or heterologous expression.

The pSBAC system employs the pSBAC vector for capturing NP BGCs (Figure
5D)'®. This system leverages the ability of pSBAC vector to carry large BGCs, its
replicons for propagation in E. coli, and its oriT and ®C31 attP-int for BGC
integration in Streptomyces'®. This method depends on the presence or insertion of
unique restriction enzymes on both sides of the BGC. The pSBAC vector needs to
be inserted between the unique restriction enzyme sites in the chromosome through
homologous recombination. The genomic DNA is subsequently extracted and
digested by the unique restriction enzyme, allowing straightforward capture by self-
ligation.
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Figure 5. Cloning tools for direct capture large BGCs. A, Digested genomic DNA containing
the target BGC is co-transformed into S. cerevisiae with a capture vector bearing
homology arms. Homologous recombination assembles the BGC into the vector. B,
Red/ET recombineering, similar to TAR, enables in vivo assembly of the BGC in E. coli
using phage-derived recombinases (Reda/Redf or RecE/RecT). C, A suicide vector
with an aftP site is integrated at the 5’ end of the BGC, and a second vector with an attB
site at the 3’ end. An integrase expressed from a third plasmid excises the BGC onto
the second plasmid. D, The pSBAC system inserts a capture vector near the BGC. After
genomic digestion with restriction enzymes, self-ligation recovers the BGC on the vector.
All captured BGCs can be maintained in E. coli for modification and transferred to
Streptomyces for heterologous expression.
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1.3.5.2 Advanced tools for pathway assembly

Recombinant DNA techniques are crucial for constructing or redesigning microbial
cell factories'”. In addition to traditional techniques like restriction enzyme
assembly, several advanced recombinant DNA techniques have emerged, including
Gibson assembly, Golden Gate assembly, and BioBricks assembly (Figure 6).
Gibson assembly is a seamless technique that relies on the enzyme activities of
exonuclease, DNA polymerase, and DNA ligase'®. The assembly of multiple
fragments using Gibson assembly involves the following steps: 20—40 bp overlaps
are first created between adjacent DNA fragments. The 5’-exonuclease generates
long overhangs, which then anneal at the complementary region. The polymerase
fills in the gaps in the single-stranded regions, while DNA ligase repairs the nicks.
The overlaps guide the DNA fragments to anneal in a designated order, but this also
means each DNA fragment contains unique overlapping DNA sequences, making
them non-reusable in other applications. PCR is typically used to create overlaps,
but PCR amplification can be challenging in Streptomyces due to the high G-C
content of its DNA'®. Although synthetic DNA fragments can be used, it will make
this approach less cost-effective. Additionally, it has been shown that the high G-C
level of the overlapping DNA significantly decreases the accuracy of this method'.
Golden Gate assembly is another method for assembling multiple fragments. It
utilizes type IIS restriction enzymes, which are a class of enzymes that recognize a
specific DNA sequence, but cleave the DNA at a distance from the recognition site,
usually outside the recognition sequence itself'*”'®®. This allows a single type 1IS
enzyme to create several designed DNA ends to seamlessly join multiple DNA
fragments. However, like Gibson assembly, each fragment has two ends for ligation
that only match with those on neighboring fragments, limiting their reuse in other
applications. PCR is preferred for designing or adding type IIS recognition sites to
gene fragments, but it poses challenges, especially when amplifying the high G-C
content DNA sequencing for Streptomyces. Conversely, synthetic DNA, while
overcoming PCR limitations, is hindered by high cost and non-reusable drawbacks.
BioBricks is a standardized DNA assembly method based on the recycling of
restriction sites with compatible sticky ends. After ligation, the ends generate a scar
sequence that is not recognized by either enzyme, allowing new genes to be added
indefinitely by repeating the process'®. In the BioBricks [RFC-10] standard, gene
fragments are flanked by four BioBricks restriction enzymes EcoRI, Xbal, Spel, and
Pstl. Xbal and Spel form compatible sticky end 5°-CTAG-3" after digestion'**. A
typical BioBricks assembly round involves digesting the upstream and downstream
inserts from plasmids using EcoRI/Spel and Xbal/Pstl, respectively. Simultaneously,
a destination plasmid is digested with EcoRI/Pstl to carry the inserts. The advantage
of Biobricks assembly is that it provides standard and interchangeable biological
parts, making them reusable for various purposes, even across different laboratories.
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For Streptomyces, an efficient way to build a BioBricks library is to use synthetic
DNA for all genetic elements, such as genes, promoters, and terminators,
overcoming PCR limitations. Due to its high reusability, BioBricks assembly is more
cost-efficient compared to Gibson and Golden Gate assembly. Nevertheless,
BioBricks assembly has several disadvantages: it is not a seamless technique and

introduces a sequence scar with each ligation event
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. Additionally, it does not allow

multiple-fragment cloning and requires many rounds when handling multiple

fragments.
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Figure 6. Three advanced assembly tools for pathway assembly. A, In Gibson assembly,
DNA fragments with overlapping ends are combined in a one-pot reaction where a 5’
exonuclease creates single-stranded overhangs, fragments anneal, DNA polymerase
fills in gaps, and DNA ligase seals the nicks, resulting in seamless assembly. B, In
Golden Gate assembly, DNA parts flanked by Type IIS restriction sites are digested to
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1.3.6 Genome editing tools for Streptomyces

Genome editing has become a cornerstone of metabolic engineering and synthetic
biology, enabling the deliberate redesign of microbial pathways for the production
of valuable chemicals'”’. In Streptomyces, precise and efficient genome
manipulation is especially important for harnessing their vast biosynthetic
capabilities, which allows scientists to activate silent BGCs, eliminate competing
metabolic pathways, reengineer native regulatory systems, and incorporate synthetic
components to enhance metabolite production'”".

Several genome editing tools have been developed in Strepfomyces” . The most
conventional method is homologous recombination, which uses a gene replacement
cassette flanked by homology arms'”’. However, it is limited by the low
recombination efficiency in Streptomyces, especially for deleting large genome
regions. To overcome these limitations, alternative methods have been developed,
such as the PCR-targeting system'”*, the Cre-loxP recombination system® and the
FLP/FRT recombination system'’>. The PCR-targeting system, adapted from
traditional homologous recombination, requires a cosmid library'’*!’®, Target genes
on the cosmids are deleted in E. coli using the A Red system, and the modified
cosmids are transferred to Streptomyces for promoted gene replacement via long
homology regions'’”*. The Cre-loxP and FLP/FRT systems employ site-specific
recombinases (Cre and Flp) to excise DNA flanked by two loxP/FRT sites'’”. To
delete the target genes, the loxP/FRT sites must be introduced on both sides of the
gene, and the recombinase expressed triggers deletion through two single-crossover
events'’>!”® However, these methods are time-consuming and non-seamless
techniques, requiring more efficient and scarless genome editing strategies.

On the other hand, more advanced clustered regularly interspaced short
palindromic repeats (CRISPR)/CRISPR-associated protein (Cas) systems enable the
precision and efficiency of genome editing in Streptomyces'™'”. CRISPR/Cas
system is an adaptive immune system against invading foreign DNA or RNA, which
widely exist in archaea and bacteria'®®. A CRISPR array consists of short direct
repeats separated by short variable DNA sequences (‘spacers’), which is flanked by
diverse cas genes'®'. The CRISPR array is transcribed to CRISPR RNAs (crRNAs)
after processing and maturement, which can guide Cas proteins to cleave the
targeting nucleic acids'®. Researchers adapted CRISPR/Cas system as genome
editing techniques by introducing cas gene cassettes in the host and designing the
artificial crRNA array targeting gene interests'®. Genome editing is accomplished
during the repair of DNA double-stranded breaks through endogenous error-prone
nonhomologous end-joining (NHEJ) or homology-directed repair (HDR) assisted by
the introduced homology templates'®?.

The most widely used CRISPR/Cas system in Streptomyces is class 2 type 11
Cas9 originating from Streptococcus pyogenes®®™'*!* Cas9 requires the presence of

172

33



Rongbin Wang

a protospacer adjacent motif (PAM) sequence (5'-NGG-3") for target recognition and
cleavage'®!. To address the limitations in non-high G-C regions, the class 2 type V
Cas12a/Cpfl system, which recognizes a different PAM (5'-TTTV-3'), was
developed as a complementary tool'*. However, both Cas9 and Casl2a are
heterologous to Streptomyces and can exhibit cytotoxicity, posing challenges for
their application in these organisms'®*'®>. Recently, a native type I-E CRISPR
system has been reported as an alternative, offering reduced toxicity and improved
compatibility for genome engineering in Streptomyces'®’.

However, it is worth noting that the efficiency of these editing methods in
Streptomyces is strain-specific and even sequence-specific'**!®'%’ which could be
related to the presence of restriction-modification system and tolerance level of toxic
proteins like Cas nucleases'®*'®. Therefore, there is no one-size-fits-all genome
editing tool across the Streptomyces genus and the tool selection is case-specific.

1.4 Heterologous expression of secondary
metabolite biosynthetic pathways in
Streptomyces

1.4.1 Traditional heterologous expression of BGCs in
Streptomyces

1.4.1.1 Significance of heterologous expression of BGC

Heterologous expression of secondary metabolite pathways is an effective strategy
widely used for discovering new NPs, owing to its advantages over expression in
native hosts”'!*. First, the expression of secondary metabolite pathways is usually
tightly regulated and often silent because of the regulatory networks from the native
hosts or the lack of environmental triggers'®®. Heterologous expressions can
overcome these regulatory constraints, allowing the production of silent NPs'®,
Second, model microorganisms are typically selected for heterologous expression
due to their beneficial properties: easy culturing, clear genetic background, clean
production background, and advanced synthetic biology toolbox®'. Therefore,
heterologous expression in model hosts facilitates easier manufacturing and
downstream purification processes. In addition, the available synthetic biology
toolboxes in model chassis allow genetic manipulation of biosynthetic pathways,

leading to improved production or new metabolite derivatives.
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1.4.1.2 Examples of traditional heterologous expression of BGCs in
Streptomyces

To date, more than 100 NP BGCs have been successfully expressed in Streptomyces
heterologous hosts using various strategies’”'*!"*1°_ Most BGCs were isolated and
captured by traditional cosmid library screening. For instance, the partial 19.7 kb
cluster of anthracycline steffimycin was captured by cosmid library construction
using the cosmid pKC505%. A 15 kb cluster was recovered by restriction digestion,
with 11 kb involved in steffimycin biosynthesis. Assembling the two partial gene
clusters into an expression plasmid and transforming it into the heterologous host S.
albus lead to steffimycin production®. However, this method is laborious, time-
consuming, and often results in incomplete pathways when dealing with large BGCs
(>20 kb).

More efficient methods have been used to simplify the process of acquiring
target BGCs. One such method is homologous recombination inspired strategies. For
example, the TAR system was used to successfully capture a 54 kb BGC encoding
anthracycline cosmomycin from Streptomyces sp. CNT-302 strain'®'. The
recombinant pCAPO1 vector with the captured cluster was further expressed in the
heterologous host S. coelicolor M512, leading to the production of cosmomycin C
and the identification of a new cosmomycin analog'®'. The cryptic type Il PKS gene
cluster (skf) from Streptomyces sp. Tii 6314 was identified through Red/ET
recombineering'®. In brief, Nhel-digested genomic DNA with the intact target BGC
was co-transformed into E. coli with a linear capture vector pSET152 containing 50
bp homology arms of the cluster. The expression in heterologous host S. coelicolor
M1152/M1154 lead to the production of six aromatic polyketides, including three
new streptoketides.

Site-specific recombination-based methods have also been developed for this
purpose. For instance, the ®BT1 integrase-mediated IR system have been proven
successful for cloning many gene clusters, including the act cluster for typical type
11 polyketide actinorhodin from S. coelicolor M145'%?, The excised 25 kb cluster was
introduced into S. coelicolor M1146, restoring the production of the blue pigment
actinorhodin. Excision of the act cluster to a multi copy plasmid increased the gene
cluster copy number in the host, contributing to higher production yields. The
pSBAC system leverages the versatile pSBAC vector for capturing BGCs. For
example, the BGC encoding pikromycin, a type I polyketide macrolide antibiotic,
was captured via the pSBAC system'”*. Briefly, a unique HindIII site was inserted
into the left border of the BGC by PCR-targeted gene insertion, while the pSBAC
vector was inserted into the right border through a single cross, harboring the
homology arms and another HindIII site'”*. The chromosomal DNA was digested
with HindlIIl, and self-ligated to form a recombinant pSBAC vector carrying the
pikromycin cluster. The recombinant vector was further introduced into the
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heterologous host S. lividans and S. coelicolor, leading to the production of a major

pikromycin derivative, 10-deoxymethynolide'®”.

1.4.2 NP pathway refactoring in Streptomyces

1.4.2.1 Significance of pathway refactoring

Traditional heterologous expression strategies have several limitations®'®. For
example, native promoters from BGCs may be incompatible with the heterologous
host, leading to low or no transcription of essential biosynthetic genes. Additionally,
biosynthetic genes may not be properly translated due to unrecognized ribosome
binding site (RBS) or codon usage differences. Furthermore, traditional heterologous
expression of BGCs cannot bypass regulation by pathway-specific regulators within
the BGCs'*.

To address these issues, the concept of pathway refactoring has been introduced
and applied to NP heterologous expression, thanks to the advancements of synthetic
biology, bioinformatics and our understanding of BGCs. Borrowed from software
development, “refactoring” describes the process of rewriting the underlying code
of a program to reduce the complexity without changing its functionality'®*. The first
example in genetic engineering was presented in 2005, demonstrating the
simplification of a phage genome through the redesign of known genetic elements
to allow individual modifications'®®. Pathway refactoring involves systematic
redesigning and optimization of pathways without altering their functionality. This
method aims to: 1) minimize biosynthetic pathways, 2) bypass native regulatory
systems, and 3) achieve controllable expression'®’.

By leveraging pathway refactoring, NP production can escape regulation by both
global and pathway-specific regulators. In addition, fine-tuned expression can be
accomplished in industrial strains using synthetic and controlled genetic elements,
enabling industrial and pharmaceutical applications. Moreover, pathway refactoring
provides more opportunities to activate cryptic NP pathways beyond traditional
heterologous expression, facilitating novel compound discovery and the study of

biosynthetic steps'®*.

14.2.2 Strategies and examples for pathway refactoring in
Streptomyces

To achieve these goals, several strategies for NP pathway refactoring have been
developed in Streptomyces'®*'**!%®_ First, the expression of biosynthetic genes can
be regulated or limited by regulatory elements like promoters, terminators, and RBS
in BGCs. Therefore, using synthetic and/or characterized regulatory elements could
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release these regulations and achieve tuned enzyme levels, resulting in high yields
of target products with clean production profiles (Figure 7)'”°. For example, the Tam
gene cluster for the type Il aromatic polyketide tetarimycin was initially captured
from environmental DNA and activated through heterologous expression in S. albus
with the up-regulated SARP family positive regulator taml (Figure 7A)**. The
cluster was predicted to include six gene operons controlled by four promoters. To
refactor this pathway, all four promoter regions were substituted with synthetic
promoters via the TAR method. The heterologous expression of the refactored
cluster in S. al/bus demonstrated levels identical to the activated expression, clearly
showing the advantage of pathway refactoring in activating silent gene clusters and
releasing native regulation. In another case, constitutive promoters, including
ermE*p, kasOp*, and sp44, were utilized to replace the native promoter regions of
four biosynthetic genes in the BGC for rapamycin, a type I polyketide compound
used to treat many diseases'®**"!. The engineered strains showed enhanced
rapamycin production, with yields up to 87.7 mg/L, demonstrating the ability of
pathway refactoring to improve NP production.

To fully accomplish the goals of pathway refactoring of systematic and rational
redesign of NP pathways, bottom-up reconstruction of the entire NP pathway can be
carried out, rewriting the DNA sequence of BGCs'”"'’. This approach heavily relies
on the understanding of the BGC and the advances of synthetic biology'®. The first
step involves eliminating all noncoding DNA, non-essential genes, and regulatory
genes from the BGCs. Then, each essential gene is recoded by selecting codons to
eliminate internal regulation. Protein engineering or ortholog swapping might be
performed when native enzymes are less efficient. The recoded genes are arranged
into artificial operons, where synthetic or characterized regulatory elements, like
promoters, terminators, and RBSs, are utilized to control the expressing dynamics
and conditions. Bottom-up refactoring aims to reconstruct all genetic elements,
allowing the refactored pathway to bypass all native regulations. This reconstruction
requires efficient DNA assembly methods for multiple fragment assembly 84195202,

Several publications report successful cases of bottom-up pathway refactoring.
For instance, a gene cluster from Streptomyces griseus encoding hybrid PKS-NRPS
polycyclic tetramate macrolactams (PTMs) was refactored using a plug-and-play
strategy (Figure 7B)’”. The gene functions in the cluster were predicted, and six
characterized constitutive promoters were selected and inserted upstream of each
essential coding gene. Meanwhile, the native cluster and an upregulated gene cluster
with a single ermE*p added upstream of the whole gene cluster were used as controls.
All three clusters were integrated into S. /ividans for heterologous expression. Real-
time PCR analysis showed that all genes in the reconstructed operons were
transcribed at significantly higher levels compared to those in the native producer
and the other two engineered strains, suggesting that the transcription of a silent gene
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cluster can be significantly enhanced through gene cluster reconstruction. As a result,
the strain with the refactored pathway produced six potential PTMs, two of which
were further confirmed by structure elucidation. In addition, bottom-up
reconstruction facilitated the deletion of specific genes, allowing elucidation of the
biosynthetic steps. In another case, the nitrophenyl-substituted polyketide
spectinabilin, known for its antimalarial and antiviral activities, was traditionally
heterologously expressed in S. /ividans. However, no production was observed, even
after knocking out the repressor’™. To activate the gene cluster, bottom-up
refactoring was carried out by using nine characterized promoters for each gene. The
transcription levels of the refactored spectinabilin pathway in S. lividans were much
higher than those of the native cluster, and unlike S. /ividans with the native cluster,
the strain with the refactored pathway clearly produced the target product.
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Figure 7. Strategies and examples of pathway refactoring. A, Native promoter regions on the
BGCs are replaced with a set of well-characterized promoters by homologous
recombination. The promoter-refactored BGCs are then transferred into a Streptomyces
heterologous host for refactoring. B, The essential genes of the BGC were PCR-
amplified or synthesized, after which they are re-assembled with promoters with varying
strengths to create a fully refactored pathway. The synthetic BGC is subsequently
expressed in heterologous host.

1.5 Combinatorial biosynthesis in Streptomyces
1.5.1 Principles of combinatorial biosynthesis

NPs have long been a key source of pharmacotherapy. However, their applications
are often limited by suboptimal properties or the development of drug resistance®”.

38



Introduction

Chemical modifications have been attempted to improve their biological properties,
but the structural complexity of NPs makes this challenging. In this context, the
concept of combinatorial biosynthesis was proposed to extend the chemistry of
nature®®?’. It aims to produce “unnatural” NPs by manipulating biosynthetic
enzymes to modify functional groups, regio-chemistry and scaffold backbones. The
development of combinatorial biosynthesis aligns with advancements in genetic
engineering. Initially, combinatorial biosynthesis was primarily conducted through
precursor-directed biosynthesis before genetic engineering became feasible?®.
Genetic engineering was first applied to this field in 1985°”. Today, with emerging
synthetic biology techniques, we can easily manipulate NP pathways and generate a
large library of diverse compounds or pathways, providing more opportunities to
explore chemical diversity and discover novel NPs with high potential biological
activities®"’.

There are several advantages of combinatorial biosynthesis®”’. First, it aims to
enrich the novelty and diversity of NPs, potentially enhancing their biological
features. Second, it offers a more sustainable way to produce improved NPs by
exploiting their analogs compared to the traditional chemical modifications. Third,
combinatorial biosynthesis is usually investigated in well-studied heterologous hosts
to increase the compound titer, ultimately resulting in less expensive compounds.
Additionally, structure-activity relationships can be explored through the large
compound analog library created by combinatorial biosynthesis, which is crucial for

drug development®*.

1.5.2 Strategies and examples of combinatorial biosynthesis
in Streptomyces

Several strategies have been developed to enable combinatorial biosynthesis. It
initially began with precursor-directed biosynthesis, leveraging the substrate
promiscuity of enzymes involved in biosynthetic pathways. For instance, the
polyether antibiotic monensin is encoded by type I polyketide synthases in
Streptomyces cinnamonensis*'’. Type 1 polyketide synthases are composed of
sequentially organized modules, where acyltransferases in each module serve as
gatekeepers for accepting the substrate for the next round of chain extension. It was
found that the acyltransferase domain in the fifth module of the monensin PKS can
accept nonnatural malonic acid derivatives, leading to the discovery of new
premonensin derivatives (Figure 8A).

Genetic engineering has made it possible to introduce or swap exogenous
enzymes, domains, modules, and subunits from different NP pathways to achieve
combinatorial biosynthesis, which has been a major strategy for many years. There
are numerous examples of discovering new anthracycline analogs through this
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method (Figure 8B). For example, gene segments from Streptomyces purpurascens
were cloned into S. galilaeus ATCC 31615, the aclacinomycin producer, resulting
in new derivatives of glycosylated e-rhodomycinone®'!. Later, one of the genes was
cloned into a S. galilaeus mutant strain producing aclacinomycin T, and the
reengineered strain produced two hybrid anthracyclines*'?. Similarly, the
aklavinone-11-hydroxylase DnrF was introduced into S. galilaeus ATCC 31133,
leading to four 11-hydroxylated aclacinomycin derivatives?®. A plasmid carrying
the polyketide synthases for nogalamycin aglycone intermediates was transformed
into the aclacinomycin non-producing strain S. galilaeus H038*'*. The fermentation
of the engineered strains produced a mixture of hybrid anthracyclines, two of which
were nogalamycin based compounds containing aclacinomycin sugar moieties.
Epirubicin (4’-epidoxorubicin) is considered to show less cardiotoxicity than
doxorubicin"®. The production of epirubicin relied on chemical synthesis, which was
inefficient and not environmentally friendly. By replacing the 4’-ketoreductase
dnmV with avrE from the avermectin cluster or eryBIV gene from the erythromycin
cluster, the production of 4’-epidaunorubicin and epirubicin was observed*'®.
Recently, researchers focused on producing N,N-dimethylated anthracyclines,
potential cardiotoxicity-free agents, by combining biosynthetic genes from the
doxorubicin and aclacinomycin pathways®. They introduced the N-
methyltransferases AclP and AknX2 for the methylation of TDP-L-daunosamine in
the industrial strain S. peucetius GOOl. To allow the attachment of TDP-L-
rhodosamine sugar moiety, they replaced the native glycosyltransferase DnrS with
AknST. Although the target production of DM-DXR was not observed because of
the limitation of DoxA, the engineered strain was able to produce the intermediate
N,N-dimethyl-13-deoxydaunorubicin as the main product, with low production of
N,N-dimethyl-daunorubicin.
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A Precursor-directed combinatorial biosynthesis
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Figure 8. Strategies and examples of combinatorial biosynthesis. A, Non-native precursors
are supplemented into the culture of native producers to exploit the substrate
promiscuity of biosynthetic enzymes, enabling the generation of novel derivative
compounds. B, Heterologous gene cassettes encoding modifying enzymes can be
introduced to modify existing products or replace native biosynthetic genes, resulting in
the production of structurally diverse analogs. C, Genes from different biosynthetic
pathways can be assembled and expressed in a heterologous host to create new
combinatorial pathways. When full pathway reconstruction is challenging, precursor
feeding can be used as an alternative. In cases where it is difficult to express the
complete pathway in a single host, distribution of pathway modules across multiple
strains followed by co-culture offers a viable strategy.

Advancements in molecular and synthetic biology have facilitated the transfer of
biosynthetic genes from various species for heterologous expression in well-
characterized hosts, creating more opportunities for combinatorial biosynthesis to
produce a vast library of compounds®'"!¥, For instance, a combinatorial biosynthetic
platform for generating doxorubicin derivatives was reported (Figure 8C)'*'. Briefly,
a S. venezuelae strain resistant to doxorubicin was constructed by introducing three
doxorubicin resistance genes, drrABC. Different deoxysugar synthesis genes from
several pathways were introduced to synthesize a variety of TDP-deoxysugars.
Subsequently, different GTs and their auxiliary helper proteins were screened and
expressed to bind the deoxysugars to the exogenously fed aglycone e-
rhodomycinone (Figure 8C). Furthermore, post-PKS tailoring genes were added to
some specific combinations to create doxorubicin derivatives. In total, the
combinatorial biosynthesis system resulted in 17 glycosylated doxorubicin
precursors, as well as doxorubicin and its two intermediates, among which seven
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glycosylated derivatives of thodomycin D are novel anthracyclines. However, this
system relied on available feeding compounds. The ideal strategy is to coexpress
biosynthetic genes for polyketide aglycones along with all other necessary genes into
the heterologous host, which is challenging®’. To address this issue, a one-pot
combinatorial biosynthesis system for glycosylated anthracyclines was developed
(Figure 8C)*". They constructed two aglycones (aklavinone and e-rhodomycinone)
cassettes and eight deoxysugars cassettes with their GTs. The cassettes were
transformed into S. venezuelae mutant strains separately, and co-cultivation of the
engineered strains accomplished the combinatorial biosynthesis, leading to 16
glycosylated anthracyclines, seven of which are new. These cases demonstrate the
potential of generating novel anthracycline analogs with improved anticancer agents
through combinatorial biosynthesis.
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2 Aims of the Study

The thesis aims to build up a modular synthetic biology platform for refactoring of
natural anthracycline pathways and discovering novel compounds through
combinatorial biosynthesis.

Specifically, the aims are the following:

I Build up a synthetic biology platform consisting of all necessary elements for
metabolic engineering (Study I-11I).

II Re-design anthracycline pathways in a modular manner and build four BioBricks
libraries based on gene functions (Study I-1II).

I Utilize the BioBricks libraries for complete refactoring of natural anthracycline
pathways (Study III).

IV Produce novel anthracyclines through combinatorial biosynthesis (Study II and
I10).
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3 Materials and Methods

3.1 Strains and culture conditions

The E. coli TOP10 strain was used for gene manipulation and protein expression. E.
coli ET12567/pUZ8002 and E. coli ET12567/pR9406 were used for intergeneric
conjugation with Streptomyces™. S. coelicolor M1146, M1152, M11524matAB,
and S. lividans K4—114 were used as the heterogeneous expression hosts. S. albus
was used for glycosyltransferase complementation experiments.

E. coli strains were cultivated at 37°C in Lysogeny broth (LB) or LB agar plates
for selection and at room temperature in 2 X TY medium for protein expression.
Streptomyces strains were grown at 30°C in liquid media, including Tryptic soy broth
(TSB), SG-TES (Soytone 10 g/L, Glucose 20 g/L, Yeast extract 5 g/L, TES free acid
5.73 g/L, CoCl, 1 mg/L), Mannitol Soya flour (MS), and E1 for strain cultivation
and compound production. For solid cultivation, MS, R5 and Inorganic Salt Starch
Agar No.4 (ISP4) were applied'””. When screening the exconjugants from
intergeneric conjugation, 10 mM MgCl, was added to the plates. Streptomyces
fermentation processes for compound production are as follows: Streptomyces
strains from glycerol stocks were revived on the solid plates for 3—4 days. Then, the
Streptomyces cells were pre-cultured in 50 mL of TSB or SG-TES medium for 3—4
days and finally inoculated in fresh SG-TES or E1 producing media for 5-7 days in
250-2000 mL Erlenmeyer flasks.

When appropriate, chloramphenicol (25 pg/mL), ampicillin (100 pg/mL),
kanamycin (50 pg/mL), apramycin (50 pg/mL), spectinomycin (100 pg/mL),
viomycin (20 ug/mL), hygromycin (50 pg/mL), and nalidixic acid (25 pg/mL) were
supplemented to media for the strain selection.

3.2 Feeding experiment

For the feeding experiment, around 200 pg of aklavinone or nogalamycinone was
added to the cultures of engineered strains. For comparison, two control groups were
included: one with the engineered strains grown under normal conditions and another
with the same amount of compounds added to an empty culture.
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3.3 Inhibitory test

Streptomyces pre-culture was plated on the MS plates and incubated at 30°C for 6
hours. The sterilized metal cylinders were then put on the plates. 30 uL of various
concentrations of anthracyclines (0.01 g/L to 1 g/L) were added in the metal
cylinders. The plates were finally incubated at 30°C for 3—4 days to see the zones of
inhibition.

34 Plasmid and strain construction

BioBricks assembly was used for gene construction, following the 3A assembly
method as previously described'?*. Briefly, the pSB1X3 (X = C, K, A, or T) series
served as destination plasmids for cloning, each containing a constitutively active
Red Fluorescent Protein (RFP) construct (J04450) to facilitate red-white screening.
A pSB1X3 plasmid with an antibiotic resistance marker distinct from those of both
insert-carrying plasmids was selected and digested with EcoRI and Pstl, followed by
treatment with alkaline phosphatase to prevent self-ligation. The upstream insert was
digested with EcoRI and Spel, while the downstream insert was digested with Xbal
and Pstl. Instead of gel purification, all digested products were purified using a PCR
cleanup kit to remove residual restriction enzymes. Following all rounds of
BioBricks assembly, the final constructs were cloned into BioBricks-compatible
Streptomyces plasmids via the appropriate restriction sites. The plasmids were
verified by restriction enzyme digestions and full plasmid sequencing.

For protein expression plasmid construction, enzyme coding sequences were
codon-optimized based on E. coli codon usage and tagged with an N-terminal
polyhistidine (His) tag. The genes were then cloned into the pPBAD/HisB backbone
using the designated restriction enzyme sites™.

Intergeneric conjugation was applied to transform plasmids into Streptomyces
using the standard Streptomyces techniques as described previously'”. The
recombinant strains were screened by corresponding antibiotic stress. A standard
technique of heat shock transformation was applied to E. coli.

3.5 Streptomyces integrating plasmids

The Streptomyces integrating plasmids used in this study (Table 6) were collected
and modified by our collaborator Prof. S. Eric Nybo.
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Table 6. Integrating plasmids used in the synthetic biology platform

Vector name Resistance in Integrase Note Reference
Streptomyces

pSET152BB with 5'-tt-sbi-A and 3’-fd phage 424 153 155
terminators

pOSV801 with 5'-tf-sbi-A and 3'-fd phage 123 153 155
terminators

pOSV808 Hygromycin VWB 123
pOSV811 with 5'-ECK120033736 and 3'- 123,151,156
ECK120033737 terminators

pPENTG1 with 5-L3S2P21 and 3'-L3S3P41 54 151 156
terminators

pENSV1 with 5-ECK120010818 and 3'- 124.151.156
ECK120029600 terminators

pSET154BB  Apramycin dC31

pOSV821 Apramycin dC31

pOSV820 Kanamycin pSAM2
pENTG3 Viomycin DTG

pENSV3 Spectinomycin SV1

3.6 Compound extraction

Two methods were utilized for extracting compounds from the cultural supernatant.
For anthracycline aglycones, the cultural supernatant was added with the same
volume of ethyl-acetate with 1% acetic acid in centrifuge tubes. The phases were
separated by 5 min of centrifugation at 4,000 g after 10 min of vortexing. The ethyl-
acetate phase was collected and dried with vacuum. Methanol was added to suspend
the extracts for analysis.

For glycosylated anthracycline compounds, the metabolites were collected from
the cultural supernatant and recovered by overnight binding to 20 g/L of LXA-1180
resin at 8°C with gentle shaking. The resin was collected by discarding the medium
and washed with Milli-Q water. The absorbed compounds were extracted with
methanol. For large scale purification, methanol was evaporated using a rotary
evaporator and the dried compounds were resuspended in minimal volume of
methanol.

3.7 Analytical HPLC method

The extracted compounds were analyzed by UHPLC (Shimadzu Nexera L.C-40
system with a diode array detector) using a Phenomenex Kinetex C18 column (2.6
um, 100 A, 4.6x100 mm) or HPLC (Agilent 1260 Infinity II) using a Poroshell 120
Phenyl-Hexyl Column (2.7 pm, 4.6 mmx 100 mm). Method A: Solvent A: 15%
CH;CN/0.1% HCOOH; solvent B: CH3CN; flow rate: 0.3 mL/min; 0-2 min, 0% B;
2-20 min, 0—40% B; 20-24 min, 100% B; 24-29 min, 0% B. Mecthod B: Solvent A:
0.1% HCOOH; solvent B: CH3CN/0.1% HCOOH; flow rate: 0.5 mL/min; 0—10 min,
5-95% B; 10-13 min, 95% B; 13.1-15.1 min, 95-5% B.
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3.8 Compound purification and structure
elucidation

Methanol extracts were first purified using silica chromatography with high-purity
grade silica (pore size 60 A, 230-400 mesh particle size), and, if needed, further
purified with Sephadex LH-20 (MeOH; 2.5 X 65 cm). Fractions containing the
compounds of interest were pooled, evaporated using a rotary evaporator, and then
re-suspended in a minimal volume of methanol for semi-preparative HPLC.

Semi-preparative HPLC was carried out using a Shimadzu LC-20AP/CBM-20A
system with a diode array detector and a Phenyl-Hexyl (5 um, 100 A, 250 x 21.2
mm) Kinetex column, along with an Agilent 1260 Infinity II Prep HPLC system
equipped with a diode array detector and a Gemini C18 column (5 um, 110 A, 250
x 10 mm). Fractions containing pure compounds were evaporated using a rotary
evaporator and desiccator, then re-suspended in deuterated solvents for NMR
analysis. Method A: Solvent A: H,O/0.1% HCOOH; Solvent B: CH3CN; flow rate:
20 mL/min; 0-2 min, 0% B; 2—-22 min, 0—-100% B; 22-24 min, 100% B; 24-29 min,
0% B. More methods can be found in original publication III.

NMR spectra were recorded with a 600 MHz Bruker AVANCE-III system with
liquid nitrogen cooled Prodigy TCI cryoprobe, a 500 MHz Bruker AVANCE-III
system with liquid nitrogen cooled Prodigy BBO cryoprobe, Bruker Avance NEO
400 MHz (Bruker BioSpin Corporation, Billerica, MA), Varian 500 MHz (Agilent,
Santa Clara, CA, USA) spectrometers, and/or the Bruker Avance NEO 600 MHz
NMR spectrometer with triple channel TCI 5-mm cryoprobe. All NMR spectra were
processed in Bruker TopSpin 4.1.3 version, and the signals were internally
referenced to the solvent signals or tetramethylsilane.

High resolution electrospray ionization mass spectra were recorded using Waters
Acquity RDa Detector or AB SCIEX Triple TOF® 5600 system.

3.9 Protein purification and enzymatic reactions

Protein purification was performed using polyHis-tag affinity chromatography with
TALON SuperFlow resin, followed by desalting with PD-10 columns. Enzymes
were concentrated using Pierce™ Protein Concentrators PES (10K MWCO), and the
purity of enzymes were assessed by SDS-PAGE.

Enzymatic reactions were conducted as previously described®. Each reaction
was set up in a 1.5 mL Eppendorf tube containing 200 pL of reaction buffer (50 mM
phosphate, 50 mM NacCl, pH 7.5). Substrates were added to a final concentration of
10-50 uM, followed by enzyme addition at a final concentration of 5—10 uM. For
reactions involving DnrF, RdmE, KstA1516, and KstA1011, NADPH was included
at a final concentration of 0.5 mM. When RdmB was present, 10 uM DTT and 400
uM SAM were also added. Reactions were incubated at 30°C for 1-4 hours. After
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incubation, reaction products were extracted with CHCl; by vigorous vortexing. The
organic phase was dried under vacuum, resuspended in MeOH, and analyzed by
HPLC.

3.10  Cancer cell line viability assay

Cytotoxicity assays were performed at the University of Kentucky in triplicate using
human cancer cell lines A549 (non-small cell lung cancer), PC3 (prostate cancer),
and HCT116 (colorectal cancer), as well as Merkel cell carcinoma lines MKL1 and
MCC26, following previously described protocols®'. Briefly, an initial viability
screening was conducted at 80 uM to identify active compounds. Compounds that
reduced cancer cell viability to below 50% were then evaluated at 10 pM, and their
ECso values were determined. Doxorubicin and nogalamycin served as positive
controls, while vehicle (DMSO) was used as a negative control.

3.11  Artificial intelligence tool usage

ChatGPT and Microsoft copilot were used to correct grammar and polish sentences
in accordance with the guideline on the use of artificial intelligence in research at the
University of Turku.
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4 Results and Discussion

4.1 Establishment of a synthetic biology platform
for anthracycline biosynthesis (Study I-l)

As fertile producers of numerous NPs, Streptomyces remain the optimal cell factories
for genetic engineering to produce value-added compounds”. Although many
genetic tools have been developed for Streptomyces, it still lacks a comprehensive
synthetic biology platform for biosynthesis of desired metabolites. To address this
issue, I aim to build a synthetic biology platform by testing and evaluating all the
necessary genetic tools for metabolic engineering, including Streptomyces chassis,
vectors, promoters, terminators, RBS, and biosynthetic genes.

4.1.1 Streptomyces chassis evaluation (Study 1)

An optimal Streptomyces chassis is fundamental for the heterologous expression of
NPs, making its evaluation a priority. In this thesis, two well-studied Streptomyces
hosts, S. coelicolor and S. lividans, were initially selected and evaluated by our
collaborators through the production of minPKS snoal23 from the nogalamycin
pathway”’. Two engineered S. coelicolor strains, M1146 and M1152, were studied
due to their: 1) clear genetic background, 2) removal of interfering endogenous gene
clusters, and 3) enhanced secondary metabolite production (M1152). S. lividans is
closely related to S. coelicolor, but has the advantage of accepting methylated DNA,
facilitating easier genetic manipulation. The modified version K4—-114 was
characterized here because the endogenous actinorhodin cluster was deleted for a
clean production background, while retaining the enhanced secondary metabolite
properties of the parental strain TK24%.

First, the production of SEKI15 from codon-optimized snoal23 in three
engineered strains was evaluated on R5 solid plates. All three strains produced
similar levels of SEK15 at 30-40 mg/L. However, S. lividans K4—114 also produced
large quantities of undesired prodiginines, leading to its exclusion from further
experimentation®. Given that S. coelicolor M1152 contains a mutation regulating
RNA polymerase B that is absent in S. coelicolor M1146, S. coelicolor M1152 was
selected for further evaluation (Figure 9B). Knockout of mat4B has been noted to
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eliminate the mycelial aggregation phenotype and improve biomass accumulation.
Therefore, S. coelicolor M1152AmatAB was constructed and compared with S.
coelicolor M1152 by expressing wild-type snoal23. As shown in Figure 9C, the
knockout of matAB led to a threefold improvement to 40 mg/L in SG-TES medium.
Based on these results, S. coelicolor M1152AmatAB was selected as the chassis for
further heterologous expression.
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Figure 9. Streptomyces chassis evaluation by C-20 minPKS engineering. A, biosynthetic
pathway scheme depicting the synthesis of SEK15 and SEK15b from the minPKS
Snoa123. B, SEK15 titers on R5 solid agar plates from codon-optimized snoa723 in
three heterologous expression hosts. C, SEK15 titers in SG-TES liquid medium from
wild-type snoa123 expressed in two S. coelicolor engineered hosts. ANOVA analysis
was performed to assess statistical significance between strains. Different letters next
to the columns indicate statistically significant difference (p<0.05).

4.1.2 Genetic elements in the platform (Study I-lll)

BioBricks assembly was employed to leverage the construction of standardized
genetic parts. Unlike Golden Gate and Gibson assembly, BioBricks genetic parts are
reusable in various applications and are well-suited for the parallel assembly of
multiple branching pathways. Additionally, BioBricks design addresses the
challenges associated with multi-gene assembly techniques (e.g. Gibson assembly),
especially involving low recombination efficiency of multiple high G-C content
Streptomyces DNA'®.

To implement BioBricks assembly in our synthetic biology platform, all genetic
elements were designed and synthesized according to the BioBricks [RFC-10]
standard'®. The plasmids, promoters, terminators, and biosynthetic genes were
synthesized or cloned to lack internal EcoRI, Xbal, Spel, and PstI restriction sites,
with silent mutations introduced at these restriction sites if necessary. Furthermore,
all genetic elements were provided the BioBricks prefix (5’-GAATTCGCGGCCGC

50



Results and Discussion

TTCTAGAG-3’) and suffix (5’-TACTAGTAGCGGCCGCTGCAG-3’) sequences
to enable isocaudomer cloning.

The anthracycline pathways are complex and may encompass more than 30
genes'®. Consequently, to accommodate all necessary biosynthetic genes, a modular
design was employed to dissect the anthracycline pathways into smaller sections,
facilitating plasmid manipulation. To ensure stable production in the heterologous
host, integrating BioBricks compatible plasmids were selected for the platform
(Table 6), which can be easily transformed into hosts via intergeneric conjugation.
Plasmids with different integrases and resistance markers are compatible within the
same host.

Promoters and terminators are critical for controlling transcription. Therefore, a
well-established platform should contain characterized promoters with varying
strengths. Constitutive promoters are selected to release pathway control from native
regulations. Specifically, four natural promoters, rpsLp(CF)"? gapdhp(EL)'*,
SF14'%, and p15™, screened from different species were selected. Additionally,
mutated versions of commonly used natural promoters for Streptomyces were also
selected, including kasOp*'*, ermEp*'?, p21'¥", sp41-sp44'3*. The relative strength
of the promoters has been summarized in the reference recently’??. For terminators,
rho-independent intrinsic terminators, including fd'>*, tt-shi-A">, B0015"*, and
B0017'*, were chosen to insulate the operons.

Anthracycline biosynthetic genes were codon-optimized based on the native
codon preference for S. coelicolor. The well-studied BBa B0034 RBS (5’-
AAAGAGGAGAAA-3’) was included during gene synthesis. In case of failure in
the expression of codon-optimized genes, wild-type sequences with upstream native
RBS regions were synthesized according to the BioBricks standard.

4.2 De novo anthracycline biosynthesis (Study I-lII)

4.2.1 Modular design for anthracycline biosynthesis (Study
[-111)

NPs like anthracyclines are tightly regulated by the regulatory genes within their
BGCs, which often limits their heterologous expression®'®. To address this issue, I
discarded the regulatory genes and utilized strong constitutive promoters to drive the
expression of biosynthetic genes, thereby releasing them from regulatory network
constraints. In addition, I modularly redesigned anthracycline pathways by arranging
the biosynthetic genes into four BioBricks-compatible Streptomyces plasmids
according to their gene functions. Specifically, the ®C31 integrase plasmid
pSET154BB carries genes for polyketide aglycones; glycosyltransferases,
transporters, and resistance genes are assembled into the VWB integrase plasmid
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pOSV808; pOSV820 with pSAM?2 integrase is responsible for TDP-carbohydrates;
and potential post-PKS tailoring genes are cloned into pENTG3 with ®TGI1
integrase. All four plasmids are compatible within a single Streptomyces strain.

4211 Polyketide aglycone biosynthesis (Study I-111)

4.2.1.1.1 minPKS engineering

For C-20 aglycones, the minPKS snoal23 operon has been studied in section 4.1.1.
Our collaborators then optimized production of C-21 polyketides. The wild-type
gene cassettes minPKS aknBCDE2F from S. galilaeus and dpsABCDG from S.
peucetius were synthesized as a single BioBricks part due to unsuccessful attempts
at codon optimization and decoupling translational coupling. Then, they were
flanked with either the medium strength promoter ermE*p or the strong promoter
kasOp* and transformed into S. coelicolor M1152AmatAB for C-21 minPKS
engineering (Figure 10B). The synthesis of the intermediate UWM?7 from
AknBCDE2F was significantly better than that from DpsABCDG. Additionally, the
strong promoter kasOp* enhanced the expression of the minPKS, resulting in a titer
of 7.5 mg/L in SG-TES medium.
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Figure 10. C-21 minPKS engineering. A, Biosynthetic pathway scheme illustrating the synthesis
of UWM7 from the AknBCDE2F/DpsABCDG minPKS. B, UWMT titers in SG-TES liquid
medium from wild-type dpsABCDG/aknBCDE2F expressed under different promoters
in S. coelicolor M1152AmatAB engineered hosts. ANOVA statistical analysis was
performed as described in Figure 9.
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4.2.1.1.2 Nogalonic acid and aklanonic acid engineering

After optimizing the minPKS operons, the subsequent operons carrying
ketoreductase, aromatase, cyclase, and oxygenase were cloned and assembled with
the minPKS operons to create plasmids for producing stable tricyclic
anthracyclinone intermediates, nogalonic acid and aklanonic acid (Figure 11A). For
nogalonic acid biosynthesis, the strong promoter p/5 was used for genes from the
aclacinomycin and doxorubicin pathways. The results showed that the oxygenases
SnoaB/AknX are necessary, although a small amount of the target compounds was
detected from self-deoxygenation. The combination of snoaDEMB was found to be
optimal among the four options (Figure 11B). It is worth mentioning that the first
round of nogalonic acid production failed, which was later found to be caused by
inaccuracies in the sequencing data for snoaD, snoaE, snoaM, and snoaB. Re-
sequencing of the nogalamycin BGC allowed correction of the sequencing errors and
cloning of functional gene constructs. For aklanonic acid, combinations of
aknAEIWX and dpsEFYdnrG were fused with the kasOp* promoter and assembled
with aknBCDE2F operons. Among these, the kasOp*-aknBCDE2F+kasOp*-
aknAEIWX combination produced the highest yield of aklanonic acid equivalents at
30 mg/L (Figure 11C).
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Figure 11. Nogalonic and aklanonic acid engineering. A, Biosynthetic pathways of aklanonic
acid and nogalonic acid. B, Percentages of nogalonic acid and its intermediates from
different combinations of promoters and biosynthetic genes. Percent conversion was
calculated based on the integration of peak areas at 290 nm. C, Yields of aklanonic acid-
derived shunt products from various combinations of promoters and biosynthetic genes.
ANOVA was conducted as previously described.

4.2.1.1.3 Anthracyclinone pathway engineering and optimization

To obtain full pathways for producing polyketide aglycones for anthracyclines,
different combinations of O-methyltransferase genes, fourth-ring cyclases, and 7-
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ketoreductases were fused with the stronger sp44 promoter and cloned into the
integrating plasmid pENTGI1. These expressions were then evaluated in optimal
nogalonic acid and aklanonic acid-producing strains. The genes were selected from
the doxorubicin pathway (dnrCDE), aclacinomycin pathway (aknGHU), and
nogalamycin pathway (snoal CF). In addition, the putative fourth-ring cyclase kyc34
from the keycin pathway was tested in combination with snoalFkyc34. The
configuration of the C9 position is determined by fourth-ring cyclases, where DnrD
and AknH contribute to the 9R configuration, while Kyc34 and Snoal produce 9S-
configured anthracyclinones.

After combining these genes with nogalonic and aklanonic acid strains, four
different aglycones were synthesized (Figure 12A-C), including three natural
aglycones: aklavinone (1), nogalamycinone (2), and auramycinone (3), and an
unnatural aglycone, 9-epi-aklavinone (4). Among them, the optimal combinations,
marked with star symbols, were assembled into a single plasmid pSET154BB to
characterize the yields in two production media, SG-TES and E1 (Figure 12D-F).
The yields were quantified based on the standard curve of 2. The results clearly
showed that the yields in SG-TES were higher than those in E1 medium. However,
the SG-TES medium also led to the production of large amounts of 7-deoxy
compounds, which are typical anthracycline degradation products®?. The structures
of the intermediates were elucidated by HR-MS and NMR (data not shown; more
details in original publication I). The production yields varied from 1.5-4.5 mg/L in
SG-TES, while the tricyclic intermediates presented titers of over 20 mg/L when
incorporating two plasmids for the biosynthesis of aglycones. This indicated that the
expression cassettes for the single plasmids were limited. It was presumed that,
because of no internal terminators for operon insulation, the single-plasmid
constructs could cause long transcripts, which were unstable and easy to be degraded,
hereby limiting the transcription level of the genes.
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Figure 12. Full aglycone pathway engineering. A, Late steps for aglycone biosynthesis. B-C,
Percentage conversion of four aglycones and their intermediates. The best-performing
combinations were marked with a star symbol. D, Production yields of four
anthracyclinones from one single plasmid in SG-TES and E1 media. The t-test was
performed for the statistical analysis. *p<0.05. E, Representative HPLC traces
illustrating the production of four anthracyclinones, labeled with star symbols. i,
auramycinone; ii, nogalamycinone; iii, aklavinone; iv, 9-epi-aklavinone. F, SBOL
diagrams depicting gene cassettes for aglycone biosynthesis.

Therefore, several strategies were applied to further improve yields of aglycones
(Figure 13). Terminators and ribozyme-based insulators were used between the
operons. Ribozyme-based insulators operate by cleaving the 5’-untranslated region
of the mRNA, creating a hairpin loop that stabilizes the transcript*®*. Different
promoters were also utilized to tune expressions, and the sequences and orders of the
biosynthetic genes were evaluated.
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To optimize the nogalamycinone plasmid, the sequences of minPKS snoal23
were codon-optimized according to the codon usage of S. coelicolor, and translation
coupling was released (Figure 13A). Large amounts of SEK15 were detected,
indicating that the expression of snoal23 was too high in comparison to genes
downstream of the pathway. Therefore, stronger promoters were used for the two
subsequent operons. Additionally, the fourth ring cyclase snoalL in the third operon
was placed immediately after the promoter to further enhance production. The fd
terminator and ribozyme-based insulator riboJ were employed to insulate the
operons. These combined strategies led to a twelve-fold increase in production,
reaching 38 mg/L in E1 medium.

For 9-epi-aklavinone optimization (Figure 13B), the kasOp* promoter for the
first two operons was replaced by the stronger promoters sp4/ and sp42, respectively.
In addition, three ribozyme-based insulators were placed after each promoter to
insulate and stabilize the transcripts. The expression of snoal was enhanced using
the same strategy as in nogalamycinone optimization. As a result, the production of
9-epi-aklavinone reached 4.5 mg/L in E1 medium.

Aklavinone is the core structure of many clinically used anthracyclines.
Therefore, improving its production yield is crucial for enhancing the subsequent
biosynthesis of glycosylated anthracyclines. I focused more on the first and third
operons, as the second operon has been functioning well in the nogalamycinone
plasmids (Figure 13C). A stronger promoter sp4/ was used to replace the kasOp*
promoter. Similarly, the expression of cyclase aknH was improved by changing its
order in the operon. Furthermore, two extra terminators were inserted between the
operons. These improvements resulted in a 1.5-fold increase, yielding 1.6 mg/L in
E1 medium.
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Figure 13. Further optimization for aglycone production. A-C, The SBOL diagrams illustrate
the optimization strategies for aglycone biosynthesis and bar charts show the yield
improvements. The changes are marked in red. The t-test was performed for the
statistical analysis. *p<0.05; **p<0.01; ***p<0.001.

Prior to this study, there were only a few reports on the heterologous expression
of anthracyclinone aglycones”?'***2??7 In the cases of auramycinone and
nogalamycinone, the biosynthetic genes were obtained through restriction enzyme
digestion of the native clusters***°. As a result, the reconstructed pathways retained
additional open reading frames and native regulatory elements, which limited
compound production due to uncontrolled or suboptimal gene expression. A more
recent study reported the heterologous expression of aklavinone, in which
biosynthetic genes were amplified by PCR and placed under ermE*p promoter to
enhance expression’'?. Nevertheless, native regulatory sequences were still retained
during PCR amplification, which may have affected pathway efficiency. Although
the activator gene dnrl was included, the reported yield of aklavinone was only 0.5
mg/L, considerably lower than the 1.6 mg/L achieved in this study. Notably, there
had been no prior reports of heterologous expression of the unnatural compound 9-
epi-aklavinone before this work. This compound was identified upon the
introduction of a gene cassette containing snoal into a S. peucetius mutant strain®>,

In this study, all four core anthracycline aglycones were successfully expressed
in a heterologous host, establishing a foundational framework for the complete
biosynthesis of anthracyclines. Despite improvements made to the expression system
and fermentation process, the production yield of aklavinone—a key precursor for
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many anthracycline—remains low and warrants further optimization to facilitate its
practical application in engineered biosynthetic pathways.

421.2 Resistance and glycosyltransferase (Study lll)

Anthracyclines that disrupt DNA structure and/or inhibit DNA function also exhibit
cytotoxicity towards their producers'®. To ensure the survival of the chassis host
during anthracycline production, genes for transporters and self-resistance are
needed. To construct a robust Streptomyces strain with broad resistance to
anthracyclines, the ABC-transporters drr4B from the doxorubicin BGC were
introduced. Additionally, the UvrA-like proteins drrC from the doxorubicin pathway
and snorO from the nogalamycin pathway were included to repair potential DNA
damage in the producer host strains. The expression of resistance genes was
enhanced with the strong constitutive promoter kasOp* to enable high production of
anthracyclines (Figure 14A). An inhibitory test was conducted to assess the
functionality of the resistance genes. As shown in Figure 14B, the starting strain S.
coelicolor M1152AmatAB was susceptible to 1 and 0.5 g/L daunorubicin and DM-
DXR, while no inhibition was observed in strains with drrABC and snorO under the
same conditions. Nogalamycin showed less toxicity to S. coelicolor strains even
without the presence of drrABC and snorO genes. The inhibitory results gave
confidence that the selected resistance genes could provide sufficient self-defense
and drug efflux against various anthracycline analogs, thereby obtaining a robust
host with broad anthracycline resistance for heterologous expression.

To accomplish the prominent 7-O-glycosylation, the transferase module was
built based on well-studied anthracycline pathways, with the strong promoter
gapdhp(EL) applied to ensure sufficient expression. To test the functionality of GTs
and P450 enzymes, complementation experiments and compound feeding were
conducted. For instance, the codon-optimized GT snogE and P450 enzyme snogN
from the nogalamycin pathway with synthetic RBS BBa 0034 were complemented
in the knock-out strains S. albus snogEA and snogNA, respectively. However, no
expected complementation was observed. Then, we went back to their wild-type
sequences, restoring the production of the expected compound nogalamycin F (5,
Figure 14D). In addition, a feeding experiment was conducted for strains harboring
operons for wild-type GT aknS and P450 enzyme aknT from the aclacinomycin
pathway. The strain also carried the operon for producing TDP-L-rhodosamine. After
feeding with compound 1, the engineered strain produced the monoglycosylated
compound aclacinomycin T (6, Figure 14C), proving the functionality of both GT
and TDP-L-rhodosamine operons.
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Figure 14. Construction and functional test of resistance and GT modules. A, Assembly
strategy for the resistance and GT module. B, Functionality test of resistance genes
using an inhibitory test. Left panel, plates of the parental strain S. coelicolor
M1152AmatAB; right panel, plates of the strains harboring resistance genes drrABC and
snorO. The three anthracyclines were added to the metal cylinders on each plate at
concentrations of 1, 0.5, 0.1, and 0.01 g/L. C, Complementation experiment for snogE
and snogN. i, snogNA strain; ii, snogEA strain; iii, authentic standard of 5; iv, snogNA
complemented with snogN; v, snogEA complemented with snogE. D, Functionality of
GT aknST cassette assessed by a feeding experiment. i, authentic standard of 1; ii,
feeding of 1 to an empty culture; iii, strain harboring operons for GT aknST and the
corresponding sugar unit; iv, feeding of 1 to the strain harboring operons for GT aknST
and the sugar unit; v, authentic standard of 6.

4213 TDP-carbohydrate biosynthesis (Study 1)

Anthracyclines are decorated with various 6-deoxysugar units. I aim to build a
BioBricks library consisting of plasmids to produce numerous TDP-carbohydrates.
Previously, this possibility had been verified by constructing plasmids producing
several neutral deoxysugars’®®. However, intermediates were found in some strains,
possibly due to the use of a single promoter for the entire operon. In my design,
DeslII and DesIV were chosen to obtain the key intermediate TDP-4-keto-6-deoxy-
D-glucose, which is common to all amino- and deoxysugar pathways (Figure 3), as
they functioned well in previous research??®. I then advanced the pathways by adding
another strong promoter, p21, when branching the sugar pathways.
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First, I cloned gene cassettes for TDP-aminosugars, including the core construct
for TDP-L-daunosamine (desllI+1V, snogHI, snogFG), with a third promoter,
gaphdp(EL), inserted to ensure sufficient expression. TDP-L-rhodosamine was
obtained by including the O-methyltransferases (snog4dX) in the TDP-L-
daunosamine construct, while TDP-L-acosamine production was achieved by
changing the 4’-ketoreductase in the TDP-L-daunosamine construct (snogG to
aveBIV). 1 also built gene sets for several neutral TDP-deoxysugars, such as TDP-
3’,4’-demethyl-L-nogalose (snogG2FC, snogY) from the nogalamycin pathway,
which lacks methylations at the C3’ and C4’ positions compared to TDP-L-nogalose.
Similarly, the third promoter gapdhp(EL) was introduced for smogY. The full
biosynthesis of TDP-L-nogalose was achieved by including the remaining methylase
genes snogLM. In addition, TDP-2-deoxy-L-fucose (aknLMQ) and TDP-L-rhodinose
(addition of aknP) from the aclacinomycin pathway were biosynthesized (Figure
15A). The third strong promoter sp44 was used to enhance the transcription of
aknPQ, as their expressions were limited without the additional promoter (data not
shown).

However, since the direct identification of TDP-carbohydrates from engineering
is challenging, I proceeded to detect formation of glycosylated compounds instead.
I conducted aglycone feeding experiments as described earlier. The biosynthesis of
TDP-L-rhodosamine was confirmed by feeding compound 1 to strains harboring
both GT and carbohydrate modules (Figure 14D). A similar feeding experiment was
conducted for TDP-L-3’,4’-demethyl-nogalose biosynthesis. After adding
compound 2 to the strains with GT and carbohydrate modules, the production of L-
3’,4’-demethyl-nogalose-nogalamycinone (7) was observed and confirmed (Figure
15B). It is worth mentioning that although there are several papers proposing the
biosynthetic pathways of these TDP-deoxysugar pathways previously*®*"*?’ this is
the first time these pathways have been experimentally verified in vivo, thus
completing the understanding of the last remaining steps in the biosynthesis of
aclacinomycin and nogalamycin.
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Figure 15. Construction and functionality of TDP-carbohydrate units. A, Assembly strategy for
sugar plasmids, with the construction of TDP-L-3’,4’-demethyl-nogalose demonstrated
as an example. B, Feeding experiment to verify the functionality of biosynthetic genes
for TDP-L-3',4’-demethyl-nogalose. i, strain harboring GT SnogEN and resistance
genes; ii, feeding of 2 to an empty culture; iii, snoaWA strain; iv, feeding of 2 to a strain
containing GT and TDP-L-3',4’-demethyl-nogalose module; v, co-elution of iv and
purified compound 2.

4214 Post-PKS tailoring reactions (Study II)

Many anthracycline pathways harbor post-PKS tailoring genes for modifications on
the core structure. Therefore, a genetic module containing diverse post-PKS tailoring
genes was constructed to fulfill the biosynthesis of anthracyclines. The tailoring
enzymes involved in modifications of the most common positions on the aglycones
were selected from well-characterized anthracycline pathways. For example, FAD-
dependent monooxygenase DnrF from the doxorubicin pathway and RdmE from the
thodomycin pathway were recruited for C11-hydroxylation®*®. The 15-
methylesterase RAmC and the methyltransferase-like RdmB were utilized for C10-
demethylation and C10-hydroxylation, respectively®®®!. In addition, the isozyme of
RdmC, EamC from the komodoquinone pathway, was included for C10-
demethylation, while the methyltransferase-like EamK from the same pathway was
incorporated to achieve C10-decarboxylation. Furthermore, the short-chain aldol
reductase KstA16 and the cyclase-like KstA15 from the kostinostin pathway were
chosen to jointly catalyze Cl-hydroxylation’’. The reaction cascade was further
extended to 4-hydroxyl regioisomerization by the NmrA-like short-chain
dehydrogenase/reductase enzymes KstA11 and KstA10%.

Post-PKS tailoring module was constructed by assembling the gene cassettes on
the pENTG3 plasmid with gapdhp(EL) fused for sufficient expression levels. The
constructs were tested in all four aglycone producers. For DnrF reactions (Figure
16), it was revealed that DnrF could catalyze Cl1-hydroxylation for all four
aglycones, but the enzyme displayed a preference for 9R configuration (1 and 3)
instead of 9S-configured anthracyclines (2 and 4). The corresponding enzymatic
reactions were carried out in vifro to probe the substrate promiscuity, yielding
consistent results (data not shown; more details in original publication II). The
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production of both in vivo and in vitro samples was confirmed by MS analysis. A
similar strategy was applied to the remaining catalytic reactions. I next focused on
the EamCRdmB and EamCK combinations for C10-hydroxylation and C10-
decarboxylation, respectively (Figure 16). Both in vivo and in vitro results
demonstrated that all four aglycones were quantitatively converted by EamCK into
10-decarboxylated products. On the other hand, only 1 and 3 were converted into
10-hydroxylated products, indicating RdmB exhibits a preference toward 9R-
configured substrates. The unreacted EamC products were eventually degraded into
10-decarboxylated products, as previously reported.
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Figure 16. Metabolic engineering of 11-hydroxylated, 10-hydroxylated and 10-

decarboxylated anthracyclinones. A, Post-PKS tailoring pathways for C11-
hydroxylation, C10-hydroxylation and C10-decarboxylation for anthracyclinones. B,
HPLC traces of strains engineered with expression constructs encoding 1-4 and their
corresponding tailoring genes, or control strains producing only 1-4; i-iv, traces
recorded at 490 nm; v-viii, traces recorded at 430 nm.

The RAmECB combination was also investigated to achieve 10,11-
hydroxylation. Since DnrF, RdmE and RdmB are more selective for 9R-configured
substrates, the production profiles of 9S-configured anthracyclinones (2 and 4) were
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identical to those in EamC and RdmB reactions. In contrast, 10,11-hydroxylated
anthracyclinones were observed in 1 and 3 strains (Figure 17A-B). Finally, I studied
Cl-hydroxylation by KstA1516, and the expected 1-hydroxylated products were
detected as the main products in all strains (Figure 17C-D). Furthermore, C4-
hydroxyl regioisomerization reactions were achieved in all strains by adding kst410
and kstA11 genes.

The previous studies on post-PKS tailoring enzymes either focus on one or
specific configured anthracyclinone substrate or completely focus on in vitro data®"
% By contrast, my study presents a systematic evaluation of the substrate
promiscuity of tailoring enzymes on all four possible aglycones both in vivo and in
vitro. In addition, incorporating tailoring genes from unnatural pathways provides
great opportunities for the chemodiversification of anthracyclines and novel drug
discovery. During the study, I observed that certain enzymatic reactions follow a
specific sequence. For example, DnrF or RAmE are inactive if RdmC or EamC act
first (data not shown). However, only a limited number of reaction combinations
were explored in this work. Further investigation of additional reaction orders and
combinations will be important to better understand the pathway dynamics.
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Figure 17. Metabolic engineering of 1-hydroxylated and 4-regioisomerized anthracyclinones.
A, Post-PKS tailoring pathways for C10,11-hydroxylation of anthracyclinones. B, HPLC
traces at 490 nm of strains engineered with expression constructs encoding 1-4 and
rdmECB genes, or control strains producing only 1-4; C, Post-PKS tailoring pathways
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traces at 490 nm of strains engineered with expression constructs encoding 1-4 and
kstA1516 genes, or control lines producing only 1-4; v-viii, HPLC traces at 430 nm of
strains engineered with expression constructs encoding 1-4 and kstA15161011 genes,
or control lines producing only 1-4.

64



Results and Discussion

4.2.2 Complete biosynthesis of natural anthracyclines
(Study IlI)

After completing the individual modules, I focused on the complete biosynthesis of
three important natural anthracyclines, including nogalamycin, doxorubicin, and
aclacinomycin.

4221 Nogalamycin pathway refactoring

To accomplish the complete refactoring of the nogalamycin pathway, I utilized all
the necessary genes from the native pathway or homologs from other anthracycline
pathways (Figure 18). The nogalamycin pathway was constructed based on the
nogalamycinone plasmid pRW10000 described earlier. After introducing two
additional plasmids carrying the resistance and GTs, and TDP-carbohydrate
modules, the production of glycosylated compound 7 was observed by UHPLC
analysis, compared to the authentic standard, and further confirmed by MS analysis.
Thanks to the strong expression of GTs and sufficient self-resistance, the complete
metabolic flux to compound 6 was achieved.

Due to the lack of genes for Cl-hydroxylation, the attachment of the second
sugar TDP-L-rhodosamine at this position did not occur. Therefore, I introduced a
fourth plasmid carrying genes responsible for C1-hydroxylation (snoal2W)** and
tailoring genes for 2”-hydroxylation (snoT), epoxyoxocin ring formation (snoK), 4”-
epimerization (snoN), and O-methylations (snogLM), resulting in the clean
production of nogalamycin (28) in E1 medium®®*'. The production was identified
by UHPLC analysis by comparing to authentic standard and LC-(-)-ESI-HR-MS
analysis (calculated: 786.2973 [M-H]; found: 786.2990 [M-H]"). The production
yield was quantified using the standard curve and reached 33.6 mg/L after 7 days of
cultivation of. Approximately 72% of the compound was present in the cultural
supernatant, indicating efficient efflux by the non-native transporters.
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Figure 18. Complete refactoring of the nogalamycin pathway. The gene cassettes, HPLC
traces and pathway schemes are presented, with matching colors for biosynthetic
genes, HPLC traces, and compound structures. Left brackets with Roman numerals
indicate the plasmids included in the strains of each UHPLC trace. The UHPLC traces
of authentic standards and the structures of pathway intermediates are shown in black.
A, SBOL diagrams illustrating the gene cassettes of each plasmid and the redesign
strategy for the nogalamycin pathway refactoring. B, Simplified pathway scheme of
nogalamycin biosynthesis. C, UHPLC traces showing the production profiles of
representative strains. i, strain NOG at 430 nm; ii, strain RW-30 at 430 nm; iii, strain
RW-48 at 470 nm; iv, authentic standard of 28 at 470 nm.

On the other hand, production in SG-TES was also tested due to its potential for
higher yields. However, UHPLC analysis revealed only intermediate peaks,
suggesting unexpected reactions or degradations induced by the medium (data not
shown).

4222 Doxorubicin pathway refactoring

A similar strategy was applied to the doxorubicin pathway. Specifically,
M1152AmatAB::pEN10001 (AKV1) was chosen as the initial chassis. The second
and third expression cassettes for resistance and GTs DnrQS, and carbohydrate TDP-
L-daunosamine were introduced, leading to the clean production of the glycosylated
compound 11-deoxy-rhodomycin D (29). Production was identified by comparison
to an authentic standard and MS analysis (data not shown; more details in original
publication III).

However, when the remaining tailoring genes (dnrF’PKV, doxA) were added,
only a tiny amount of doxorubicin was produced by the recombinant strain. Stepwise
development cycles were subsequently carried out for troubleshooting. Introduction
of the 11-hydroxylation (dnrF)**? and 15-demethylation (dnrP)** activities led to
the full conversion of the substrate 29 to 15-demethoxy-rhodomycin D (30), but only
18.7% was further converted to 13-deoxydaunomycin (31) by dnrkK**, indicating
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that 4-O-methylation by dnrK is a bottleneck step, even though another promoter
ermEp* was added (Figure 19B). The natural operon structure of P450
monooxygenase (doxA4) and the auxiliary gene (dnrV) was preserved to ensure
functional expression. Additionally, native ferredoxin reductase fdr3 and ferredoxin
fdx4, responsible for transferring electrons to DoxA, were introduced®’. As a result,
doxorubicin (35) was produced as the main product in the engineered strain, but an
equivalent level of the early intermediate 30 was also observed. To address this issue,
another copy of dnrK driven by the strong promoter kasOp* was added, resulting in
a clean production profile of 35 in strain RW-42 with a yield of 1.5 mg/L (Figure
19B-C). However, trace amounts of daunorubicin (34) were still detected in the
strain without the ferredoxin pair.

I next switched to the aklavinone plasmid pAKV7 which was shown to result in
higher yields. The results revealed that pAKV7 could supply more substrates, and
the expression of sugar moieties was also sufficient, as all aglycones were converted
to glycosides. Although the yield of 35 reached 2.85 mg/L in RW-44 strain, the
intracellular DoxA level became limiting, preventing full conversion to 35 and
resulting in the production of mostly 13-dihydrodaunorubicin (33) and 34 produced.
On the other hand, a high producing strain of 34, RW-43, with a yield of 14.6 mg/L
in E1 medium, was achieved.
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Figure 19. Complete refactoring of the doxorubicin pathway. A, Construction strategy for the
redesigned doxorubicin pathway. B, UHPLC traces presenting the production profiles of
representative strains. i, strain AKV1 at 430 nm; ii, strain RW-17 at 430 nm; iii, strain
RW-38 at 490 nm; iv, authentic standard of 35 at 490 nm. C, Late biosynthetic pathway
of doxorubicin. Panels A, B, and C are presented in the same manner as in Figure 18.
D, Percentages of doxorubicin derivatives produced in the engineered strains. E,
Compound 34 and 35 production titers of the engineered strains.

4223 Aclacinomycin pathway refactoring

Aclacinomycin A is an anthracycline that demonstrates potential cardiotoxicity-free
anticancer activity. Unlike nogalamycin or doxorubicin, aclacinomycins lack core
scaffold modifications, but possess multiple sugar moieties, significantly influencing
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their cytotoxicity and pharmacological properties. In this report, I aimed to refactor
the aclacinomycin N pathway (e.g., L-rhodosaminyl-2-deoxy-L-fucosyl-L-
rhodinosyl aklavinone) because the final oxidation steps by AknOx create a mixture
of aclacinomycin derivatives, complicating downstream purifications*®.

Since aclacinomycin N and doxorubicin biosynthesis proceed through the same
core scaffold, the aklavinone-producing strain AKV1 was transformed with the
resistance and S. galilacus GT cassettes, and TDP-deoxysugar modules. In the
transferase module, the GT AknS and P450 enzyme AknT are responsible for
attaching the first sugar unit, TDP-L-rhodosamine®’. The bifunctional GT AknK
appends TDP-2-deoxy-L-fucose and TDP-L-rhodinose to the growing sugar chain to
afford aclacinomycin N (36)*°. The gene cassette for TDP-L-rhodosamine was
sourced from the nogalamycin refactoring, and additional genes (aknLMPQ) from
the aclacinomycin pathway were included for the two neutral sugar units (Figure
20A). The production of 36 was detected in SG-TES medium, identified by
comparison to an authentic standard and by HR-MS analysis (calculated: 8§14.3645
[M+H]"; found: 814.3639 [M+H]"). However, the extract also contained many
intermediates (data not shown; more details in original publication III).

To improve production, I incorporated the enhanced aklavinone cassette,
pAKV7, and tested it in E1 medium, which typically supports better production
profiles. This resulted in a cleaner and increased production of 36, with a yield of
2.4 mg/L (Figure 20B). However, the accumulation of aglycone 1 was still detected,
highlighting the challenges in balancing the expression of aglycone, tandemly-acting
GTs, and multiple TDP-sugar donors.

To the best of our knowledge, this study represents the first successful
refactoring of complete anthracycline biosynthetic pathways. Previous efforts in the
heterologous expression of anthracyclines have relied solely on the direct capture
and expression of native BGCs, which remain subject to native regulatory
constraints®™**>, Moreover, such approaches do not readily support combinatorial
biosynthesis for generating novel derivatives. In contrast, our work involved the
cloning, introduction, and fine-tuning of up to 38 genes from multiple pathways into
a heterologous Streptomyces host (more than 63,000 bp of designed DNA sequence
was integrated to the chromosome), enabling the modular reconstruction of
functional anthracycline pathways. This achievement marks a significant milestone
in synthetic biology within the Streptomyces genus.
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Figure 20. Complete refactoring of the aclacinomycin pathway. A, SBOL diagrams illustrate
the construction strategy for the redesigned aclacinocmyin pathway. B, UHPLC traces
at 430 nm showing the production profiles of representative strains. i, strain AKV7; i,
strain RW-21; iii, authentic standard of 36. C, Simplified biosynthetic pathway of the
aclacinomycin pathway. The colors and Roman numerals are presented similarly to
those in Figure 18.

4.2.3 Combinatorial biosynthesis for novel anthracyclines
(Study III)

Anthracyclines share similar core structures yet display remarkable chemodiversity
due to variations in sugar units and multifaceted tailoring modifications. Although
genetic permutations in nature have led to the discovery of more than 500
anthracyclines, many are not clinically suitable due to drug resistance, side effects,
and unfavorable pharmacokinetic profiles®. One attractive methodology for
generating “unnatural” NPs is combinatorial biosynthesis. The current synthetic
biology platform provides the requisite tools to accomplish combinatorial
biosynthesis of anthracyclines: an amenable genetic host, modular pathway
construction, and BioBricks libraries of different gene sets, facilitating the rapid
generation of recombinant hosts.

Therefore, I leveraged the platform to generate new anthracycline analogs by
modifications of the core scaffold and attachment of various carbohydrate moieties.
Prior to this story, the specificity of GTs towards altered substrates was mainly
unknown. However, we hypothesized that since the four aglycone acceptors have
similar structures, the native GTs would exhibit relaxed specificity towards the
aglycone and a stricter preference towards different sugar nucleotide donors.
Therefore, I incorporated the assembled GT pairs (AknST, DnrQS, SnogEN) with
their natural sugar nucleotide donor cassettes to improve the likelihood of obtaining
novel anthracyclines by exploring non-cognate aglycones (Figure 21). I first utilized
the doxorubicin GT DnrQS to combine the natural TDP-L-daunosamine with
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atypical aglycones, 3, 2, and 4, which resulted in production of 37, 38, and 39,
respectively. The DnrQS pair has been demonstrated to attach TDP-L-acosamine,
the 4’-epimer of TDP-L-daunosamine, for the biosynthesis of epirubicin®'®.
Therefore, I transferred TDP-L-acosamine to 2 and 4 to form 40 and 41, respectively.
As for the GT AknST from the aclacinomycin pathway, I took advantage of it for
decorating the natural TDP-L-rhodosamine to all three unnatural aglycones 3, 2, and
4 leading to 42, 43, and 44, respectively. Finally, I switched to GT SnogEN and its
natural sugar unit, TDP-L-3’,4’-demethyl-nogalose, enabling the glycosylation of
non-native C-21 carbon aglycones 1 and 4 to generate 45 and 46, respectively.

Next, the chemical diversity was further enriched by incorporating additional
tailoring functionalities. The two-component monooxygenase system KstA1516
from the kosinostatin pathway was recruited for Cl-hydroxylation on three
nogalamycinone-based compounds, resulting in new anthracyclines, 47, 48, and
49°7_ The strain producing compound 6 was used to further demonstrate regiospecific
hydroxylation. By using C11-hydroxylation by DnrF, the production of the known
anthracycline thodomycin T (50) was observed. The genes from the rhodomycin
pathway were employed for C11-hydroxylation (rdmE), C10-demethylation (rdmC),
and C10-hydroxylation (rdmB), resulting in another known anthracycline,
rhodomycin B (51)%.

DM-DXR is a promising cardiotoxicity-free anthracycline due to its unique
mechanism of action for evicting histones from open chromatin regions. In contrast
to 1, DM-DXR has an L-rhodosamine substitution at the 7-position. However, the
daunorubicin GT DnrS does not accept the dimethylamino sugar nucleotide®.
Therefore, AknS from the aclacinomycin pathway is a more suitable GT for TDP-L-
rhodosamine. Starting with the strain producing 6, the first TDP-L-rhodosamine unit
and GT pair aknST were incorporated, followed by the introduction of dnrFKPV,
doxA, fdx4, and fdr3. However, only the penultimate intermediate N,N-dimethyl-13-
deoxydaunorubicin (52) was produced, indicating that DoxA does not accept the
modified substrate®>. Additional protein engineering work is required to increase the
substrate flexibility of DoxA.

The efficient and balanced expression of the required modules afforded
quantitative and complete conversion to the intended anthracyclines in most cases,
as determined by UHPLC analysis, facilitating downstream purification.
Specifically, the fermentation of the recombinant strains was scaled up to 1-5 L of
SG-TES or El1 culture. The purification process involved the silica column
chromatography or size-exclusive chromatography, followed by further purification
of preparative HPLC. The structures of the novel compounds were rigorously
determined via NMR spectroscopy and HR-MS analysis, while the three known
molecules were identified by comparison to authentic standards (More details can be
found in original publication III). Using the comprehensive combinatorial
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biosynthesis platform, in total 16 anthracycline analogs were obtained by combining
four genetic cassettes, where 13 anthracycline analogs are entirely novel.

Prior to this study, numerous efforts have been made to achieve the
combinatorial biosynthesis of anthracyclines®''*'>, However, most previous
approaches focused on enzyme-level modifications, in which a limited number of
heterologous genes were introduced into native producers to modify or replace
specific biosynthetic steps. These strategies only allowed for minimal structural
diversification of natural anthracyclines. To address these limitations, some
researchers attempted to reconstruct entire anthracycline biosynthetic pathways to
enable more extensive combinatorial biosynthesis'?'?". However, the cloning and
co-expression of complete anthracycline gene clusters in a single heterologous host
remained challenging due to the lack of a comprehensive synthetic biology platform.
As a result, alternative strategies such as bioconversion and co-cultivation were
employed'*?". Despite their utility, these methods were not readily scalable due to
limitations in substrate availability and the complexity of fermentation processes.

In contrast, our study successfully overcomes these challenges by enabling the
modular combination of all key components of anthracycline biosynthesis—
including aglycones, TDP-sugars, GTs, and tailoring enzymes—within a unified
synthetic biology platform. This strategy resulted in the production of a wide variety
of anthracycline analogs with enhanced diversity. Furthermore, whereas earlier
reconstituted pathways typically relied on a single promoter driving long gene
cassettes—often resulting in inefficient expression and accumulation of
intermediates—our system utilizes well-characterized promoters with varying
strengths to independently fine-tune the expression of each biosynthetic
module'”"?'"”. Consequently, the target compounds were produced with high
efficiency and purity, as demonstrated by the dominant peaks observed in HPLC
analysis. Therefore, this synthetic biology platform will act a powerful and versatile
tool for the rational design of improved anthracycline drugs via combinatorial
biosynthesis in the future.
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Figure 21. Combinatorial biosynthesis for designer anthracyclines. A, Streamlines illustrating
the modular combinations to produce designer anthracyclines. B, UHPLC traces
showing the production profiles of each strain, along with the structures of the desired
compounds. The production profiles of compounds 37-46 are presented by visible
absorbance at 430 nm, while the production of compounds 47-52 is shown by
absorbance at 490 nm.

4.3 Human cancer cell line viability (Study IlI)

To better understand the structure-activity relationship (SAR) of the novel
anthracyclines, their cytotoxic potency was evaluated at the University of Kentucky.
All newly synthesized compounds (37-49), along with control compounds, were
assessed for cytotoxic activity against five human cancer cell lines at a concentration
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of 80 uM. These cell lines included A549 (non-small cell lung cancer), PC3 (prostate
cancer), and HCT116 (colorectal cancer), as well as Merkel cell carcinoma lines
MKL1 and MCC26 (Table 7; further details in original publication III). Consistent
with previous reports, compounds 45 and 46, which are decorated with neutral sugars,
along with aglycones 1 and 2 that lack sugar moieties, exhibited no cytotoxic effects
on any of the five cancer cell lines**’. In contrast, other compounds bearing amino
sugars demonstrated significant cytotoxic activity, underscoring the crucial role of
amino sugars in the cytotoxicity of anthracyclines.

As aresult, compounds 45 and 46 were excluded from further bioactivity testing.
Subsequently, a second assay was conducted on the remaining compounds at a lower
concentration (10 pM) to better differentiate their cytotoxic effects, as most
compounds exhibited similar toxicity at 80 uM. As shown in Figure 22, the novel
anthracyclines displayed varying degrees of cytotoxicity across different cancer cell
lines at 10 uM. Notably, the sugar unit, aglycone core, and post-PKS tailoring
modifications all influenced cytotoxicity. Compounds 41-43, which contain
rhodosamine, exhibited higher toxicity compared to compounds 37—41 that possess
daunosamine or acosamine, emphasizing the impact of 3°-N-methylation of sugars
on bioactivity. Interestingly, auramycinone-based compounds demonstrated the
lowest cytotoxic activity among all tested compounds, whereas nogalamycinone-
and 9-epi-aklavinone-based derivatives exhibited similar toxicity levels (e.g., 37 vs.
42; 38 vs. 40 vs. 43; 39 vs. 41 vs. 44). These findings suggest that carbon chain
length and stereochemistry at the C9 position may influence the DNA-binding ability
of anthracyclines, thereby affecting their cytotoxic properties. Additionally, C1-
hydroxylation significantly enhanced cytotoxicity compared to the non-
hydroxylated analogs.
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Figure 22. Viability of five human cancer lines against novel anthracycline compounds at 10
MM. Cell viability data were normalized relative to the DMSO-treated control group.
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Finally, a dose-response experiment was conducted on compounds 37-44 and
4749, starting at 10 pM, to determine their ECso values (Table 7). This experiment
enabled a precise comparison of the cytotoxic potency of the novel anthracyclines.
The results revealed that six compounds (40, 41, 43, 44, 48, and 49) exhibited ECso
values below 10 uM against cancer cell lines. Among them, compounds 43, 44, and
49 were cytotoxic to PC3, HCT116, MKL1, and MCC26 cells. Interestingly, A549
cells exhibited tolerance to all novel compounds except compound 49, which
displayed mild toxicity. These findings further highlight the importance of
rhodosamine and Cl-hydroxylation in enhancing cytotoxicity. Although positive
control compounds 28 and 35 exhibited significantly stronger cytotoxicity, with ICso
values below 1 pM, the results provide valuable insights into the SAR of
anthracyclines and will contribute to the rational engineering of anthracycline
derivatives for future drug development.

Table 7. Cytotoxic activities of novel anthracycline compounds.

Compounds ECso uM ECso uM

A549 PC3 HCT116 MKL1 MCC26
Doxorubicin (28) 0.77£0.05 0.33+0.01  0.17+0.03 0.044+0.000 0.22+0.02
Nogalamycin (35) 0.103£0.001 0.072+0.003 0.023+0.004 0.078+0.002 0.061+0.005
Aklavinone (1) >10 >10 >10 >10 >10
Nogalamycinone (2) >10 >10 >10 >10 >10
7-0-a-L-Daunosaminyl-auramycinone (37) >10 >10 >10 >10 >10
7-O-a-L-Daunosaminyl-9-epi-aklavinone (38) >10 >10 >10 >10 >10
7-0-a-L-Daunosaminyl-nogalamycinone (39) >10 >10 >10 >10 >10
7-O-a-L-Acosaminyl-9-epi-aklavinone (40) >10 >10 5.80+1.75  9.38+0.63 >10
7-O-a-L-Acosaminyl-nogalamycinone (41) >10 >10 >10 4.50+£1.91 7.17+0.86
7-O-a-L-Rhodosaminyl-auramycinone (42) >10 >10 >10 >10 >10
7-O-a-L-Rhodosaminyl-9-epi-aklavinone (43) >10 4.86+0.07 1.48+0.50 2.38+0.14  8.08+1.22
7-0-a-L-Rhodosaminyl-nogalamycinone (44) >10 7.40+1.94 1.56+0.12 1.75+0.08  8.40+0.21
(7;50)-G-L-3 ,4'-Demethyl-nogalosyl-9-epi-akalvinone >80 >80 >80 >80 >80
7-0-a-.-3',4"-Demethyl-nogalosyl-akalvinone (46) >80 >80 >80 >80 >80
1-Hydroxy-7-O-a-L-daunosaminyl-nogalamycinone >10 =10 10 10 >10
(47)
2‘;;" droxy-7-O-a-L-acosaminyl-nogalamycinone >10  567:029 259+041  1.83:0.04 >10
2‘;;" droxy-7-O-a-L-thodosaminylnogalamycinone g 45, 1 86 4.4950.82  1.1620.03  1.59:021  8.31#1.27
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5 Conclusions and Future
Perspectives

In this doctoral thesis, I established a comprehensive synthetic biology platform that
includes an amenable Streptomyces host, well-characterized promoters of tunable
strengths, efficient terminators, user-friendly vectors, and an extensive collection of
biosynthetic genes for anthracyclines. This platform enables the streamlined
assembly of anthracycline biosynthetic pathways with minimal effort, facilitating the
complete biosynthesis of anthracyclines. Moreover, it provides a powerful
framework for combinatorial biosynthesis, unlocking new opportunities for the
discovery of structurally diverse and potential anticancer agents.

A critical prerequisite for this advancement was ensuring the functionality of all
essential components within the platform. To achieve this, I constructed an
engineered S. coelicolor M1152AmatAB as a chassis optimized for the heterologous
expression. The platform includes more than ten well-characterized constitutive
promoters and over ten efficient intrinsic terminators to regulate gene expression.
Five integrative Streptomyces plasmids, designed to be compatible within a single
strain, were constructed to accommodate all biosynthetic genes and enable modular
pathway assembly. A curated library of over 100 biosynthetic genes from various
anthracycline pathways was organized into distinct functional modules, including
polyketide aglycones, GTs, TDP-carbohydrates, self-resistance, and post-PKS
tailoring. Their enzymatic functions and substrate promiscuity were systematically
evaluated through gene complementation, exhaustive precursor feeding, and in vivo
metabolite analysis. The efficient construction and assembly of all genetic elements
were facilitated by a standardized BioBricks design.

By leveraging the synthetic biology platform, I accomplished the complete
biosynthesis of three clinically relevant anthracyclines—nogalamycin, doxorubicin,
and aclacinomycin—for the first time. This groundbreaking achievement required the
coordinated heterologous expression of 38, 31, and 31 genes, respectively,
underscoring the complexity of these biosynthetic pathways and the innovative
strategies we employed to successfully reconstitute them in a heterologous host.
Specifically, I first built and optimized the expressing plasmids for the core
structures, anthracyclinones, resulting in yields of 1.6-40 mg/L in E1 production
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medium. The subsequent optimization and integration of GTs, self-defense, TDP-
carbohydrates, and post-PKS tailoring modules led to the clean production of target
anthracyclines, with yields ranging from 1.5 to 33.6 mg/L. Notably, this work also
elucidated the final unsolved steps in the sugar biosynthesis of nogalamycin and
aclacinomycin, further advancing our understanding of the biosynthetic pathways.

Beyond the biosynthesis of natural anthracyclines, the modular nature of the
platform facilitated the generation of 16 anthracycline analogs, 13 of which represent
entirely novel compounds. The high-yield and clean production of these analogs
enabled efficient purification and structural characterization via NMR. Structural
variations among these analogs arose from differences in the carbon chain length and
stereochemistry of aglycones, TDP-carbohydrate structures, and post-PKS tailoring
modifications. The following cytotoxicity test led to the discovery of six high
potency anthracyclines and provided valuable insights into SAR studies, supporting
the rational design of improved anticancer agents in the future.

The development of synthetic biology in Streptomyces has long been hindered
by the absence of a comprehensive genetic toolbox. The platform established in this
thesis addresses this limitation, providing a robust foundation for the complete
biosynthesis of complex natural products in Streptomyces. Furthermore, this work
demonstrates a scalable and systematic approach for the rapid exploration of
functional gene combinations, facilitating the discovery of novel bioactive
compounds.

However, there are still several limitations in this study that require further
investigation. For instance, although the clean production of three natural
anthracyclines was achieved, the yields of aklavinone-derived aclacinomycin N and
doxorubicin remain far below industrial requirements. This low production is
primarily due to the limited yield of aklavinone, which in turn results from the
insufficient expression of the minPKS AknBCDE2F. To address this bottleneck,
more efforts should focus on enhancing minPKS expression through strategies such
as decoupling translational coupling, optimizing codon usage, and alleviating
endogenous regulatory constraints by using fully artificial genetic elements.

Second, verifying the functional expression of individual genes in Streptomyces
remains challenging due to the long developmental cycle of this organism. In many
cases, gene functionality is inferred from the accumulation of desired metabolites.
However, such metabolites may be undetectable or only appear after the inclusion
of several genes. This issue is compounded by the nature of the BioBricks assembly
method, since individual genes cannot be removed from the constructs. The
troubleshooting is laborious even if a single gene in a multi-gene cassette is non-
functional. To overcome this bottleneck, efficient gene editing systems such as
CRISPR/Cas could be employed to replace specific gene elements within BioBricks
constructs, enabling more flexible and rapid pathway optimization.
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There are several promising avenues for further development based on this
platform. The biological evaluations of the newly generated anthracycline analogs
that were conducted in this study were limited to cytotoxicity assays in cancer cell
lines. A more comprehensive assessment, including studies on DNA damage and
chromatin disruption, is warranted—particularly given their relevance to
cardiotoxicity, a key concern for anthracycline therapeutics. With improved SAR
understanding, further engineering of Streptomyces strains could combine beneficial
modifications to produce analogs with enhanced therapeutic potential. In addition,
while this study successfully achieved the biosynthesis of aclacinomycin N, the
clinically used compound is aclacinomycin A*, which requires an additional
oxidative modification catalyzed by AknOx. Although AknOx can introduce
multiple oxidative products, the previous study has demonstrated that specific
mutations in AknOXx can restrict its activity to yield primarily aclacinomycin A%,
Therefore, introducing a rationally engineered AknOx variant into the platform could
enable targeted production of aclacinomycin A. Finally, although this platform was
originally developed for anthracyclines, its modular architecture is broadly
applicable and could be adapted for the biosynthesis of other valuable natural
product classes, particularly glycosylated aromatic polyketides.
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Appendix Tables

Appendix table 1. List of plasmids constructed in this study

No. Plasmid Backbone SBOL diagram Reference
name
Aglycone
em_f"p
1  pSET-S1 pSET152BB This study
snoa1 snoa2 snoal
kasOp*
2 pSET-S2 pSET152BB —La This study
snoal snoa2 snoa3
kasOp*
3 pSET-S3 pSET152BB —La This study
snoal snoa2 snoa3
eme'p
4 pSET-A1 pSET152BB — ==~~~ — This study
sknB sknC sknD sknE2 sknF
kas.Op‘
5 pSET-A2 pSET152BB — =)= -B-1D-1— This study
sknB sknC sknD sknE2 sknF
eme'p
6 pSET-D1 pSET152BB — =)= -0 -1~ — This study
dpsA  dpsB dpsG dpsC dpsD
kas.Op‘
7 pSET-D2 pSET152BB — == -0~ — This study
dpsA  dpsB dpsG dpsC dpsD
_kas;Op" kasOp*
8 pSET-S2S5 pSET152BB | This study
snos! snoa2 snos3 snoaDsnoaE snoaMsnosB
armEp kas Op*
9 pSET-D1S5 pSET152BB This study
dpsA  dpsB dpsGdpsC dpsD  snoaDsnosE snoalisnoasB
k_as:Op* kasOp*
10 pSET-D2S5 pSET152BB This study
dpzA dpsB dpsG dpsC dpsD znoaDsnosE znoalsnosB
ermE'p kasOp*
11 pSET-A1S5 pSET152BB This study
sknB aknC aknD sknE2 skrF snosDsnosE snosMsnosB
kszOp* kasOp*
12 pSET-A2S5 pSET152BB This study
sknB aknC aknD sknE2 skrF snosDsnosE snosMsnosB
ermE'p kasOp*
13 pSET-D1D5 pSET152BB —la This study
dpsA dpsB dpsG dpsC dpsD dpsE dpsF dpsY dnrG
ki§0p’ kasOp*
14 pSET-D2D5 pSET152BB This study
dpsA  dpsB dpsGdpsC dpsD dpsE dpsk dpsY dnrG
ﬂE*p liis‘Op*
15 pSET-A1D5 pSET152BB —afijeli) =B~ ~B-ED-B-B This study
sknB 8knC sknD sknE2 askrF dpsE dpsF dpsY dnrG
Iis_Op' kasOp*
16 pSET-A2D5 pSET15288 —afijafi) -~ ~B-ED-~E)-B This study
sknB 8knC sknD sknE2 askrF dpsE dpsF dpsY dnrG
ermE’p kaszOp*
17 pSET-D1A5 pSET152BB This study

dpsA  dpsB dpsGdpsC dpsD akrd sknE1 sknW sknX
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Plasmid

No. Backbone SBOL diagram Reference
name
EOP' kasOp*
18 pSET-D2A5 pSET152BB This study
dpzA dpsB dpeGdpsC dpsD =sknA sknEf sknW sknX
ermE*p lﬂOp‘
19 pSET-A1A5 pSET152BB This study
sknB aknC sknD sknE2 skrF  sknA sknE1 sknW sknX
kas.Op‘ kssOp*
20 pSET-A2A5 pSET152BB This study
sknB aknC sknD sknE2 sknF  akrA sknE1 asknW sknX
=pd4
21 pTG-S6 pENTG1 This study
snod snoaC snosF
_514‘4
22 pTG-S7 pENTG1 ‘ This study
snosCkyc34 snodF
=pd4
23 pTG-A6 pENTG1 This study
sknG sknH aknU
sptd
24 pTG-D6 pENTG1 This study
dnrG dnrD  dnrE
EOp‘ kazOp* zpd4d
25 pEN10001  pSET154BB This study
sknB 8knC sknD sknE2 sknF  sknA sknE1 sknW sknX sknH sknG sknU
kispp‘ K’is_t)p‘ 5pdd
26 pEN10002  pSET154BB This study
8knB  3kNC aknD sANE2 aAnF SkNA SKNE? aANWY aknX snoaC snoal snosF
3s0p” *asOp* sped
27 pEN10003  pSET154BB This study
snoat  sno32 snoad GAMA aAnET kNl aknX  aAnG  aAmd  aknU
¥2s0p* Kkasop*
28 pEN10004  pSET154BB This study
snoaf Sn032 SN0s3  3KNA GKNET SATAY aknX  SN0SC KYC34 SnosF
kasOp* kasOp* wj-rﬂzoJ
29 pRW10000  pSET154BB This study
snos1 snoa2 snoa3 asknA sknEl aknW aknX snod snosC snod
spdt kasOp* spad
30 pAKV7 pSET154BB - This study
sknB aknC sknD sknE2 skrF sknA sknEf sknW sknX  sknH sknG sknU
sp€1-&vJ sp42-VmoJ 2p44-riboJ
31 pEAKV2 pOSV821 = 1 This study
sknB aknC sknD sknE2 skrF  akpA sknE! aknW sknX snod snosC snoF
TDP-carbohydrate
rpsl p21. gspdhp
32 pDAU pOSV820 1 L This study
desll desl/ snogH =snogl snogd snogG
rpd: p21 _gapfﬂlp
33 pRHO pOSV820 This study
desl desV  snogH snogl snogE snogG snogd snogX
lpd_. p21 gap_dhp
34 pACO posVe20 Llogyogplegmeomn -mom This study
dezsN desVM snogH snogl snogF aveBV
L) 22t gapshe
35 pDENOG pOSV820 - This study
desh deslV  =nogG2 snog snogC snogf
RHO_DEFU o -~ e ~ i
p )| .
36 C_RHODI pOSV820 desW desN  snogH snogl snof snogG snogd smogX  akrl aknM  aknP  aknQ This StUdy
RHO_DENO e £ e par - e
p )| I I .
37 G pOSV820 des¥ desV  snogG2 snogf snogC snogY desW desN snogH snogl  SMOgF SNogG SMOGA SnogX This study
Resistance and/or GT
k_a.EOp' k_a§0p' .gaedhp
38 pR_SnogEN pOSV808 This study
dreA  drrB drrC snor0 gnogE snogh
kasOp* kasOp* gspdhp
39 pR_SnogEND pOSV808 Lo This study
drd drrB  dnC snorQ snogE snogN snogD
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Plasmid

No. name Backbone SBOL diagram Reference
kas'Op' kaszOp* gspdhp
40 pR_DnrQS pOSV808 This study
drd  drr8  drrC snorQ dnrQ dnrS
kssOp* kasOp* gapdhp
41 pR_AKknST  pOSV808 This study
drA  drriB  drrC snor0 sknS aknT
kasOp* kssOp*  gapdhp
42 pR_AKnSTK pOSV808 This study
drd  drrB drrC snorQ sknS sknT  sknK
gepah
43 pSnogEN pOSV808 This study
snogE snogN
Post-PKS tailoring
gspdhp
44 pF pENTG3 This study
dniF
gapahp
45 pECB pENTG3 I This study
rdmE rdmC  rdm8
gapdhp
46 p15_16 pENTG3 I This study
kstA15 kstAf16
gapdhp
47 pFP PENSV3 Teppam T This study
dnf  dniP
gepdho
48 pFPK PENSV3  Tlagpamemgp’ This study
dn  dnP  dnrK
gspdhp ermEp*
49 pFP_K PENSVE ' apmem emm T This study
dnf  dni® dnrK
gspdhp ermEp* gapdhp
50 pFP_.KVA pENTG3 I egDem -m -p-m ' This study
dni  dnif dnrK dnrV  doxA
gﬂghp ermép* gapt.ihp sp4.4
51 PPHKVAX pentes  apmeml e amamD oD This study
T dniF  dniP dnr dnrV  doxA x4 fr3
ga_pt'ﬂlp ermEp* gspdhp kazOp*
52 pFP_K_VA K pENTG3 Py 1 This study
dnfF  dniP dnrK dnrV  doxA dnrK
_gapiﬁrp 1r£p‘ gapghp _sp4'4 kasOp*
53 PEPKVAX penTas This study
_ro_ dnf  dniP dnrk dnrV  doxA x4 ©r3 dnrK
gapdhp gspdhp kasOp*
54 |‘\)/|L2W_KNT_L pENTG3 ! This study
enosL2snoaW  =noK snoN snoT snog. snoghf
gspdhp
55 pSV-dnrF pENSV3 This study
dniF
gapdhp
56 pSV-eamCK pENSV3 I This study
eamC  eamK
gepdhp
57 pSV-rdmCB pENSV3 - This study
rdmC  rdmg
gapdhp
58 pSV-rdmECB pENSV3 - This study
rdmE rdmC  rdm8
gapdhp
59 pSV-kstA1516 pENSV3 This study
kstA1S kstA16
gapdhp
60 P 161011 PENSVE This study

kstA15 kstA16  kstA10 kstAf!
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Appendix table 2. List of Streptomyces strains constructed in this study.

Strain Parental strain Genotype and relevant characteristics Note Reference
S. coelicolor SCP1- SCP2- Aact Ared Acpk Acda rpoB(C1298T)
M1152AmatAB chassis This study
M1152 Asc02961-2962
AsnogE+snogE  S.albus/AsnogE S.albus/AsnogE::pSnogEN snogE This study
complementation
AsnogN+snogN  S.albus/AsnogN S.albus/AsnogN::pSnogEN snog This study
complementation

AKV1 M1152AmatAB  M1152AmatAB::pEN10001 Producer of 1 This study
AKV7 M1152AmatAB  M1152AmatAB::pAKV7 Producer of 1 This study
EAKV2 M1152AmatAB  M1152AmatAB::.pEAKV2 Producer of 4 This study
AURA2 M1152AmatAB  M1152AmatAB::pAURA2 Producer of 3 This study
NOG M1152AmatAB  M1152AmatAB::pRW10000 Producer of 2 This study
NOG2 M1152AmatAB  M1152AmatAB::pNOG2 Producer of 2 This study
S1 M1152AmatAB  M1152AmatAB::pSET-S1 C-20 minPKS This study
S2 M1152AmatAB  M1152AmatAB::pSET-S2 C-20 minPKS This study
S3 M1152AmatAB  M1152AmatAB::pSET-S3 C-20 minPKS This study
A1 M1152AmatAB  M1152AmatAB::pSET-A1 C-21 minPKS This study
A2 M1152AmatAB  M1152AmatAB::pSET-A2 C-21 minPKS This study
D1 M1152AmatAB  M1152AmatAB::pSET-D1 C-21 minPKS This study
D2 M1152AmatAB  M1152AmatAB::pSET-D2 C-21 minPKS This study
S2S5 M1152AmatAB  M1152AmatAB::.pSET-S2S5 Nogalonic acid This study
D1S5 M1152AmatAB  M1152AmatAB::.pSET-D1S5 Aklanonic acid This study
D2S5 M1152AmatAB  M1152AmatAB::.pSET-D2S5 Aklanonic acid This study
A185 M1152AmatAB  M1152AmatAB::pSET-A1S5 Aklanonic acid This study
A285 M1152AmatAB  M1152AmatAB::pSET-A2S5 Aklanonic acid This study
D1D5 M1152AmatAB  M1152AmatAB::.pSET-D1D2 Aklanonic acid This study
D2D5 M1152AmatAB  M1152AmatAB::.pSET-D2D5 Aklanonic acid This study
A1D5 M1152AmatAB  M1152AmatAB::.pSET-A1D5 Aklanonic acid This study
A2D5 M1152AmatAB  M1152AmatAB::.pSET-A2D5 Aklanonic acid This study
D1A5 M1152AmatAB  M1152AmatAB::.pSET-D1A5 Aklanonic acid This study
D2A5 M1152AmatAB  M1152AmatAB::pSET-D2A5 Aklanonic acid This study
A1A5 M1152AmatAB  M1152AmatAB::pSET-A1A5 Aklanonic acid This study
A2A5 M1152AmatAB  M1152AmatAB::pSET-A2A5 Aklanonic acid This study
S2S5S6 M1152AmatAB  M1152AmatAB::pSET-S2S5::pTG-S6 Producer of 2 This study
S2S5S7 M1152AmatAB  M1152AmatAB::pSET-S2S5::pTG-S7 Producer of 2 This study
S2S5D6 M1152AmatAB  M1152AmatAB::pSET-S2S5::pTG-D6 Producer of 3 This study
S2S5A6 M1152AmatAB  M1152AmatAB::pSET-S2S5::pTG-A6 Producer of 3 This study
A2A587 M1152AmatAB  M1152AmatAB::pSET-A2A5::pTG-S7 Producer of 4 This study
A2A5D6 M1152AmatAB  M1152AmatAB::pSET-A2A5::pTG-D6 Producer of 1 This study
A2A5A6 M1152AmatAB  M1152AmatAB::pSET-A2A5::pTG-A6 Producer of 1 This study
AKV_F AKV1 M1152AmatAB::pEN10001::pSV-dnrF Producer of 8 This study
AKV_CK AKV1 M1152AmatAB::pEN10001::pSV-eamCK Producer of 14 This study
AKV_CB AKV1 M1152AmatAB::pEN10001::pSV-rdmCB Producer of 12 This study
AKV_ECB AKV1 M1152AmatAB::pEN10001::pSV-rdmECB Producer of 18 This study
AKV_1516 AKV1 M1152AmatAB::pEN10001::pSV-kstA1516 Producer of 20 This study
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Strain Parental strain Genotype and relevant characteristics Note Reference
AKV_15161011 AKV1 M1152AmatAB::pEN10001::pSV-kstA15161011 Producer of 24 This study
EAKV_F EAKV2 M1152AmatAB::pEAKV2::pSV-dnrF Producer of 9 This study
EAKV_CK EAKV2 M1152AmatAB::.pEAKV2::pSV-eamCK Producer of 15 This study
EAKV_CB EAKV2 M1152AmatAB::pEAKV2::pSV-rdmCB Production of 15 This study
EAKV_ECB EAKV2 M1152AmatAB::pEAKV2::pSV-rdmECB Production of 15 This study
EAKV_1516 EAKV2 M1152AmatAB::pEAKV2::pSV-kstA1516 Producer of 21 This study
EAKV_15161011 EAKV2 M1152AmatAB::pEAKV2::pSV-kstA15161011 Producer of 25 This study
AURA_F AURA2 M1152AmatAB::pAURA2::pSV-dnrF Producer of 10 This study
AURA_CK AURA2 M1152AmatAB::pAURA2::pSV-eamCK Producer of 16 This study
AURA_CB AURA2 M1152AmatAB::pAURA2::pSV-rdmCB Producer of 13 This study
AURA_ECB AURA2 M1152AmatAB::pAURA2::pSV-rdmECB Producer of 19 This study
AURA_1516 AURA2 M1152AmatAB::pAURA2::pSV-kstA1516 Producer of 22 This study
AURA_15161011 AURA2 M1152AmatAB::pAURA2::pSV-kstA15161011 Producer of 26 This study
NOG_F NOG2 M1152AmatAB::pNOG2::pSV-dnrF Producer of 11 This study
NOG_CK NOG2 M1152AmatAB::pNOG2::pSV-eamCK Producer of 17 This study
NOG_CB NOG2 M1152AmatAB::pNOG2::pSV-rdmCB Production of 17 This study
NOG_ECB NOG2 M1152AmatAB::pNOG2::pSV-rdmECB Production of 17 This study
NOG_1516 NOG2 M1152AmatAB::pNOG2::pSV-kstA1516 Producer of 23 This study
NOG_15161011 NOG2 M1152AmatAB::pNOG2::pSV-kstA15161011 Producer of 27 This study
RW-1 AKV1 M1152AmatAB::pEN10001::pR_DnrQS 1+R+GT(DnrQS)  This study
RW-2 AKV7 M1152AmatAB::pAKV7::pR_DnrQS 1+R+GT(DnrQS)  This study
RW-3 AKV1 M1152AmatAB::pEN10001::pR_AknST 1+R+GT(AknST)  This study
RW-4 AKV7 M1152AmatAB::pAKV7::pR_AknST 1+R+GT(AknST)  This study
RW-5 AKV1 M1152AmatAB::pEN10001::pR_AknSTK 1+R+GT(AknSTK)  This study
RW-6 AKV7 M1152AmatAB::pAKV7::pR_AknSTK 1+R+GT(AknSTK)  This study
RW-7 AKV1 M1152AmatAB::pEN10001::pR_SnogEN 1+R+GT(SnogEN)  This study
RW-8 EAKV2 M1152AmatAB::pEAKV2::pR_DnrQS 4+R+GT(DnrQS)  This study
RW-9 EAKV2 M1152AmatAB::pEAKV2::pR_AknST 4+R+GT(AknST)  This study
RW-10 EAKV2 M1152AmatAB::pEAKV2::pR_SnogEN 4+R+GT(SnogEN)  This study
RW-11 AURA M1152AmatAB::pAURA2::pR_DnrQS 3+R+GT(DnrQS)  This study
RW-12 AURA M1152AmatAB::pAURA2::pR_AknST 3+R+GT(AknST)  This study
RW-13 pNOG M1152AmatAB::pRW10000::pR_SnogEN 2+R+GT(SnogEN)  This study
RW-14 pNOG M1152AmatAB::pRW10000::pR_SnogEND 2+R+GT(SnogEND) This study
RW-15 pNOG M1152AmatAB::pRW10000::pR_AknST 2+R+GT(AknST)  This study
RW-16 pNOG M1152AmatAB::pRW10000::pR_DnrQS 2+R+GT(DnrQS)  This study
RW-17 RW-1 M1152AmatAB::pEN10001::pR_DnrQS::pDAU Producer of 29 This study
RW-18 RW-2 M1152AmatAB::pAKV7::pR_DnrQS::pDAU Producer of 29 This study
RW-19 RW-3 M1152AmatAB::pEN10001::pR_AknST::pRHO Producer of 6 This study
RW-20 RS M1152AmatAB::pEN10001::pR_AknSTK:: Producer of 36 This study
pRHO_DEFUC_RHODI
RW-21 RW-6 M1152AmatAB::.pAKV7::pR_AknSTK:: Producer of 36 This study
pRHO_DEFUC_RHODI
RW-22 RW-7 M1152AmatAB::pEN10001::pR_SnogEN::pDENOG Producer of 46 This study
RW-23 RW-8 M1152AmatAB::pEAKV2::pR_DnrQS::pDAU Producer of 38 This study
RW-24 RW-8 M1152AmatAB::pEAKV2::pR_DnrQS::pACO Producer of 40 This study
RW-25 RW-9 M1152AmatAB::pEAKV2::pR_AknST::.pRHO Producer of 43 This study
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Strain Parental strain Genotype and relevant characteristics Note Reference

RW-26 RW-10 M1152AmatAB::pEAKV2::pR_SnogEN::pDENOG Producer of 45 This study

RwW-27 RW-11 M1152AmatAB::.pAURA2::pR_DnrQS::pDAU Producer of 37 This study

RW-28 RW-12 M1152AmatAB::pAURA2::pR_AknST::pRHO Producer of 42 This study

RW-29 RW-13 M1152AmatAB::pRW10000::pR_SnogEN::pDENOG Producer of 7 This study
M1152AmatAB::pRW10000::pR_SnogEND::pRHO_DENO

RW-30 RW-14 G Producer of 28 This study

RW-31 RW-15 M1152AmatAB::pRW10000::pR_AknST::pRHO Producer of 44 This study

RW-32 RW-16 M1152AmatAB::pRW10000::pR_DnrQS::pDAU Producer of 39 This study

RW-33 RW-16 M1152AmatAB::pRW10000::pR_DnrQS::pACO Producer of 41 This study

RW-34 RW-17 M1152AmatAB::pEN10001::pR_DnrQS::pDAU::pFP Producer of 31 This study

RW-35 RW-17 M1152AmatAB::pEN10001::pR_DnrQS::pDAU::pFPK Producer of 32 This study

RW-36 RW-17 M1152AmatAB::pEN10001::pR_DnrQS::pDAU::pFP_K Producer of 32 This study

RW-37 RW-17 M1152AmatAB::pEN10001::pR_DnrQS::pDAU::pFP_K_VA Producer of 35 This study
M1152AmatAB::pEN10001::pR_DnrQS::pDAU::pFP_K_VA

RW-38 RW-17 Producer of 35 This study
_x4_r3

RW-39 RW-18 M1152AmatAB::pAKV7::pR_DnrQS::pDAU::pFP_K_VA Producer of 34 This study
M1152AmatAB::pAKV7::pR_DnrQS::pDAU::pFP_K_VA_x4

RW-40 RW-18 3 Producer of 34, 35 This study
.
M1152AmatAB::pEN10001::pR_DnrQS::pDAU::pFP_K_VA

RW-41 RW-17 K Producer of 35 This study
M1152AmatAB::pEN10001::pR_DnrQS::pDAU::pFP_K_VA

RW-42 RW-17 Producer of 35 This study
_x4_r3_K

RW-43 RW-18 M1152AmatAB::pAKV7::pR_DnrQS::pDAU::pFP_K_VA_K Producer of 34 This study
M1152AmatAB::pAKV7::pR_DnrQS::pDAU::pFP_K_VA_x4

RW-44 RW-18 3 K Producer of 35 This study
_r3_|

RW-45 RW-19 M1152AmatAB::pEN10001::pR_AknST::pRHO::pF Producer of 50 This study

RW-46 RW-19 M1152AmatAB::pEN10001::pR_AknST::pRHO::pECB Producer of 51 This study
M1152AmatAB::pEN10001::pR_AknST::pRHO

RW-47 RW-19 Production of 52 This study
pFP_K_VA_x4_r3
M1152AmatAB::pRW10000::pR_SnogEND::pDENOG::pL2

RW-48 RW-29 Producer of 28 This study
W_KNT_LM

RW-49 RW-31 M1152AmatAB::pRW10000::pR_AknST::pRHO::p15_16  Producer of 49 This study

RW-50 RW-32 M1152AmatAB::pRW10000::pR_DnrQS::pDAU::p15_16  Producer of 47 This study

RW-51 RW-33 M1152AmatAB::pRW10000::pR_DnrQS::.pACO::p15_16  Producer of 48 This study
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