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Abstract

Engineering production of fluorinated polyketide natural product analogs
by
Sasilada Sirirungruang
Doctor of Philosophy in Molecular and Cell Biology
University of California, Berkeley
Professor Michelle C. Y. Chang, Chair

Fluorination is an important tool for the discovery and production of synthetic
pharmaceuticals, as it allows fine-tuning their pharmacokinetic properties and metabolic stability.
However, unlike chemists, Nature rarely utilizes fluorine to enhance its molecules, and the few
known naturally occurring organofluorines generally lack structural complexity. Despite advances
in chemical fluorination methods, the regiospecific fluorination of complex natural products
remains a challenge. Thus, we have taken a metabolic engineering approach to develop a novel
platform for fluorine incorporation into polyketide natural products. Polyketide natural products
are synthesized from one starter unit and multiple acyl-CoA extender units. We designed a modular
system in which an inactivating mutation was introduced to the acyltransferase (AT) domain of
interest to reduce the native activity of the module, while an alternative fluorine-selective AT
enzyme was provided in trans to incorporate fluorine as a fluoromalonyl-CoA extender unit. A
malonate transporter and a malonyl-CoA synthetase were introduced to support the intracellular
accumulation of fluoromalonate and its enzymatic activation into fluoromalonyl-CoA extender
unit, respectively. By engineering a single module construct of 6-deoxyerythronolide B (6dEB)
synthase (DEBS), fluorinated triketide lactone was produced as the major polyketide product at
mg/L levels in an Escherichia coli host. Extending these engineering concepts to a complete DEBS
pathway allowed us to produce novel fluorine-containing 6dEB analogs in E. coli production host
in a regiospecific manner. This platform can allow the precise incorporation of fluorine into many
positions in the backbones of polyketides. These results open the door to producing a new class of
drug-like molecules with potentially diverse and improved properties.



Table of Contents

Table of Contents [
List of Figures, Schemes, and Tables iii
List of Abbreviations iX
Acknowledgments X

Chapter 1: Introduction

1.1 Natural products and their analogs in modern medicine 2
1.2 Organofluorines in medicinal and biological chemistry 4
1.3 Polyketide synthase engineering for drug discovery 8
1.4 Thesis Organization 11
1.5 References 11

Chapter 2: Regioselective incorporation of fluorine functional
group into polyketide molecules in vitro

2.1 Introduction 21
2.2 Materials and methods 25
2.3 Results and discussion 34
2.4 Conclusions 56
2.5 References 57

Chapter 3: Development of an E. coli production platform for
fluorinated polyketides

2.1 Introduction 62
2.2 Materials and methods 63
2.3 Results and discussion 67
2.4 Conclusions 81

2.5 References 82



Chapter 4: Cellular production of fluorine-containing
polyketide pharmaceuticals
2.1 Introduction
2.2 Materials and methods
2.3 Results and discussion
2.4 Conclusions
2.5 References

Chapter 5: Biochemical elucidation of downstream
processing of fluorine-containing polyketide
intermediates

2.1 Introduction
2.2 Materials and methods
2.3 Results and discussion
2.4 Conclusions
2.5 References

Appendices

Appendix 1: Plasmids and oligonucleotides

il

87
88
96
122
122

127
127
131
138
138

141



Chapter 1

Figure 1.1
Figure 1.2
Figure 1.3
Figure 1.4
Figure 1.5

Chapter 2

Figure 2.1
Figure 2.2
Figure 2.3
Figure 2.4
Figure 2.5
Figure 2.6
Figure 2.7

Figure 2.8

Figure 2.9

Figure 2.10

Figure 2.11
Figure 2.12

Figure 2.13

Figure 2.14

List of Figures, Schemes, and Tables

Examples of natural product drugs

Examples of fluorine-containing small moledule drugs
Naturally occurring organofluorines

Fluorinase pathway

Mechanism of polyketide synthase

Complementation strategy for altering selectivity of PKS
Mechanism of transacylation reaction

Active site of DszAT bound to malonate

DszAT mutant library screen

Select DszAT mutants in vitro screen

Hydrolysis activity of DszAT variants

Steady-state kinetic characterization of fluoromalonyl-CoA
hydrolysis by DszAT variants.

Steady-state kinetic characterization of ACP transacylation
catalyzed by DszAT variants with malonyl-CoA,
methylmalonyl-CoA, and fluoromalonyl-CoA

Mechanism of ACP transacylation of DszAT

SDS-PAGE of purified proteins used in the in vitro triketide
lactone production assay.

The in vitro triketide lactone assay.

In vitro triketide lactone assay for WT and F190V DszAT under
pure carboxyacyl-coA extender unit conditions.

In vitro triketide lactone assay for WT and F190V DszAT under
mixed extender unit conditions.

The 6-deoxyerythronolide B synthase (DEBS) pathway.

il

O N N O DN

21
22
22
23
24
35
36

38

39

39

40
41

41

43



Figure 2.15

Figure 2.16

Figure 2.17

Figure 2.18

Figure 2.19

Figure 2.20

Figure 2.21

Figure 2.22

Figure 2.23

Figure 2.24

Figure 2.25

Figure 2.26

Figure 2.27

Figure 2.28

The DEBS system used for In vitro reconstitution of 6dEB
production.

SDS-PAGE of purified proteins used in the 6dEB in vitro
production assay.

In vitro reconstitution of fluorinated 6dEB analog production
with Mod6 AT ° DEBS.

Fragmentation analysis of 6dEB and analogs.

LC-QTOF fragmentation analysis of the monofluorinated
desmethyl 6dEB analog produced in vitro by complementation
of Mod6 AT? DEBS with WT DszAT and fluoromalonate.
LC-QTOF fragmentation analysis of the monofluorinated
desmethyl 6dEB analog produced in vitro by complementation
of Mod6 AT? DEBS with F190V DszAT and fluoromalonate.

In vitro reconstitution of desmethyl 6dEB analog production
with Mod6 AT° DEBS

Production of 2-fluoro-2-desmethyl 6dEB by complementation
of DEBS3(Mod6 ATY) with either WT or F190V DszAT.

In vitro reconstitution of desmethyl 6dEB analog production
with Mod3 AT° DEBS

In vitro reconstitution of fluorinated 6dEB analog production
with Mod5 AT° DEBS.

LC-QTOF fragmentation analysis of the monofluorinated
desmethyl 6dEB analog produced in vitro by complementation
of Mod6 AT? DEBS with WT DszAT and fluoromalonate.
LC-QTOF fragmentation analysis of the monofluorinated
desmethyl 6dEB analog produced in vitro by complementation
of Mod6 AT? DEBS with F190V DszAT and fluoromalonate.

In vitro reconstitution of desmethyl 6dEB analog production
with Mod5 AT° DEBS

Production of 2-fluoro-2-desmethyl 6dEB by complementation
of DEBS3(Mod5 ATO) with either WT or F190V DszAT.

v

44

44

45

47

48

48

49

50

52

53

54

54

55

56



Chapter 3

Figure 3.1

Figure 3.2

Figure 3.3
Figure 3.4

Figure 3.5
Figure 3.6

Figure 3.7
Figure 3.8

Figure 3.9
Table 3.1

Figure 3.10
Figure 3.11

Figure 3.12

Figure 3.13

Figure 3.14

Figure 3.15

Chapter 4

Figure 4.1

Complementation strategy for fluorinated polyketide production
in an E. coli production host.

Design of a pathway for fluorinated triketide lactone production
in E. coli.

Growth curves of E. coli BAP1 expressing various pFmal plasmids.
SDS-PAGE analysis of E. coli cultures harboring the triple plasmid

system for fluorinated triketide lactone production.

Screening malonate transporters for in vivo F-TKL production
Titration of NDS-SNAC and fluoromalonate for in vivo F-TKL
production

DszAT-dependence for in vivo F-TKL production.

Different mechanisms for cis-AT-independent chain elongation
in modular PKS

Assessing the mechanism of F-TKL production
Acyltransferases and transcylases annotated in the E. coli BL21
(DE3) genome.

Sequence and structural alignment between FabD and DszAT
SDS-PAGE of purified FabD

In vitro triketide lactone assay for FabD complementation of
Mod3pess+TE(ATY).

Steady-state kinetic characterization of ACP transacylation
catalyzed by FabD with malonyl-CoA, methylmalonyl-CoA,
and fluoromalonyl-CoA.

Influence of extender unit availability on in vivo selectivity of
chain elongation by single-modular DEBS constructs in
engineered E. coli.

Effect of trans-AT concentration on in vitro production of F-TKL

6dEB production by various strain and plasmid combinations

68

69

70
71

72
73

73
74

75
76

77

78

79

79

80

80

98



Figure 4.2

Figure 4.3

Figure 4.4

Figure 4.5

Figure 4.6

Figure 4.7

Figure 4.8

Figure 4.9

Figure 4.10

Figure 4.11

Figure 4.12

Figure 4.13

Figure 4.14

Figure 4.15
Figure 4.16

Figure 4.17
Figure 4.18
Figure 4.19
Figure 4.20

6dEB production by E. coli BAP1 harboring pBP130 and pBP144
in various media

Effects of MatB and MadLM expression on 6dEB production
Effects of MatB and MadLM expression on protein expression
Two-step Gibson assembly cloning strategy for infroducing
active mutation to AT domains on DEBS pathway enzymes
Extracted ion chromatograms of reactions showing in vivo
production of 6dEB

Extracted ion chromatograms of reactions showing in vivo
production of desmethyl 6dEB analogs

LC-QTOF fragmentation analysis of the desmethyl 6dEB analog
produced by E. coli BAP1 expressing Mod3 AT? DEBS
LC-QTOF fragmentation analysis of the desmethyl 6dEB analog
produced by E. coli BAP1 expressing Mod5 AT? DEBS
LC-QTOF fragmentation analysis of the desmethyl 6dEB analog
produced by E. coli BAP1 expressing Mod6 ATO DEBS.

Design of pathway for fluorine-containing 6dEB analogs
production in E. coli.

Effects of malonate and fluoromalonate feeding on 6dEB
production in E. coli

Effects of malonate and fluoromalonate feeding on protein
expression in E. coli

Effects of malonate and fluoromalonate feeding on growth

of E. coli

Intracellular levels of acyl-CoA species of E. coli

Effects of the concentration of fluoromalonate in culture

media on growth and production.

Effects of fluoromalonate accumulation on growth and production
Intracellular levels of acyl-CoA species of E. coli

Cellular production of fluorinated 6dEB analogs

LC-QTOF fragmentation analysis of the monofluorinated
desmethyl 6dEB analog produced by E. coli BAP1 expressing
Mod5 AT° DEBS

Vi

98

99

99

100

102

102

103

103

104

105

106

106

107

107
109

109
110
110
111



Figure 4.21

Figure 4.22

Figure 4.23

Figure 4.24

Figure 4.25

Figure 4.26

Figure 4.27

Figure 4.28
Figure 4.29

Figure 4.30

Figure 4.31
Figure 4.32

Chapter 5

Figure 5.1
Figure 5.2
Figure 5.3
Figure 5.4
Figure 5.5

LC-QTOF fragmentation analysis of the monofluorinated
desmethyl 6dEB analog produced by E. coli BAP1 expressing
Mod6 AT° DEBS

19F-NMR of extract of culture media of E. coli BAP1 expressing

Mod6 AT° DEBS.

Products of independent transformants of E. coli expressing
Mod6 AT° DEBS

Total protein analysis of independent transformants of E. coli
expressing Mod6 AT? DEBS

Products of independent transformants of E. coli expressing
Mod6 AT° DEBS and F190V DszAT

Total protein analysis of independent transformants of E. coli
expressing Mod6 AT? DEBS and F190V DszAT

Regulation of fabHDG operon by FadR protein

6dEB analog production in E. coli BAP1 host variants
Cloning strategy to introduce active-site mutation to AT
domains of DEBS pathway based on pCrispomyces-2
editing system.

Cloning strategy to introduce an active-site mutation into AT
domains of the DEBS PKS based on TAR and CRISPR/Cas
editing in S. cerevisiae.

111

113

113

114

114

115

116

116
117

119

YAC screening and isolation procedure to identify correct construct 120

6dEB production by Streptomyces albus J1074 with genomically

integrated DEBS pathway

Phosphopantetheinylation reaction

SDS-PAGE of purified Sfp

In vitro phosphopantetheinylation of apo-ACP by Sfp

In vitro substrate loading of apo-ACP by Sfp

Ketoreduction and epimerization activities of ketoreductase
domains

vii

121

132
132
133
133
135



Figure 5.6 = SDS-PAGE of purified proteins used in steady-state kinetic 136
characterization

Figure 5.7  Steady-state kinetic characterization of ketoreducation of 137
Oxo-diketide-SNACs by ketoreductases

viii



List of Abbreviations

6dEB
ACP
AT
DEBS
DH
DszAT
ER
Fmal
F-TKL
H-TKL
KR

KS
Mal
Memal
Mod
PKS
SNAC
TE
TKL
TTKP

6 deoxyerythronolide B

acyl carrier protein

acyltransferase

Deoxyerythronolide B synthase

dehydratase

disorazole synthase acyltransferase

enoylreductase

Fluoromalonate or fluoromalonyl-CoA
2-fluoro-3-keto-4-methyl-5-hydroxy-n-heptanoic acid &-lactone
3-keto-4-methyl-5-hydroxy-n-heptanoic acid d-lactone
ketoreductase

ketosynthase

Malonate or malonyl-CoA

Methylmalonate or methylmalonyl-CoA

Module

polyketide synthase

N-acetyl cysteamine (thioester)

Thioesterase

2,4-dimethyl-3-keto-5-hydroxy-n-heptanoic acid d-lactone
4-hydroxy-6-(3-hydroxypentan-2-yl)-2H-pyran-2-one

X



Acknowledgments

First and foremost, I need to thank Professor Michelle Chang, who has made everything
presented here possible. Besides the numerous scientific advice given every Monday, I would like
to especially thank Michelle for her utmost patience and undeterred optimism. Over the past five
years, most of which I had spent without a major positive result, Michelle had demonstrated to me
the power of setting a daring goal and challenging one’s self to it. Although the route was never
straight or clear, it taught me so many creative problem-solving and scientific survival skills.
Michelle, thank you very much for encouraging me along this journey and pushing me to achieve
what I otherwise might have given up on long before it was fruitful.

Many other people also played a role in making this work possible- my thesis committee, my
Chang lab colleagues, other colleages in MCB, in the College of Chemistry, and at UC Berekley,
friends, MCB admin staff, loading dock staff, storeroom staff, and others. I would like to
acknowledge them all for their help and support. Among these, a few stood out as whom I owe
special thanks to.

First, I would like to acknowledge a vital collaborator of this work, Tom Privalski. It’s funny
how Tom keeps getting roped into the fluorine project, since he was an undergraduate in the Chang
lab, until now that he is finishing his PhD study in the Khosla lab. I want to thank Tom for being
willing to roll along with all my experimental ambitions, providing valuable opinions, and making
6dEB great again, despite me neglecting to add water to our master mix since the first experiment
we carried out together. The COVID-19 pandemic forced me to finish our last planned experiment
alone, so I hope we will have more opportunities to collaborate in the future.

Another person I would like to give a special thank to is Swetha Ramesh, a very dedicated and
talented undergraduate who I had the priviledge to mentor. Swetha’s hard work is instrumental to
the construction of many production systems for fluorine incorporation we have now tested. Over
the course of her time in the Chang lab, Swetha had developed herself immensely as a thoughtful
scientist. That achievement became even more impressive when the admittedly unbearable amount
of tedious work I assigned to her is considered, #reasonsforhiringundergrads. Many thanks to
Swetha for sticking with me through the most labor-intensive year of my PhD and keeping me on
my toes with your impressive work ethics.

Moreover, I would like to acknowledge Hongjun Dong, who seemingly has endless tricks up
his sleeve when it comes to DNA manipulation. Hongjun was the only one who somehow was
interested in my DEBS sequence cloning struggles and offered help. I had since repeated
Hongjun’s solution many times, and it is yet to fail. For that, Hongjun became my most favorite
postdoc ever, even though he’s no longer a postdoc- Hi, Professor Dong!

Besides scientific growth, PhD was a period of personal growth. For that, I would like to
acknowledge Vivian Yu, who I find a tremendous support and a true friend. The past six years had
forced me to let go of idealism and revise many believes and values I held dear. Turns out six years
is long enough to find a flaw in just about everything I spent the period staring at—-meritocracy,
justice, equality, ethics, freedom. Being the resilient yet humble fighter that she is, Vivian had
been for me a voice of reason and a voice of reality.

I would like to give special thanks to Vincent Blay for providing the most valuable emotional



and mental support. Thank you for being my rock each and everyday. Our paths crossed at the
time when graduate school was taking its heaviest toll on me. Despite endless darkness that I felt
was looming over my world, he chose to believe in me and made me believe in myself when no
one else did. At the time when every day was an uphill battle, when everyday I asked myself why,
when I saw no path forward, Vincent created a path for me. Vincent, many many thanks to you for
being my biggest cheerleader of all time. You mean the world to me.

And lastly and most importantly, I would like to also acknowledge my family, who despite
residing on the other side of the Earth, remains close at heart. I know my intellectual pursuit has
had no small consequences for them too, so I would like to thank them for their understanding,
patience, and support for every decision I make. Dad, Sister, and Nanny, I hope this is worth it and
I hope I make you all proud. And for Mom, thank you for always answering my hopes and wishes;
I know you are there, taking care of me.

xi



Chapter 1: Introduction



1.1 Natural products and their analogs in modern medicine

Natural products are small molecules produced by living organisms. They are often termed
secondary metabolites because natural products are not required for the survival of the host
organisms under laboratory conditions, but undoubtedly provide ecological advantage to the
producers in their native environment. Natural products are classified into different classes based
on their biosynthetic pathway. Large classes include polyketides, non-ribosomal peptides,
isoprenoids, phenylpropanoids, and alkaloids. Macromolecules such as DNA, RNA, and proteins
are usually excluded from the definition of natural products.

The hallmarks of natural products are the complex structures that provide the basis for their
bioactivity. Natural products use relatively small set of chemical functional groups; however, they
are able to exert impressive specificity and potency through their intricate three-dimensional
structures that have been selected for by evolution [1]. An analysis showed that natural products
contain many more sp>-hybridized bridgehead atoms stereocenters than synthetic molecules [2].
Natural products also contain more innovative aliphatic ring systems that provide suitable
architecture for molecular positioning [1]. These features, however, often prevent convenient
access to the molecules and their derivatives through total chemical synthesis.

Natural products as pharmaceuticals. Natural products have gathered a lot of attention from
the scientific community due to their use as human therapeutics (Figure 1.1). Historically, natural
products from plants were the major source of medicinal preparations. More recently, natural
products and their derivatives continue to provide drug leads and become approved for clinical
uses [3]. It is estimated that 34% of small molecule therapeutics approved by the US Food and
Drug administration (FDA) form 1981 and 2019 were natural products or their direct derivatives
[4]. Natural products treat wide spread of human conditions ranging from infectious diseases [5,
6], cancers [7, 8], cardiovascular diseases [9], immune conditions [10, 11], and neurodegenerative
diseases [12, 13]. Some specific examples are acetylsalicylic acid (Aspirin), morphine, penicillin,
vancomycin, paclitaxel (Taxol), atorvastatin, and tacrolimus (FK506).
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Doxorubicin

OH

HoNY g
OH

Cl
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Figure 1.1 Examples of natural product drugs



One of the most well-known natural product success stories is that of statins, or
hydroxymethylglutaryl coenzyme A (HMG-CoA) reductase inhibitors, in controlling human blood
cholesterol levels and reducing morbidity and mortality rates of associated diseases. Applied daily
at maximally recommended dose, lovastatin produces a mean reduction in LDL cholesterol of 40
%, a far greater reduction than could be obtained with any of the treatments available at the time
of its introduction, with very few adverse effects [14]. Its semisynthetic analog simvastatin
followed with even greater success - it was the eighth most commonly prescribed medication in
the US in 2017, comprising more than 56 million prescriptions [15]. Statins are just one of many
contributions natural products have made to modern medicine.

Yet, the most prominent example of successful implementation of natural product therapeutics
is in the battle against infectious diseases. In the 19" century, infections were among the leading
causes of mortality; however, they are mostly reduced to simple annoyances thanks to the
introduction of antibiotic agents. Since the introduction of penicillin, the first widely used
antibiotics isolated from penicillium notatum, the world observed a continuous decline in the
incidence of acute rheumatic fever, syphilis, typhus, plaque, and tuberculosis [16, 17]. Currently,
6 out of 9 classes of antibiotics and 70 out of the 90 antibiotics marketed during 19822002
originated from natural products [18, 19].

For a time, new bioactive agents could be found from low-throughput culturing and screening
methods with relative ease. Since then, the ‘golden era’ of antibiotics discovery had ended. The
reservoir of easily accessible compounds from nature seem to have been exhausted, and natural
products experienced diminished interests by major pharmaceutical companies. This decrease in
interests had also been attributed to the United Nations Convention on Biological Diversity that
promotes fair share of benefits from the use of natural products to the source country, and to the
Nagoya Protocol that gives detailed suggestions on access and benefit sharing of use of traditional
knowledge with indigenous and local communities [20]. In addition, concerns relating to repeated
isolation of known compounds and to the manufacturing costs of such complex entities had shifted
the focus of the pharmaceutical industry to synthetic small molecule libraries [21].

Synthetic combinatorial chemistry libraries have the advantage of being more compatible with
high-throughput screening (HTS) techniques, whereas, natural products in forms of microbial
extracts frequently interfere HTS implementations [22, 23]. Chemical libraries can also be selected
based on target families and help in generating mechanistic hypothesis of disease phenotype
modulation [24]. However, screening of synthetic compounds have sometimes yielded
disappointing results, partially contributing to a decline in approvals of small molecule
therapeutics [20]. The current hypothesis is that the structural complexity of natural products
compared to synthetic compounds allows for a higher hit rate for selective binding to biological
targets and that this structural space is important to preserve [24].

Renewed interest in natural product discovery. Recently, emerging challenges such as
antibiotic-resistant infectious agents more than ever demand new development of therapeutics with
novel modes of actions [18, 25]. It is estimated that 40-60 % of hospital-acquired Staphylococcus
aureus infections in the US are methicillin-resistant [18]. Each year, more than 2.8 million
antibiotic-resistant infections are confirmed in the US, resulting in more than 35,000
mortality [26].These demands, along with newly available data and technologies, had sparked a
renewed interest in natural products as drug candidates. This renewed interest benefits from
advances in four major areas that might contribute to novel discoveries.



First is the scope of genomic sequences in which new biosynthetic genes might be encoded
had greatly expanded. Recently gathered genomic data revealed that many organisms maintain a
much larger number of biosynthetic gene clusters than previously anticipated, suggesting many
compounds are awaiting discovery [27, 28]. The search for new compounds had also recently
expanded to marine organisms and other non-culturable living systems [27]. Metagenomic
libraries are currently being explored for novel clusters.

The larger genomic scope explored is supported and enabled by advances in DNA techniques
that allow cryptic clusters to be expressed. It is estimated that less than 10% of biosynthetic gene
clusters are expressed in sufficient quantity to be observed by routine screening analysis [28].
However, improved molecular and synthetic biology techniques such as DNA synthesis,
heterologous expression, regulators modification, modulations of transcription and translation
processes allow rapid exploration of cryptic clusters or clusters from non-culturable organisms
[28].

The development of improved culture, isolation, and characterization techniques also allow
natural extracts to be more compatible with HTS techniques [21, 23]. Previous attempts of
screening extracts suffer from the complexity of the extracts, the high rate of rediscovery of known
compounds, and the low concentration of many components in the extracts [20]. Novel
compounds might exist in concentrations too low to have measurable effects, or their effects might
be confounded by interfering compounds. Prefractionation of extracts yield fractions of reduced
complexity that can be prepared for screening, allowing for faster and smaller scale screening [20].
Fractionated extracts had been shown to increase the discovery rate and found compounds that did
not show effects in complex extract [29].

Lastly, much has been learned regarding the significance of protein-protein interactions in the
functions of megasynthases such as polyketide synthases and non-ribosomal peptide synthases.
New structural knowledge is informing more effective rational design of new combinatorial
clusters [21].

1.2 Organofluorines in medicinal and biological chemistry

Fluorine in drug discovery. Fluorine has played a pivotal role in drug discovery efforts. It is
estimated that the number of approved drugs that contained fluorine had increased from 2% in
1970 to 20-30% currently [30, 31]. This dramatic increase relied on the continual development of
new fluorination methods since the introduction of the first synthetic fluorinated drug, the
antineoplastic agent 5-fluorouracil, in 1957 [32, 33]. Since then, fluorine substitution is commonly
used in medicinal chemistry and over 150 fluorinated drugs have come to market [32, 33]. Some
of the current best-selling drugs that contain fluorine are Prozac, Lipitor, Cipro, and Diflucan
(Figure 1.2).

A substitution by a single fluorine atom or a trifluoromethyl group in key positions of a
compound can result in profound beneficial effects. Due to its high electronegativity (3.98 on the
Pauling scale) and small size (van der Waals radius of 1.47 A), fluorine offers a unique opportunity
to alter physical properties such as solubility, lipophilicity, conformation, and pK, of a molecule.
Fluorine’s properties allow it to serve as isoteres for hydrogen and double-bonded oxygen. For
example, fluorovinyl group (C=CHF) has been effectively used as isostere for peptide bond [32].



S Y
ol T,

Prozac Cipro
©\ 0 OH OH O NIN
\
” ~ NMOH \F_N \
— OH, —
@J&“v/\
2 Q :
F
Lipitor Diflucan

Figure 1.2 Examples of fluorine-containing small molecule drugs

In addition, C-F bond is relatively inert and is almost entirely foreign to biology. Thus, fluorine
has been shown to improve bioavailability of drugs by improving pharmacokinetics properties and
increasing metabolic stability.

Fluorine’s high electronegativity alters the electron distribution of a molecule when fluorine is
introduced. This effect can impact pKa., dipole moment, chemical reactivity of neighboring
functional groups, and binding affinity to target proteins [34]. High electron withdrawing capacity
also allows fluorine to induce a conformational change in a molecule. A highly polarized C-F o-
bond has a low lying c* orbital that is subjected to hyperconjugative electron donation [35]. Thus,
in aliphatic systems, this effect results in a preference for vicinal functional group to align gauche
to fluorine [35].

In terms of altering lipophilicity, strong electron withdrawing capability of fluorine decreases
lipophilicity of alkyl groups when they undergo monofluorination or trifluoromethylation [33, 36].
In contrast, fluorination on or adjacent to atoms with n-bonds, and perfluorination increases
lipophilicity [36]. Thus, fluorination of a target molecule at strategic sites could affect its
membrane permeability and metabolic distribution.

Strategic fluorine substitution introduced at the site of metabolic attack could increase
bioavailability due to the fact that C-F bond is more resistant to cleavage than C-H bond [34]. For
example, replacing a susceptible methyl group with a fluorine atom of a CF3 group has been shown
to be effective against oxidative metabolism [37]. In aromatic systems, the presence of the fluorine
can block oxidation at a specific position and decrease the rate of reaction of the m-system of the
benzene ring with activated cytochrome P450(Fe!Y=0)>" [38].

Chemical fluorination methods. C-F bond could be created in many ways; however
traditional methods involve highly hazardous reagents that require specialized facility to handle in
large scale. Thus, development of safer, more convenient reagents had greatly expanded synthetic
access to organofluorines.



Nucleophilic fluorination allows conversion of alcohols to fluorides. Traditional nucleophilic
fluorination methods rely on hydrofluoric acid (HF). However, HF is among the most hazardous
reagents used. Besides HF and its mixtures with hydrogen bond acceptors, alkali and sulfur
fluorides such as LiF, KF, CsF, and SF4 had been utilized for nucleophilic fluorination [30].
However, these reagents suffer from low solubility in organic solvents and side reactions.
Diethylaminosulfur trifluoride (DAST) was developed to overcome these problems and has proven
popular for converting a wide variety of alcohols to fluorides [39]. However, DAST generated
safety concerns that prompted development of subsequent generations of deoxyfluorination agents
such as Deoxo-Fluor[40], XtalFluor-E and XtalFluor-M [41, 42], Fluolead [43], PyFluor [44], and
PhenoFluor [45].

On the other hand, electrophilic fluorination is traditionally achieved with elemental fluorine
(F2) [30]. However, its indiscriminatory reactivity and associated safety concerns let to the
development of N-F fluorinating agents for fluorination of aromatics, alkenes, carbanions, and
enol ethers [30]. Examples of N-F fluorinating agents include N-fluoropyridinium salts, N-
fluorosulfonamides, and N-alkyl-N-fluorosulfonamides; most popular among them are
SelectFluor [46], and N-fluorobenzenesulfonimide (NFSI) [47, 48].

The development of new reagents for safe, manageable fluorination continues to expand.
However, currently challenges in regiospecific fluorination continue to restrict the chemical space
accessible for drug discovery purposes. Most reagents are still too expensive for large-scale
production [32]. 90% of fluorine-containing small molecule drugs introduced between 2001 and
2011 were synthesized from fluorine-containing precursors obtained from facilities with
specialized equipment for economical fluorination [30].

Natural occurrence of organofluorines and biological fluorination. Organofluorines are
the least abundant of naturally occurring organohalides [49]. Despite being the most abundant
halogen in the earth crust, bioavailability of fluorine is very low [50, 51]. Fluoride ion exists at a
very low concentration of 1.3 ppm in the oceans, compared to 20,000 ppm of chloride and 70 ppm
of bromide, due to low solubility most inorganic fluoride salts [49, 51]. It also contains a tightly
solvent shell with a high hydration energy, making it a poor nucleophile that requires a significant
desolvation strategy in aqueous environment.

All known fluorometabolites are found in fluoroacetate-producing plant species, as part of
nucleocidin biosynthetic pathway, as part of the fluorinase pathway, or in w-fluorofatty acid
biosynthesis (Figure 1.3). Many plants in the families Fabaceae, Rubiaceae, Bignoniaceae,
Malpighiaceae and Dichapetalaceae had been described to accumulate fluoroacetate as defense
molecule, due to its toxicity mediated by conversion to fluorocitrate, which inhibits aconitase
enzyme [52]. Fluoroacetate had also been shown to be incorporated into w-fluorofatty acids by the
fatty acid synthase machinery [50]. Nucleocidin or 4'-fluoro-5'-O-sulfamoyladenosine is produced
by Streptomyces calvus (ATCC13382) and had been demonstrated to have antibiotic activity
against trypanosomes [53]. However, the synthetic pathways leading to these early identified
organofluorines had not been fully elucidated [52, 54]. The most well understood organofluorine
pathway is the fluorinase pathway (Figure 1.4) [55]. The fluorinase pathway, which was originally
identified in Streptomyces cattleya and had since been found in a handful other bacteria, consists
of the fluorinase enzyme, which produces 5’-fluoro-5’-deoxyadenosine (FDA) from S-adenosyl-
L-methionine and inorganic fluoride [56, 57]. Subsequent transformations of FDA produces 4-
fluorotheronine and fluoroacetate as the final products of the pathway [55].
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Figure 1.4 Fluorinase pathway is the only known natural pathway to produce organofiuorines from inorganic fluoride.
The pathway consists of the fluorinase enzyme, which produces 5-fluoro-5-deoxyadenosine (FDA) from S-adenosyl-
L-methionine and inorganic fluoride. FDA is then further transformed by a series of enzymatic reactions to form
fluoroacetate and fluorothreonine.

Thus, although natural products are extremely diverse, very few have leveraged the unique
elemental properties of fluorine for their functions. There is no known example of the natural
presence of fluorine in polyketides, non-ribosomal peptides, isoprenoids, phenylpropanoids, and
alkaloids, for example. This lack of precedent highlights the gap between synthetic and natural
compounds that could be bridge by introducing non-cognate chemical groups such as fluorine into
natural products.

As a result of the scarcity of organofluorines in biological systems, most enzymes have not
evolved to recognize fluorine substitution specifically. Notable exceptions are the FIA fluorinase
and its homologs [58], the FIK thioesterase [59, 60], and the FthB fluorothreonyl-tRNA deacylase
[61]. A number of defluorinase enzymes have also been identified [58, 62]. This provides us with
the possibility to introduce fluorine into natural products as a new design element through
incorporation of organofluorine precursors by biosynthetic enzymes.



1.3 Polyketide synthase engineering for drug discovery

Polyketide synthase function. Polyketide synthases (PKSs) are remarkable multifunctional
enzymatic machinery responsible for the biosynthesis of diverse natural products. They assemble
a starter unit with activated 2-carbon acyl-CoA extender units into large intricate structures with a
broad range of bioactivities. Well known PKS products include erythromycin, tetracycline,
lovastatin, rapamycin, and doxorubicin.

PKSs are organized into modules, which are further organized into domains [63]. The principal
catalytic domains of PKSs are closely related to those of fatty acid synthase. The most important
domain of each module is the ketosynthase (KS) domain. In addition, most PKS modules also
consist of the acyltransferase (AT) domain and the acyl carrier protein (ACP). Each module might
also maintain the ketoreductase (KR), the dehydratase (DH), and the enoyl reductase (ER) optional
processing domains. A PKS might also consist of the thioesterase (TE) domain.

All domains of a PKS module function together to assemble an extender unit to the growing
polyketide chain (Figure 1.5) [64]. A module’s function starts when a growing polyketide
intermediate is transferred to the KS domain and the AT domain selects for an extender unit. Most
common extender units of PKSs are malonyl-CoA and methylmalonyl-CoA; however,
ethylmalonyl-CoA, chloroethylmalonyl-coA, hydroxymalonyl-ACP, methoxymalonyl-ACP, and
aminomalonyl-ACP have all been reported as extender units [65]. The AT domain catalyzes
extender unit loading by transferring the carboxyacyl moiety from CoA carrier to the
phosphopantetheinyl modification of the AT domain. The KS domain then -catalyzes
decarboxylative Claisen condensation reaction between the extender unit and the growing
polyketide intermediate, elongating the intermediate by two carbons. The keto group in the
resulting intermediate, which contains a -keto thioester motif, might undergo a series of reduction
reaction from keto to hydroxy group by KR domain, from hydroxy to alkene by DH domain, and
from alkene to alkane by ER domain. Once the intermediate finishes being processed, it is passed
on to the KS domain of the following module. Polyketide product is off-loaded from its synthase
by either hydrolysis or cyclization reaction, both catalyzed by the TE domain.
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Figure 1.5 Mechanism of polyketide synthases



Polyketide synthase diversity and classification. PKS are classified into 3 types based on
their domain architecture [66]. Since their initial discoveries during 1980-2000, many examples of
all three types of synthases have been illustrated.

Type I PKSs comprise multifunctional polypeptide chains, that each contains multiple domains
or modules arranged in tandem. Type I PKSs could be modular or iterative. In type I modular
PKSs, individual active sites operate linearly and sequentially in an assembly line fashion on a
vectorially transferred protein-bound intermediate [67]. In most cases, an active site within an
assembly line only functions once to incorporate one extender unit in the overall pathway, and the
order of modules dictate the sequence of biosynthetic events [66, 67]. The vectoral process is
achieved by a turnstile-type coupling of elongation and closure of access to upstream module [68].
This domain architecture results in this type of synthases having an immense size. However, it
consequently allows different modules to incorporate different types of extender units, affording
structural diversity observed among product molecules [69]. Product structures are further
diversified by presence or absence of processing domains in different modules [69].

Most type I modular PKSs have all functional domains encoded in large multifunctional
proteins; however, a subset of this type of synthases lack cognate AT domains (cis-ATs). Instead,
the missing AT activity is provided in trans by a standalone, discrete AT domain, giving these
systems the name trans-AT or AT-less PKSs [70]. A trans-AT PKS system could consist of one
or a few standalone AT domains, and each AT domain usually serves more than one module [71,
72]. As a result of this mechanism, each module of this type of PKS systems served by the same
trans-AT incorporates the same extender unit malonyl-CoA and a-substitution of methyl group is
afforded by methyltransferases instead [71]. In addition, trans-AT PKSs often contain aberrant
domain architecture such as non-elongating module, dehydrating bimodules, and O-methylation
modules, further diversifying product structures [73].

On the other hand, type I iterative PKSs use the same active sites to perform repeated
installation of multiple extender units to the product molecule. A system could by fully iterative
or partially iterative [74]. Type I iterative PKSs generate many complex ring structures through a
programming pattern that defines which modifying domains are used in each cycle. They are
found in fungi and bacteria [75]. Fungal type I iterative PKSs are responsible for generating most
of the known toxic aromatic fungal metabolites and are classified into fully-reducing, partially-
reducing, and non-reducing [76]. Bacterial versions fall into 5 clades, generating 5 class of
products namely aromatics, polyunsaturated fatty acids, enediynes, polycyclid tetramate
macrolactams, and those arise from trans-AT PKSs [74, 77].

Type II PKSs consist of multienzyme complexes, that are made up of individual proteins, each
harboring a functional domain. They produce highly functionalized polycyclic aromatic or
polyunsaturated compounds [78]. Type II PKS systems contain a KS-chain length factor (CHF)
heterodimer and an ACP domain as their core enzyme complex [78, 79]. As most type Il synthases
do not contain an AT domain, it is thought that an FAS AT is recruited for acyltransferase
function[78]. These domains act iteratively to extend the intermediate by malonyl-CoA extender
units until a determined length, at which point, the poly-B-keto intermediate undergoes cyclization
reaction [79, 80]. The folding of the intermediate is determined by additional subunits such as
ketoreductases, cyclases aromatases, oxygenase, and transferases [80]. The cyclized aromatic core
products are further tailored by redox, group transfer, hydrolysis, and rearrangement reactions,
creating product diversity [78, 80].



Type III synthases are homodimers of KS domain subunits that performs all the functions
typically played by KS, AT, and ACP domains in type I and II PKSs iteratively [81]. They do not
use ACP domains — the KS domain of type III synthases utilize carboxyacyl-CoA extender unit
directly — and do not possess any processing domains. Characterized type III synthases also
overwhelmingly utilize only malonyl-coA extender unit [81]. Thus, the diversity of products arises
from the starter unit [82], the number of the extender units incorporated [83], and the
intramolecular cyclization termination reaction [84]. The iterative process is terminated by Claisen
condensation, aldol condensation, or lactonization [81, 85]. Type III PKSs are found widely in
plants but a handful have also been confirmed in fungi and bacteria [86].

Type | modular polyketide synthase extender unit selectivity and engineering. Type [
modular PKSs have been subjected to many genetic, biochemical, and engineering studies due to
their promise in rational redesigning to generate large diversity of combinatorial products. Of a
particular significance has been the establishment of collinearity between synthase nucleotide
sequence to polyketide structure [87, 88]. They have contributed numerous antibiotics to the
market, and the search for novel ones intensified interests in manipulating their biosynthetic
pathways. As the structural complexity of this type of molecules places tremendous synthetic
challenges, efforts were focused on modifying their structures through biological implementations.

The AT domain received special attention in this matter as it dictates the identity of the
extender unit incorporated into the polyketide product structures [89]. Many AT domains of type
I modular PKSs share high sequence similarity that they can be identified computationally base on
their sequences alone [90]. Interestingly, it was found that sequences of AT domains clade
according to extender unit specificity, especially when only active site motifs are considered [90,
91]. These findings provide the basis for AT domain engineering approaches for increasing
polyketide synthase products scope.

One of the most prominent and most common AT engineering approaches for PKSs is the
substitution of the AT domain with an AT of a different substrate specificity, or of the module
with a module of a different substrate specificity [89]. This approach stems from a vision that
modular PKS domains and modules have lego-like modularity [92]. This process has yielded many
new polyketide analogs [93]. However, the success often comes at the cost of decreased titers,
thought to be due to disruptions to protein-protein interactions and the narrow specificity of
downstream modules [92].

Appreciation of the protein-protein interactions in polyketide synthase processes and recent
advances in bioinformatics led to site-specific mutagenesis approach to alter AT substrate
specificity. Alignment analysis of amino acid sequences of AT domains found a short motif located
approximately 100 residues C-terminal to the active site serine to be highly conserved and
predictive of AT specificity [94, 95]. Methylmalonyl-coA specific AT domains have YASH
whereas malonyl-coA specific AT domains have HAFH at this position [94, 95]. This finding let
to AT engineering efforts that gave rise to many novel product analogs [96, 97]. However, a total
switch of activity remains to be achieved.

The last commonly used strategy for modifying AT domain substrate specificity is
complementation. In this strategy, the cognate AT domain (cis-AT) is inactivated through an active
site mutation, and the missing AT activity is provided through an introduction of a discrete AT
protein (trans-AT) [89, 92]. This approach has the potential to be minimally invasive, causing
minimal perturbation to protein-protein interactions. This approach was encouraged by the finding
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that many trans-AT domains have fast kinetics and are promiscuous towards ACP co-substrates
[98, 99]. The possibility has been demonstrated both in vitro [99, 100] and in vivo [101] although
the efficiency of trans-AT complementation is affected by the identity of the extender unit and the
ACP.

The many approaches available for altering the substrate specificity of AT domains provide
opportunities for introducing non-cognate extender unit such as fluorinated extender unit into
polyketide molecules, which would further diversify chemical space accessible by polyketide
biosynthetic machinery.

1.4 Thesis Organization

The goal of this work is to develop a method that enables the biosynthesis of fluorinated
polyketide natural products. We aim to construct a generalizable platform that allows
regioselective fluorine incorporation into all positions of all polyketide backbones. This work had
built on previous works in the lab that described generation of fluorinated extender unit and
acceptance of the fluorinated extender unit by polyketide synthase enzymes [102], mechanism of
fluorinated extender wunit selectivity and incorporation [103], and identification and
implementation of fluorinated extender unit accumulation strategy in E. coli production host [104].

The following chapters report a contribution towards realizing such goals. In Chapter 2,
characterization of fluorinated extender unit-specific frans-AT domain and its implementation in
vitro to produce complex fluorinated polyketide molecules are described. Chapter 3 details a
construction and characterization of model, single-modular fluorinated polyketide biosynthetic
pathway in E. coli production host. Chapter 4 expands on work reported in chapter 3 by applying
the pathway and concepts learned to biosynthesize fluorinated analogs of complex, multi-modular
polyketide molecules. Chapter 5 explains conceptually a study of the fate of incorporated
fluorinated extender unit when encountering downstream processing domains and in inter-modular
transfer process.
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Chapter 2: Regioselective incorporation of fluorine functional
group into polyketide molecules in vitro

Portions of this work were performed in collaboration with the following persons: Thomas Privalski
assisted with in vitro 6-dEB production experiments. Dr. Hongjun Dong assisted with introduction
active-site mutations into the AT domains of DEBS pathway proteins.
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2.1 Introduction

Despite the prevalence of fluorine in synthetic bioactive compounds, fluorinated natural
products are quite rare with <25 characterized. We have focused on developing new methods for
the site-selective incorporation of fluorine using the modular Type I polyketide synthase systems,
exemplified by 6-deoxyerythronolide B synthase (DEBS), which is responsible for the
biosynthesis of the erythromycin precursor. Previous work in the laboratory had shown that
fluoromalonyl-CoA could be utilized as an extender unit for incorporation of fluorine into simple
polyketide fragments, such as triketide and tetraketide lactones, through a complementation
strategy in which a trans-AT protein is used to complement an inactivated cis-AT domain in the
module of interest [1, 2].

o o o 0
The selectivity of a polyketide S.Con o ..
module is mainly determined by the )K,’:)L ° )%k —l

selectivity of its AT domain [3-5],

which selects the carboxyacyl-CoA ------ :I xs TeR [Ton TR | B¢ [ace [ ——————
extender unit and transfers ittothe ———_—__JL = = = W 78 ) L _ _____
active site of the ACP domain to o o X é

while excluding other extender units
by selective binding or hydrolysis [6-

8]. The mutation in the cis-AT Figure 2.1. Complementation strategy for altering the extender unit
domain active site thus serves to sSelectivity of a polyketide synthase module to accept fluoromalonyl-

enable extender unit condensation o
I i
o

suppress its activity and natural

extender unit selectivity while preserving the structural integrity of the polyketide synthase protein.
The trans-AT protein can then provide the missing transacylase activity by interacting with the
intact ACP domain (Figure 2.1). For modules with active AT domains, the active cis-AT domain
should trans-acylate the ACP domain at a much faster rate than a trans-AT due to proximity
effects. Thus, the trans-AT protein should only successfully complement modules that can both
interact with the frans-AT and do not contain a functional AT domain. As such, this kinetic
resolution should allow for regioselective incorporation of fluoromalonyl-CoA only in positions
where the native cis-AT had been inactivated.

By replacing a cis-AT domain with a trans-AT domain, the selectivity of a PKS module now
lies physically outside of polypeptide chains that make up the megasynthase [6, 9, 10]. As trans-
AT proteins are not physically a part of the assembly line polyketide megasynthases but a
standalone protein of <50 kDa, it makes for a much simpler target for protein engineering. Using
this strategy, we could engineer a single trans-AT protein to be selective for fluoromalonyl-CoA
in order to produce different regioisomers of a fluorinated polyketide molecule. This enzyme
would also need to exclude the major competing extender units, such as malonyl- and
methylmalonyl-CoA, which are simultaneously present in the cell and needed to build the rest of
the backbone of the product molecule. In the first-generation system, we were able to generate
fluorine-containing polyketides using wild-type DszAT, the trans-AT from the biosynthetic
pathway for disorazole encoded by dszD gene found in the myxobacterium Sorangium cellulosum
So cel2 [11]. DszAT was chosen from many known trans-AT proteins due to its native preference
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for malonyl-CoA but relaxed selectivity towards ACP partners [12]. DszAT loads all seven ACP
domains in the disorazole biosynthetic pathways and has been shown to be able to load various
DEBS ACP domains [12]. As fluoromalonyl-CoA is similar in size to malonyl-CcoA and DszAT
is able to exclude methylmalonyl-CoA based on sterics [13], we reasoned that DszAT may be able
to accept the fluoromalonyl-CoA extender unit and trans-acylate it onto ACP partners. Indeed, we
observed a significant increase in fluorinated triketide lactone (F-TKL) yield when DszAT was
used to complement inactivation mutation in Mod3pess+TE(AT?) and Mod6 pess+TE(AT?) [2].

o O,(E)[‘Z o Although wild-type DszAT
R R R R R o-Enz acts on both malonyl-CoA and
" " " fluoromalonyl-CoA, we thought it

may be possible to increase its

Destabilized selectivity towards fluoromalonyl-

CoA through mutagenesis of the

o o”CE)TZ active site. The transacylation
Rka/Rl . RTKS/R' Rfko/E"Z reaction catalyzed by DszAT is
initiated by nucleophilic attack by

Stabilized

an active-site serine and also goes

Figure 2.2. Mechanism of transacylation reaction. The first step in through a tetrahedral intermediate,
transacylation reaction involves nucleophilic addition by active site serine both of which are affected by the
to carbonyl carbon, leading to the formation of tetrahedral intermediate that y

is stabilized by fluorine at the a-position. presence of fluorine atom at the o-

position  (Figure 2.2). For
nucleophilic attack, the fluorine would be activating as the carbonyl should be more electrophilic
and mutations in the active site that lower reactivity could have a more detrimental effect on the
unactivated malonyl-CoA substrate. With regard to the tetrahedral intermediate, a-fluoro thioesters
are more stable in the hydrated form (tetrahedral intermediate) than the keto form (substrate) due
to the fluorine atom’s preference to be adjacent to an sp® carbon over an sp? carbon [14, 15]. This
is in contrast to normal thioesters, which are more stable in the keto form. Consequently, the
activation energy of transcylation reaction of a-fluoro thioesters should be lower than that of
unsubstituted thioesters, lending the reaction to occur more readily with fluorinated substrate.

Upon examination of the crystal structure of DszAT
bound to malonate (PDB ID# 6APG) to determine
potential sites for engineering [16], we found that
DszAT possesses a phenylalanine residue at position
190, which has previously been found conserved in all
malonyl-CoA-selective AT domains from many cis-AT
PKSs and thus presumed to be important for selectivity
against methylmalonyl-CoA (Figure 2.3) [17, 18].
Another residue that could be targeted is Leu87, whose
backbone amide is found near and may play a role in
positioning the substrate (Figure 2.3). Mutation of this
leucine position is hypothesized to destabilize the Figure 2.3. Active site of DszAT bound to

formation of the tetrahedral intermediate, potentially Zfégnbaégh gf;g:gsfofZzgiﬁgzr;g';fe zfe,g;at
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Figure 2.4. DszAT mutant library screen. Lysate of E. coli expressing following mutants were screened through triketide
lactone production assay with purified Mod3pess+TE(AT?): 1) F190A, 2) F190C, 3) F190D, 4) F190E, 5) F190G, 6)
F190H, 7) F190I, 8) F190K, 9) F190L, 10) F190M, 11) F190N, 12)F190P, 13) F190Q, 14) F190R, 15) F190S, 16)
F190T, 17) F190V, 18) F190W, 19) F190Y, 21) F190G L87V, 22) F190G L87A, 23) F190I1 L87V, 24) F190I L87A, 25)
F190P L87A, 26) F190S L87V, 27) F190S L87A, 28) F190T L87V, 29) F190T L87A, 30) F190V L87V, 31) F190V L87A.
The amount of F-TKL (red), H-TKL (black), and H-TTKP (grey) products are shown normalized by the amount of
corresponding product produced by wild-type enzyme.
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Figure 2.5. Select DszAT mutants in vitro screen. Promising DszAT mutants from lysate screen, F190G,
F190T, F190V, F190P L87A, and F190I L87A, were purified and assessed through in vitro triketide lactone
assay with purified Mod3pess+TE(ATP) for production of A) F-TKL from fluoromalonate, B)H-TKL from malonate, C)
H-TTKP from malonate, and D) TKL from methylmalonate. Data are mean + s.e. (n=3).

allowing to increase the natural catalytic selectivity towards a a-fluoro thioester substrate. In
addition, double mutants containing mutations at His191 and the catalytic Ser86 were designed
based on observations made on FIK [19, 20]. Specifically, a mutation to the histidine residue in
the catalytic triad of FIK, analogous to H191 in DszAT, alters the catalytic power of the triad which
resulted in less hydrolysis of the acyl-enzyme intermediate. Given increased hydrolysis activity of
DszAT on fluoromalonyl-CoA, we though this strategy might limit unproductive substrate
hydrolysis.

Previous students in the group constructed libraries of DszAT mutants based on these design
criteria. A saturation mutagenesis library was constructed at position 190 along with select double
mutants of positions H191 and S86 [21, 22]. After preliminary screening of these libraries in cell
lysates using a triketide lactone (TKL) assay with purified Mod3pess+TE(AT?), a double mutant
library was constructed with select F190 mutants that showed promise by adding mutations to L87
position [2]. The results of the lysate screen are reproduced here for reference showing the relative
production of the products with fluoromalonyl-CoA (F-TKL) and malonyl-CoA (H-TKL and H-
TTKP) compared to wild-type (Figure 2.4). Despite caveats that these products are not produced
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at equimolar levels and that screening was carried out on a single replicate, several mutants with
increased production levels of F-TKL and decreased production of H-TKL and H-TTKP were
observed, displaying the increased selectivity for fluoromalonyl-CoA that was sought.

Following the initial lysate screen, mutants that showed promising activities, F190G, F190T,
F190V, F190P L87A, and F190I L87A, were heterologously overexpressed, purified, and
investigated through an in vitro triketide lactone assay using Mod3pess+TE(AT) . This in vitro
assay has an advantage over lysate screening because the concentration of DszAT mutants are
controlled, allowing for more direct comparisons between variants. Selected mutants were tested
with malonyl-CoA, methylmalonyl-CoA, and fluoromalonyl-CoA substrates. The results are
reproduced here for reference (Figure 2.5). From these experiments, F190V mutant emerged as
the most promising DszAT mutant with increased production of F-TKL and decreased production
of H-TKL compared to the wild-type enzyme, while maintaining a similar level of discrimination
against TKL to the wild-type enzyme.

This chapter presents the work to follow up the preliminary results mentioned here.
Specifically, we sought to characterize the F190V DszAT mutant through steady-state kinetic
experiments to examine the nature of its apparent fluorine selectivity. Furthermore, we sought to
demonstrate the benefits of such mutant when utilized in complex polyketide synthase system.

2.2 Materials and Methods

Commercial materials. Luria-Bertani (LB) Broth Miller, LB Agar Miller, Terrific Broth
(TB), magnesium sulfate anhydrous, and glycerol were purchased from EMD Biosciences
(Damstadt, Germany). Carbenicillin (Cb), glucose, isopropyl-p-D-thiogalactopyranoside (IPTG),
sodium chloride, calcium chloride, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES),
magnesium chloride hexahydrate, kanamycin (Km), acetonitrile, dichloromethane, ethyl acetate,
ethylene diamine tetraacetic acid disodium dihydrate (EDTA), sodium phosphate monobasic,
potassium phosphate monobasic, ammonium chloride, and arabinose were purchased from Fisher
Scientific (Pittsburgh, PA). Coenzyme A trilithium sodium salt (CoA), malonyl-CoA,
methylmalonyl-CoA, malonic acid, methylmalonic acid, tris(2-carboxyethyl)phosphine (TCEP)
hydrochloride, phosphoenolpyruvate (PEP), adenosine trisodium phosphate sodium salt (ATP),
myokinase, pyruvate kinase, lactate dehydrogenase, poly(ethyleneimine) (PEI), -
mercaptoethanol (BME), thiamine pyrophosphate (TPP), a-ketoglutaric acid, sodium phosphate
dibasic heptahydrate, cysteamine, 4-hydroxy-6-methyl-2-pyrone acetic anhydride, 1-ethyl-3-(-
dimethylaminopropyl)carbodiimide hydrochloride (EDC), 4-dimethylaminopyridine (DMAP),
reduced B-nicotinamide adenine dinucleotide 2'-phosphate (NADPH), acetonitrile, dimethyl
sulfoxide (DMSO), sodium propionate, chloramphenicol, a-ketoglutarate dehydrogenase, and
bovine serum albumin were purchased from Sigma-Aldrich (St. Louis, MO).
Diethylfluoromalonate was purchased from Sigma-Aldrich (St. Louise, MO) or from Matrix
Scientific (West Columbia, SC). Formic acid, dithiothreitol (DTT), and perchloric acid were
purchased from Fluka (Charlotte, NC). 2-methyl-3-oxopentanoic acid ethyl ester was purchased
from Fragmenta (Monmouth Junction, NJ). Mini-PROTEAN TGX 8-16%, and Bio-Rad Protein
Assay Dye Reagent concentrate was purchased from Bio-Rad Laboratories (Hercules, CA).
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Restriction enzymes, T4 DNA ligase, and Phusion DNA polymerase were purchased from New
England Biolabs (Ipswich, MA). GoTaq Green Master Mix was purchased from Promega
(Madison, WI). Deoxynucleotides (AINTPs) were purchased from Invitrogen (Carlsbad, CA).
PageRuler™ Plus prestained protein ladder was purchased from Fermentas (Glen Burnie,
Maryland). Oligonucleotides were purchased from Integrated DNA Technologies (Coralville, 1A),
resuspended at a stock concentration of 100 uM in water. DNA purification kits and Ni-NTA
agarose were purchased from Qiagen (Valencia, CA). PD-10 columns Sephadex G-25M was
purchased from GE (Chicago, IL). Complete EDTA-free protease inhibitor was purchased from
Roche Applied Science (Penzberg, Germany). Amico Ultra 3,000 MWCO, 10,000 MWCO,
30,000 MWCO, and 100,000 MWCO centrifugal concentrators were purchased from EMD
Millipore (Billerica, MA). Chloroform-d was purchased from Cambridge Isotope Laboratories
(Andover, MA). 'H-NMR spectra were collected at 25 °C on Bruker AVB-400 or AVQ-400
spectrometers at the College of Chemistry NMR Facility at the University of California, Berkeley.
Assignments were made based on literature president and reference spectra from authentic
standards, where appropriate. High-resolution mass spectral analyses were carried out on a 6530
Quadrupole-Time-of-Flight (QTOF) Accurate Mass spectrometer and a 6460 Triple Quadrupole
(QQQ) purchased from Agilent Technologies.

Bacterial strains. E. coli DH10B-T1® was used for DNA construction. E. coli BL21(DE3)-
T1R, BAP1 [23], and BAP1-TIR [24] were used for heterologous protein expression. BAP1 and
BAP1-T1R were used for expression of DEBS modules and DEBS ACP domains as they require
modification with phosphopantethiene. BL21(DE3)-T1® was used for all other proteins.

Gene and plasmid construction. Standard molecular biology techniques were used to carry
out plasmid construction. All PCR amplifications were carried out with Phusion High Fidelity
DNA polymerase or with Taq DNA polymerase using GoTaqGreen master mix. For amplification
of GC-rich sequences, PCR reactions carried out with Phusion High Fidelity DNA polymerase
were performed in the GC buffer supplemented with 10 % (v/v) DMSO and 1 M betaine with
primer annealing temperatures 4-8 °C below the Tm. DNA assembly was performed using the
isothermal Gibson assembly protocol [25]. For analysis and isolation of large DNA fragments from
agarose gel, 0.6 % gel and zymoclean large fragment DNA recovery kit (Zymoresearch) were
used. All constructs were verified by sequencing (UC Berkeley DNA Sequencing Facility,
Berkeley, CA; and MGH CCIB DNA Core, Center for Computational and Integrative Biology,
Massachusetts General Hospital, Cambridge, MA). pFW3 [26], pBL12 , pBL13, pBL36, pFW98,
and pFW100 [27] were gifted by the laboratory of Professor Chaitan Khosla (Stanford University).

pETI16b-His 10Pres-ACPpepsmods. The ACP domain of Mod6pess was amplified from pAYC-
138 [26] using primers PresACP6 Fwd3 and PresACP6 Rev. The PCR product was assembled
into the Ndel-BamHI site of a modified pET16b with the Factor Xa cleavage site replaced by the
PreScission cleavage site via Gibson assembly.

pFW3 FI190V. pFW3 F190V was constructed by amplification from pFW3 with two pairs of
primers: DszAT F190 F1/DszAT F190V R1 and DszAT F190V F2/DszAT F190 R2. Primers
DszAT F190V R1 and DszAT F190V F2 contain the F190V mutation to be introduced to the
plasmid. The two PCR products were inserted into the Xbal-HindIII site of pFW3 via Gibson
assembly.
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pEW98 _DEBS2(Mod3 AT’). pPFW98 DEBS2(Mod3 AT’) encodes for DEBS2 with S653A
mutation. pBP130 DEBS2(Mod3 AT?) (Section 4.2) and pFW98 were digested with MauBI and
Pf12311. The 2 kB band from pBP130_DEBS2(Mod3 AT and the 14 kB band from pFW98 were
gel-purified and ligated with T4 ligase. The resulting plasmids were screened via restriction
mapping with Kpnl. Plasmids with the correct restriction patterns were confirmed by complete
plasmid sequencing at MGH CCIB DNA Core, Center for Computational and Integrative Biology,
Massachusetts General Hospital (Cambridge, MA).

pFW100_DEBS3(Mod5 AT’). pPFW100 DEBS3(Mod5 AT?) encodes for DEBS3 with S642A
mutation. The plasmid was cloned by first replacing the section to be mutated from the parent
plasmid with a Cm® marker and then removing it upon insertion of the piece bearing the desired
mutation. This strategy allows for identification of mutants using antibiotic selection. Briefly, the
CmR  cassette was first amplified from pACYC184  with the  primers
pACYCI184 CmOperon pFW100 M5 Fwd Pacl/
pACYC184 CmOperon pFW100 M5 Rev Spel and inserted into the Sfil-BsiWI site of
pFW100 via Gibson assembly. E. coli cells transformed with the assembly mixture were selected
on culture medium containing carbenicillin and chloramphenicol. Plasmids containing both
resistance markers were further screened by restriction analysis with Sacl. The pFW100 plasmid
intermediates with the correct restriction pattern were confirmed by diagnostic sequencing. The
target segments were amplified from pFW100 by two primer pairs to introduce the AT® mutation
into module 5 of DEBS: pFWI100 M5SATO Sfil F/pFW100 M5SATO Sfil R and
pFW100 M5ATO BsiWI F/pFW100 MS5ATO BsiWI R. The PCR products were then inserted
via Gibson assembly into the pFW100 intermediate, which was digested with Pacl and Spel to
remove the CmR cassette. Resulting plasmids were selected for the loss of the Cm® marker and
screened by Sacl restriction analysis. Plasmids with the correct restriction patterns were confirmed
by complete plasmid sequencing at MGH CCIB DNA Core, Center for Computational and
Integrative Biology, Massachusetts General Hospital (Cambridge, MA)..

pFW100_DEBS3(Mod6 AT’). pFW100 DEBS3(Mod6 AT?) encodes for DEBS3 with S2107A
mutation. The plasmid was constructed using a similar strategy. The Cm® cassette was amplified
from  pACYCI184 with  primers  pACYC184 CmOperon pBP130 M6 Fwd Pacl/
pACYC184 CmOperon pBP130 M6 Rev Spel and inserted into the BbvCI-Ajul site of
pFW100 via Gibson assembly. E. coli transformed with the assembly mixture were selected on
culture medium containing carbenicillin and chloramphenicol. Plasmids containing both resistant
genes were further screened by restriction analysis with Sacl. The pFW100 plasmid intermediates
with the correct restriction pattern were confirmed by diagnostic sequencing. Segments of module
6 of DEBS were amplified by two primers pairs to introduce the AT® mutation into DEBSmods.
The M6TE-SA-M6-RP/M6TE-SA-M6-FP primer pair was used to amplify a segment of module
6 containing the inactivating mutation to the AT domain from pAYC138, whereas the M6TE-SA-
130-FP/M6TE-SA-130-RP primer pair was used to amplify another contiguous segment from
pBP130 [23]. These PCR products were inserted via Gibson assembly into the pFW100
intermediate, which was digested with Pacl and Spel to remove the Cm"® cassette. Resulting
plasmids were selected for the loss of the Cm® marker and screened by Sacl restriction analysis.
Plasmids with the correct restriction patterns were confirmed by complete plasmid sequencing at
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MGH CCIB DNA Core, Center for Computational and Integrative Biology, Massachusetts
General Hospital (Cambridge, MA).

Expression of His-tagged proteins. For Hiss-MatB, DszAT-Hiss, DszAT F190V-Hiss,
His10-ACPpEBsmods, Mod3pes+TE(AT?)-Hiss, Mod6pess+TE(ATC)-Hise, plasmids encoding the
proteins of interest were transformed into E. coli BL21(DE3)-T1R (Hiss-MatB, DszAT-Hise,
DszAT F190V-Hise) or E. coli BAP1-TIR® for proteins that require phosphopantetheine
modification  of  ACP domains (His10-ACPpEBSMods, Mod3pess+TE(AT?)-Hise,
Mod6peps+TE(ATY)-Hise). TB culture medium (1 L) with appropriate antibiotic (carbenicillin,
kanamycin, chloramphenicol: 50 png/mL; spectinomycin: 100 pg/mL) in a 2.5 L ultra-yield flask
was inoculated with overnight culture of freshly transformed E. coli cells. Cells were grown at 37
°C with shaking at 200 rpm to ODgoo = 0.6-0.8, at which time, they were cold-shocked on ice for
20-40 min. Expression was induced by addition of IPTG (Hiss-MatB, His10-ACPpgBsmods, DszAT-
Hiss, DszAT F190V-Hiss: 1 mM; Mod3pess+TE(AT?)-Hiss, Mod6pess+TE(AT®)-Hise: 0.2 mM).
Cells were then grown at 16 °C with shaking at 200 rpm overnight and harvested by centrifugation
at 8,000 x g for 5 min at 4 °C. Cell pellets were flash-frozen in liquid N> and stored at -80 °C until
purification.

For Hise-PrpE, Hiss-Epi, Hise-LDDpess, Modlpess-Hiss, Mod2pess-Hiss, DEBS2-Hise,
DEBS2(Mod3 AT?)-Hise, DEBS3-Hiss, DEBS3(Mod5 AT?)-Hiss, and DEBS3(Mod6 AT)-Hise,
expression plasmids were introduced into E. coli BL21(DE3) (Hiss-PrpE and Hiss-Epi) or E. coli
BAPI1 cells to allow phosphopantetheinyl modification of ACP domains (Hise-LDDpegs,
Mod1pess-Hiss, Mod2pess-Hiss, DEBS2-Hiss, DEBS2(Mod3 AT’)-Hiss, DEBS3-Hiss,
DEBS3(Mod5 ATY)-Hiss, and DEBS3(Mod6 AT)-Hise). Overnight seed cultures were used to
inoculate 0.5 L of LB medium with 2% glucose containing the appropriate antibiotic (carbenicillin,
kanamycin: 50 ug/mL) in 2.5 L ultra-yield shake flask. Cells were grown at 37 °C with shaking at
200 rpm to an approximate ODgsoo of 0.3, at which point the temperature was slowly lowered. When
cells reached ODgoo of 0.6, at which point cells were at approximately 20 °C, protein expression
was induced with IPTG (Hiss-PrpE, Hiss-Epi, Hiss-LDDpeps, Mod1pess-Hiss, Mod2pess-Hise,
DEBS2: 0.1 mM; DEBS2-Hise, DEBS2(Mod3 AT®)-Hise, DEBS3-Hiss, DEBS3(Mod5 AT)-Hise,
and DEBS3(Mod6 AT%)-Hise: 0.5 mM). Cells were then grown at 18 °C with shaking at 200 rpm
overnight and harvested by centrifugation at 8,000 x g for 5 min at 4 °C. Cell pellets were flash-
frozen in liquid N2 and stored at -80 °C until purification.

Purification of His-tagged proteins. Cell pellets were resuspended in Lysis Buffer A (200
mM sodium phosphate, 200 mM sodium chloride, 30% (v/v) glycerol, 2.5 mM DTT, pH 7.5) at 5
mL/g of cell pellet. Lysozyme (0.5 mg/mL) and cOmplete EDTA-free protease inhibitor cocktail
(Roche, 1 eq) were then added before homogenization and sonication. Cleared cell lysates were
then obtained after centrifugation at 8,000 x g for 20 min at 4 °C. To precipitate DNA,
poly(ethyleneimine) was added dropwise to the soluble fraction at a final concentration of 0.015%
(w/v). Precipitated DNA was removed by centrifugation at 8,000 x g for 20 min at 4 °C. Protein
concentration was determined using Azgo and protein extinction coefficients calculated from the
sequence using the ExXPASY ProtParam program [28].

Hiss-MatB, DszAT-Hiss, and DszAT F190V-Hiss [2]. The lysate was diluted 3-fold with Wash
Buffer B (50 mM sodium phosphate, 300 mM sodium chloride, 20% (v/v) glycerol, 20 mM BME,
pH 7.5) with 10 mM imidazole and incubated with Ni-NTA agarose resin (2-4 mL) for 45-60 min
at 4 °C to bind the His-tagged protein before loading onto the column by gravity flow. The column
was washed with Wash Buffer B containing 10 mM imidazole until the eluate was negative for
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protein content when tested by Bradford protein assay reagent (Bio-Rad). Column was further
washed by wash buffer B containing 25mM imidazole until eluate was negative for protein content
again. Protein was eluted from the column with Elution Buffer C (50 mM sodium phosphate, 50
mM sodium chloride, 20 mM BME, 20% (v/v) glycerol) containing 250 mM imidazole. Eluted
protein was concentrated using a 10 kD MWCO Amicon Ultra spin concentrator (Millipore) before
exchanging into Storage Buffer D (50 mM HEPES, 2.5 mM EDTA, 100 mM sodium chloride,
2.5mM DTT, 20% (v/v) glycerol) using a PD-10 desalting column containing Sephadex G-25 resin
(GE Healthcare). Purified protein was flash-frozen in liquid N> before storing at -80 °C.

Hiss-ACPpepsmoas. The protein was purified as described above up to protein elution. After
elution from the Ni-NTA column, the concentration of the protein solution was determined using
Bradford protein assay reagent (Bio-Rad) against BSA as a standard. PreScission protease (Strain
#1785) was then added to the protein solution at a ratio of 1 mg PreScission:25 mg protein
substrate. The proteolysis reaction was dialyzed 2% 1:200 overnight at 4 °C into Storage Buffer D
without DTT. The mixture was then diluted 3-fold with Wash Buffer B without BME containing
10 mM imidazole. The solution was passed three times through Ni-NTA resin (2 mL) to remove
PreScission protease and the cleaved Hiss tag before concentrating the eluate using a 3 kDa
MWCO Amicon Ultra spin concentrator (Millipore). The purified protein was exchanged into
Storage Buffer D without DTT using PD-10 desalting column with Sephadex G-25 resin (GE
Healthcare). Thiol-containing reducing agents such as BME and DTT were excluded from buffers
starting at the dialysis step as they interfere with transacylation assay. Purified protein was flash-
frozen in liquid N> before storing at -80 °C. Presence of the phosphopantethiene modification was
checked by LC-TOF using positive ionization mode on an Agilent 6224 TOF MS. Samples were
buffer exchanged into 10 mM sodium phosphate by 0.5 mL 7K Zeba Spin desalting column and
analyzed on Proswift RP-4H HPLC column (Imm X 50 mm, room temperature) using a linear
gradient from 10 to 100% acetonitrile over 3.5 min with 0.1% (v/v) formic acid as the aqueous
mobile phase at flow rate of 0.3 mL/min. Resulting mass chromatograms were deconvoluted with
Agilent MassHunter BioConfirm software.

Mod3pess+TE(AT’)-Hiss, Mod6pess+TE(AT’)-Hiss [2]. The cleared lysate was incubated with
Ni-NTA resin (2-4 mL) for 45-60 min at 4 °C to bind His-tagged protein before loading onto the
column by gravity flow. The column was washed with Wash Buffer B containing 10 mM imidazole
until eluate was negative for protein content when tested by Bradford protein assay reagent (Bio-
Rad). Protein was then eluted from the column with Elution Buffer C containing 100 mM
imidazole until eluate was negative for protein content. Eluted protein was concentrated using a
30 kD MWCO Amicon Ultra spin concentrator and diluted 3-fold in Anion Exchange Buffer E
(50 mM HEPES, 2.5 mM EDTA, 2.5 mM DTT, 20% (v/v) glycerol, pH 7.5) without sodium
chloride. The diluted protein solution was loaded onto a 5 mL Hi-Trap Q HP column (GE
Healthcare) using an NGC Medium-Pressure Liquid Chromatography System (Bio-Rad). The
protein was eluted with a linear gradient from 0 to 1 M sodium chloride in Anion Exchange Buffer
E over 30 col vol (150 mL). Fractions containing the target protein eluted ~350 mM sodium
chloride were pooled and concentrated with a 30 kD MWCO Amicon Ultra spin concentrator.
Purified protein was flash-frozen in liquid N> before storing at -80 °C.

DEBS2-Hiss, DEBS2(Mod3 AT’)-Hiss, DEBS3-Hiss, DEBS3(Mod5 AT’)-Hiss, and
DEBS3(Mod6 AT’)-Hiss [27]. Cell pellets were resuspended in Lysis Buffer F (50 mM sodium
phosphate, 10 mM imidazole, 450 mM NaCl, 20% (v/v) glycerol, pH 7.6) at 5 mL/g of cell pellet.
Lysozyme (0.5 mg/mL) and cOmplete EDTA-free protease inhibitor cocktail (Roche, 1 eq) were
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then added and incubated at 30 °C for 30 min before sonication. Cleared cell lysates were obtained
after centrifugation at 8,000 x g for 20 min at 4 °C and loaded onto column containing Ni-NTA
(10 mL/ 3 L cell culture) by gravity flow. The column was washed with Lysis Buffer F until eluate
was negative for protein content when tested by Bradford protein assay reagent (Bio-Rad) The
column was further washed with Wash Buffer G (50 mM sodium phosphate, 25 mM imidazole,
300 mM sodium chloride, 10% (v/v) glycerol, pH 7.5) before protein was eluted with Elution
Buffer H (75 mM sodium phosphate, 500 mM imidazole, 20 mM sodium chloride, 10% (v/v)
glycerol, pH 7.5) until eluate was negative for protein content. Eluted protein was loaded onto a 5
mL Hi-Trap Q HP column connected to an AKTA FPLC system. A gradient of 0 to 1 M sodium
chloride was applied over 30 col vol (150 mL) of Anion Exchange Buffer I (50 mM sodium
phosphate, 10% (v/v) glycerol) at flow rate of 5 mL/ min. Fractions (2.5 mL) were collected and
analyzed by SDS-PAGE. Fractions containing the target proteins (DEBS2-Hiss, DEBS2(Mod3
AT’)-Hise eluting at ~330-430 mM sodium chloride; DEBS3-Hiss, DEBS3(Mod5 AT’)-Hiss, and
DEBS3(Mod6 AT’)-Hiss eluting at ~370-500 mM sodium chloride) were pooled and concentrated
using a 100 kDa MWCO Amicon Ultra spin concentrator. Purified protein was flash-frozen in
liquid N before storing at -80 °C.

Hiss-LDDpgps, Modlpeps-Hiss, Mod2prps-Hiss, Hiss-PrpE, and Hiss-Epi [27]. Cell pellets
were resuspended in 35 mL Lysis Buffer J (50 mM sodium phosphate, 10 mM imidazole, 450 mM
NaCl, 10% (v/v) glycerol, pH 7.6) containing 1 EDTA-Free Protease Inhibitor tablet (Pierce) per
L of cell culture. The cells were lysed by sonication and centrifuged at 20,000 x g for 60 min at 4
°C. The cleared cell lysates were added to Ni-NTA agarose resin (1 mL/L cell culture) and
incubated at 4 °C for 1 h to bind His-tagged protein. The resin was loaded into a Kimble-Kontes
Flex column and washed with 20 col vol of Lysis Buffer J and 10 col vol of Wash Buffer G.
Proteins were eluted with 8 col vol of Elution Buffer H. The eluate was further purified by anion-
exchange on a Hi-Trap Q column using a gradient from 0 to 500 mM sodium chloride in Anion
Exchange Buffer I on an AKTA FPLC system. Fractions were collected and analyzed by SDS-
PAGE. Fractions containing the target protein were pooled and concentrated using a 100 kD
MWCO Amicon Ultra spin concentrator. Purified protein was flash-frozen in liquid N> before
storing at -80 °C.

Synthesis of N-acetylcysteamine thioester of (2S,3R)-2-methyl-3-hydroxypentanic acid
(NDK-SNAC) [2]. Ethyl-2-methyl-3-oxopentanoate (1.5 mmol) was dissolved in 10 mL of water
and saponified in aqueous sodium hydroxide (10 M, 180 pL; 1.8 mmol). The reaction was stirred
overnight at room temperature before pH was adjusted to <1 and reaction was extracted with 2 x
35 mL of ethyl acetate. The organic layers were combined, dried over anhydrous magnesium
sulfate , and evaporated to dryness by rotary evaporation.

The resulting 2-methyl-3-oxopentanoic acid (0.85 mmol) was dissolved in 10 mL of
dichloromethane on ice. After 3 mins, N-acetylcysteamine (86 pL, 0.8 mmol, 0.95 eq) and DMAP
(8 pellets) were added to the reaction. After 5 mins, ethyl diisopropyl carbodiimide (244 mg, 1.275
mmol; 1.5 eq) was added. The reaction was removed from ice and stirred at room temperature
overnight. The reaction was extracted with 2 x 20 mL saturated aqueous ammonium chloride and
2 x 20 mL and saturated aqueous sodium chloride. The aqueous layers were combined and back
extracted with 3 x 20 mL dichloromethane. All organic fractions were combined, dried over
anhydrous magnesium sulfate, and evaporated to dryness by rotary evaporation. The resulting 2-
methyl-3-oxopentanoyl-SNAC product was confirmed by '"H-NMR and stored in solid form at -
80 °C. 'TH NMR (400 MHz, CDCI13=7.26 ppm) & 5.79 (s, N-H), 3.77-3.82 (m, 1H), 3.42-3.49 (m,
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2H), 3.03-3.12 (m, 2H), 2.50-2.62 (m, 2H), 1.97 (s, 3H), 1.20 (d, J = 6.8 Hz, 3H,), 1.07 (t, ] =7.2
Hz, 3H).

2-methyl-3-oxopentanoyl-SNAC was enzymatically reduced with the ketoreductase domain
from the first module of the pikromycin synthase (KRpiksmod1) and NADPH. This reaction (3 mL)
contained 50 mM 2-methyl-3-oxopentanoyl-SNAC (1 M stock in DMSO), 300 mM D-glucose,
100 uM NADP*, 20 U/mL glucose-1-dehydrogenase, and 15 uM Piksmoqai KR in 300 mM HEPES,
100 mM sodium chloride, 10% (v/v) glycerol, pH 7.5. After stirring at room temperature overnight,
thin-layer chromatography analysis of crude reaction mixture in 100% ethyl acetate solvent system
revealed a product spot at Rf ~ 0.3. Saturated aqueous sodium chloride (3 mL) was then added to
the reaction mixture, which was extracted with 3 x 9 mL of ethyl acetate. The organic layer was
dried over anhydrous magnesium sulfate and evaporated to dryness by rotary evaporation. Product
was confirmed by '"H-NMR and stored as 1 M solution in 25% (v/v) DMSO at -20 °C. '"H NMR
(400 MHz, CDCl3=7.26 ppm) 6 3.81-3.84 (m, 1H), 3.43-3.47 (m, 2H), 2.99-3.05 (m, 2H), 2.69-
2.75 (m, 1H), 2.62 (s, O-H), 1.97 (s, 3H), 1.43-1.57 (m, 2H), 1.23 (d, J = 7.2 Hz, 3H,), 0.98 (t, ] =
7.2 Hz, 3H).

Synthesis of fluoromalonate [2]. Methanolic sodium hydroxide (2 M, 10.5 mL; 21 mmol)
was added to 9:1 (v/v) dichloromethane:methanol (96 mL). Diethylfluoromalonate (1.5 mL, 9.6
mmol) was added and saponified with stirring at room temperature for 1-3 h. Disodium
fluoromalonate was isolated by filtration through a Biichner funnel fitted with a filter paper and
left to air-dry.

Synthesis of fluoromalonyl-CoA [2]. Fluoromalonyl-CoA was prepared enzymatically from
fluoromalonate and coenzyme A using the malonyl-CoA synthetase from Streptomyces ceolicolor
(MatB). The reaction mixture (5 mL) contained 20 mM fluoromalonate, 4 mM coenzyme A, 5 mM
ATP, 20 mM phosphoenol pyruvate, 5 mM TCEP, 10 mM magnesium chloride, 144 U/mL
pyruvate kinase, 80 U/mL myokinase, and 20 uM MatB in 200 mM sodium phosphate, pH 7.5.
The reaction was incubated at 37 °C for 1 h. Enzymes were removed by filtration through Nanosep
with 10K Omega membrane spin column before reaction was lyophilized overnight. The residue
from lyophilization was resuspended in water (2 mL) and stored frozen at -80 °C until purification.
The resuspended crude reaction residue (0.5 mL per injection) was purified on an Eclipse XDB-
C18 column (5 pm, 9.4 x 250 mm, room temperature; Agilent) using a linear gradient from 0 to
10% acetonitrile over 30 min with 10 mM ammonium formate as the aqueous mobile phase at flow
rate of 4 mL/min. Fractions (2 mL) were screened using an Agilent 1290 UPLC connected to a
6460 Triple Quadrupole (QQQ) mass spectrometer using multiple reaction monitoring (MRM) in
positive ionization mode (transition, collision energy, fragmentation voltage: fluoromalonyl-coA
(872 > 365, 135, 35)). Fractions were analyzed on a Poroshell HPH-C18 column (2.7 pm, 2.1 X
100 mm, room temperature; Agilent) with a linear gradient from 0 to 20 % acetonitrile over 6 min
after an initial hold at 0 % acetonitrile for 30 s with 10 mM ammonium formate as the aqueous
mobile phase at flow rate of 0.6 mL/min. Fractions containing pure fluoromalonyl-CoA were
pooled and lyophilized overnight. The residue was re-dissolved in water and stored at -80 °C. The
concentration of fluoromalonyl-CoA was estimated using Azeo (260 = 15,400 M cm™).

Steady-state kinetic characterization of DszAT hydrolysis activity. The DszAT assay was
adapted from a coenzyme A (CoA) release assay previously described in the literature [29-31].
Assays were performed in 96-well microplate (black, polystyrene, p-clear, f-bottom, chimney
well, med binding; Greiner Bio-One) by monitoring free CoA with DTNB at 412 nm using a
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Synergy Mx microplate reader (Biotek). Reactions were monitored for 4 min using the minimum
interval setting between measurements.

Assay components were prepared in three solutions in 50 mM sodium phosphate, 1 mM
EDTA, 10% (v/v) glycerol, pH 7.5: Solution 1, 2.4 mM DTNB; Solution 2, fluoromalonyl-CoA at
4 x final concentration ; Solution 3, 20 uM frans-AT enzyme and 0.1 mg/mL BSA. Solution 1 (25
pL) and Solution 2 (25 pL) were added to the wells and pre-incubated at room temperature for 15-
20 min to reduce background by allowing any free CoA contaminating the acyl-CoA substrate to
be consumed. The reactions were then initiated with Solution 3 (50 uL). Final assay mixtures (100
uL) contained 10 uM DszAT (WT and F190V) and 0.6 mM DTNB in 50 mM sodium phosphate,
1 mM EDTA, 10% (v/v) glycerol, pH 7.5. The final concentrations of fluoromalonyl-CoA were
200, 150, 100, 50, 25, 12.5, 6.25, 3.13, 1.56, 0.78, 0.39, and 0.20 uM.

Absorbance values were converted to concentrations using the €412 nm = 14,150 Mlcm™! and a
pathlength of 0.3 cm. Initial velocities (vo) were defined as the linear portion of the change of
product concentration over time curve. The data were fit by non-linear curve fitting to the standard
Michaelis-Menten equation using Origin 6.0 with initial values estimated by the Solver tool in
Microsoft Excel:

vmax [S]
Ky + [S]

where vo = initial velocity ; vmax = maximum velocity, [S] = substrate concentration, and Km =
Michaelis-Menten constant.

Vg =

Steady-state kinetic characterization of DszAT transacylation activity.. The transacylase
assay was adapted from a previously described method [7, 12, 32]. Assays were performed in 96-
well microplate (half area, WCLEAR, black polystyrene, medium binding non-sterile, Greiner Bio-
One) with NADH fluorescence (Aex = 340 nm, Aem = 450 nm) monitored using a Synergy Mx
microplate reader (Biotek; top optical position at 8§ mm read height, gain = 100). Reactions were
monitored for 5 mins at 30 °C using minimum interval setting between measurements.

Assay components were prepared in three solutions in 50 mM sodium phosphate, 1 mM
EDTA, 10% (v/v) glycerol, pH 7.5: Solution 1, 2.4 mU/uL a-ketoglutarate dehydrogenase, 1.6
mM NAD", 1.6 mM TPP, and 8 mM o-ketoglutarate; Solution 2, malonyl-CoA, methylmalonyl-
CoA, or fluoromalonyl-CoA substrate at 4 x final concentration; Solution 3, 150 uM ACPpeBsmods,
trans-AT enzyme (100 nM for malonyl-CoA and fluoromalonyl-CoA experiments; 20 uM for
methylmalonyl-CoA), and 0.1 mg/mL BSA. Solution 1 (12.5 pL) and Solution 2 (12.5 uL) were
added to the wells and pre-incubated at room temperature for 15-20 min to reduce background by
allowing any free CoA contaminating the acyl-CoA substrate to be consumed. The reactions were
then initiated with Solution 3 (25 uL).

Final assay mixtures (50 uL) contained 75 pM ACPpessmods, 0.6 mU/pL a-ketoglutarate
dehydrogenase, 0.4 mM NAD", 0.4 mM TPP, 2 mM a-ketoglutarate, and 0.05 mg/mL BSA in 50
mM sodium phosphate, | mM EDTA, 10% (v/v) glycerol, pH 7.5. The final concentrations of
malonyl-CoA, methylmalonyl-CoA, and fluoromalonyl-CoA were 200, 150, 100, 50, 25, 12.5,
6.25, and 3.13 pM. The final concentrations of DszAT (WT and F190V) were 50 nM for malonyl-
CoA and fluoromalonyl-CoA and 10 uM for methylmalonyl-CoA. Controls with no trans-AT
added were run in parallel for all reactions.
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Fluorescence was converted to concentration using an NADH standard curve collected
externally in the same assay matrix with carboxyacyl-CoA substrate, ACP domain, and DszAT
omitted. Initial velocities (vo) were defined as the linear portion of the change of product
concentration over time curve. Transacylation of methylmalonyl-CoA substrate data were fit by
non-linear curve fitting to the standard Michaelis-Menten equation:

_ Umax [S ]
Y0 Ky + 5]

where vo = initial velocity ; vmax = maximum velocity, [S] = substrate concentration, and Ky =
Michaelis-Menten constant. Transacylation of malonyl-CoA and fluoromalonyl-CoA substrates
data were fit by non-linear curve fitting to the Hill equation with substrate inhibition:

vmax [B]T(}

Kis + [BIg(1 +

Vo= (B
K

where vo = initial velocity, vmax = maximum velocity, [B]o = substrate concentration, n = Hill
coefficient, Kos =half-maximal concentration constant, and K; = inhibition constant. Fitting were
performed using Origin 6.0 with initial values estimated by the Solver tool in Microsoft Excel:

Assay for in vitro triketide lactone production. All assays (30 puL) contained 5 uM
methylmalonyl-CoA epimerase (Epi), 20 uM MatB, 2.5 mM ATP, 15 U/mL PK, 10 U/mL
myokinase, 50 mM phosphoenol pyruvate, and 10 mM NDK-SNAC in 400 mM sodium
phosphate, 10 mM magnesium chloride, 5 mM TCEP, pH 7.5. When used, fluoromalonyl-CoA,
malonyl-CoA, or methylmalonyl-CoA were added to 1 mM final concentration. Final enzyme
concentrations were 10 pM for Mod3pess+TE(AT’), Mod6pess+TE(AT’), and DszAT variants.
The following assay components were pre-incubated at 37 °C for 30 min before reaction initiation:
Epi, MatB, PK, myokinase, PEP, ATP, and carboxyacyl-CoA substrate. The reactions were then
initiated with NDK-SNAC, DEBS module, and #rans-AT and incubated for 1 h at 37 °C. To quench
the reaction, 25 pL of reaction mixture was mixed with 25 pL of 10% (v/v) perchloric acid and
centrifuged for 10 min at 4 °C at 20,817 x g. The supernatant was removed and stored at -80 °C
until analysis.

Quantification of triketide lactone products by LC-QQQ. Frozen samples were centrifuged
for 10 min at 4 °C at 20,817 x g to remove salts. The supernatant was removed and analyzed by
LC-QQQ using MRM in positive ionization mode on an Agilent 6460 QQQ MS. Samples were
analyzed on two tandem Ascentis Express RP-amide HPLC columns (2.7 pm, 2.1 mm x 10 cm,
25 °C; Supelco) on an Agilent 1290 UPLC using an isocratic solvent system of 10% acetonitrile
in 0.1% (v/v) formic acid as the aqueous mobile phase for 20 min after an initial ramp of 0 to 10%
acetonitrile over 0.5 min at flow rate of 0.4 mL/min. Transitions for the TKLs and TTKPs products
were determined by screening for optimal fragmentation conditions. Products were monitored with
transitions as follows (parent ion m/z = product ion m/z, fragmentor, collision energy): TKL (171
- 153, 90,6); H-TKL (157 = 139, 90, 4); F-TKL (175 = 157, 90, 5); H-TTKP (199 - 111, 100,
9). The identity and the quantity of each compound was verified against synthetic standards using
external standard curves.

Assay for in vitro 6dEB analog production. All assays (Mod6 AT° DEBS: 30 pL, Mod3
AT® DEBS and Mod5 AT? DEBS: 50 pL) contained 2 uM LDDpggs, 2 pM Modlpgss, 2 pM
Mod2pegs, 2 uM DEBS2 variant (WT or DEBS2(Mod3 ATY)), and 2 uM DEBS3 variant (WT,
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DEBS3(Mod5 AT?), or DEBS3(Mod6 AT?)), 2 uM MatB, 4 uM Epi, 2 uM PrpE, 1 mM CoA, 4
mM ATP, 2 mM methylmalonate, 0.5 mM NADPH, 0.5 mM propionate in 250 mM sodium
phosphate, 10 mM magnesium chloride, 5 mM TCEP, pH 7.5. When used, 10 mM fluoromalonate,
2 mM malonate, and 6 uM DszAT variant (WT or F190V) were added. Reaction mixtures were
incubated at room temperature for 3 h before quenching and extracting twice with 4 x reaction
volume of ethyl acetate (Mod6 AT’ DEBS: 120 uL, Mod3 AT? DEBS and Mod5 AT? DEBS: 200
uL). The combined organic layers were dried using a Speed-Vac SC110 (Savant). The residue was
resuspended in methanol (Mod6 AT? DEBS: 30 pL, Mod3 AT? DEBS and Mod5 AT? DEBS: 25
uL). and centrifuged for 10 min at 4 °C at 20,817 x g. The supernatant was collected and analyzed
via LC-MS/MS.

Identification of 6dEB analogs by LC-QTOF. Products were analyzed by LC-QTOF high-
resolution mass spectrometry in positive ionization mode on at Agilent 6530B QTOF MS. Samples
were analyzed on Ascentis Express RP-amide HPLC columns (2.7 pm, 2.1 mm x 10 c¢m, 25 °C;
Supelco) on an Agilent 1290 UPLC using a linear gradient from 5 to 65% acetonitrile over 16.75
min with 0.1% (v/v) formic acid as the aqueous mobile phase after an initial increase of 0 to 5%
acetonitrile over 30 s at flow rate of 0.25 mL/min. Fragmentation analysis was performed using
the targeted MS/MS mode with fragmentation voltage of 185 and collision energy of 10. Masses
observed corresponded to [M+H'-H>O]" of the target molecules as follows (molecular formula,
expected mass, observed mass, Appm(exp-obs)): 6dEB (C21H370s", 369.2636, 369.2639, 0.08
ppm), desmethyl 6dEB (C20H350s", 355.2479, 355.2476, 0.8 ppm), and fluorodesmethyl 6dEB
(C20H34FOs", 373.2385, 373.2384, 0.3 ppm ).

From the fragmentation patterns, unique transitions were developed for detection with
increased sensitivity with LC-QQQ using MRM in positive ionization mode on an Agilent 6460
QQQ MS with the same LC method. Products were monitored with transitions as follows (parent
m/z = product m/z, fragmentor, collision energy): 6dEB (369.2>239.1, 50, 1), 2-desmethyl 6dEB
and 4-desmethyl 6dEB (355->239.1, 50, 1), 8-desmethyl 6dEB (355.2->225.1, 50,1), 2-fluoro-2-
desmethyl 6dEB and 4-fluoro-4-desmethyl 6dEB (373.2->275.1, 105, 0).

2.3 Results and Discussion

Hydrolysis activity of F190V DszAT. In order to begin characterizing the basis for the
differential selectivity of our DszAT variants for fluoromalonyl-CoA and malonyl-CoA observed
in end-product analysis, we first set out to carry out the steady-state kinetic characterization of the
hydrolysis activity of DszAT. Hydrolysis is a side reaction of the desired transacylation activity
that indicates that the enzyme can interact with the carboxyacyl-CoA, but also leads to its
unproductive degradation if the reaction continues in the presence of the ACP substrate (Figure
2.64). The hydrolytic activity of WT DszAT on fluoromalonyl-CoA had been previously observed
[1]; however, the kinetic parameters describing this activity were not determined. Thus, we
examined the hydrolytic activity of FI90V DszAT compared to WT DszAT on a panel of the three
different carboxyacyl-CoA substrates of interest: malonyl-CoA, methylmalonyl-CoA, and
fluoromalonyl-CoA. In order to assess the nature of their selectivity, wild-type and F190V DszAT
were overexpressed and purified to near homogeneity (Figure 2.6B). Carboxyacyl-CoA hydrolysis
was monitored as CoA release using DTNB to quantify free thiols in solution (Figure 2.7A4).
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We found that the hydrolytic activity of the wild-type and F190V mutant are similar. For both
DszAT variants, the hydrolysis rates on malonyl-CoA and methylmalonyl-CoA were below the
limit of detection of the assay. This result is consistent with the kc./Km value of below 0.005 uM-
"min! previously reported for these substrates [12]. This result suggests that the F190V mutation
does not introduce significant hydrolytic activity for either malonyl-CoA or methylmalonyl-CoA
substrates. This observation is consistent with a model where the native substrate, malonyl-CoA,
does not undergo unproductive hydrolysis whereas the excluded substrate, methylmalonyl-CoA,
may not be an accepted substrate for transacylation. In contrast, we found that both wild-type and
F190V DszAT demonstrates measurable hydrolytic activity on fluoromalonyl-CoA (Figure 2.7B).
As fluoromalonyl-CoA is not naturally-occurring, this result is unlikely due to evolutionary
selection pressure but rather the inherent chemical reactivity of fluoromalonyl-CoA where a-fluoro
thioester are hydrolyzed more readily due to fluorine’s ability to stabilize the tetrahedral
intermediate and preference for sp® over sp® carbons. The F190V mutant was 3-fold less active
than the wild-type enzyme arising from a 4.5-fold decrease in kcatand a 2-fold decrease in the Kwu.
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Figure 2.6. Hydrolysis activity of DszAT variants. (A) Hydrolysis is a side reaction to the desired transacylation reaction
performed by AT enzymes. In the absence of ACP partner, AT could interact with carboxyacyl-CoA substrate leading
to its unproductive degradation. (B) SDS-PAGE of purified proteins used in steady-state kinetic characterization of
DszAT variants. (lane 1) WT DszAT, (lane 2) F190V DszAT, and (lane 3) ACPpessmods.

35



H,0 K J\/lke;fco/\ o

R ] OH

Hydrolysis o 0

y yst o S N

6 o N g o
dr

Amax =412nm

B
5
4
£
£
~—3
L
L 2
2
1
0
0 50 100 150 200
[Fluoromalonyl-CoA] (uM)
C
DszAT Keae (min™)  Kw (MM) k. /Ky (min"'pM™)
Wild-type 44+011 6.1+£0.70 0.72 £0.10
F190V  096+0.061 35+11 0.28 + 0.11

Figure 2.7. Steady-state kinetic characterization of fluoromalonyl-CoA hydrolysis by DszAT variants. (A) DTNB assay
for measuring hydrolytic activity by free CoA release. (B) Michaelis-Menten curves for fluoromalonyl-coA hydrolysis by
WT (black) and F190V DszAT (red). Data points are average * s.d. of technical replicates (n=3). (C) Table contains
keat, Ku, and kca/Km calculated by non-linear curve fitting to the Michaelis-Menten equation. Error in kca/Ku is obtained
by propagation from the individual kinetic terms. Data are mean * s.d. of technical replicates (n=3).

ACP transacylation activity of F190V DszAT. We focused next on characterizing the native
ACP transacylation reaction performed by wild-type and F190V DszAT using malonyl-CoA,
methylmalonyl-CoA, and fluoromalonyl-CoA. Previous work examined the activity of DszAT on
its cognate ACP partner, the ACP from module 1 of disorazole PKS, with various carboxyacyl-
CoA substrates [12]. In these studies, DszAT was shown to be slightly more efficient with its
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native ACP co-substrate but also accepted ACPpeBsmods and ACPpessmods With good catalytic
efficiency.

As the phosphopantetheine group of holo-ACPs interferes with the DTNB assay, a a-
ketoglutarate dehydrogenase-coupled transacylation assay [12] was used instead with
ACPpEBsMods, Which is more relevant to our studies (Figure 2.84). The dose-response curves for
transacylation of methylmalonyl-CoA by WT and F190V DszAT were fit with Michaelis-Menten
equation. However, the dose-response curves for WT and F190V DszAT transacylation with
malonyl- and fluoromalonyl-CoA exhibited sigmoidal behavior with evidence of inhibition at high
substrate concentration and were therefore fit with the Hill equation modified for substrate
inhibition. This observation suggests that transacylation does not follow the classic Michaelis-
Menten model for enzyme catalysis, which is consistent with previous studies that have excluded
the possibility of the ping-pong mechanism and noted that the transacylation reaction therefore
likely undergoes a single displacement mechanism, based on the difference in kca/Km values of
hydrolysis and transacylation reactions (Figure 2.9) [12]. We similarly found that the kca/Kwm
values for the same enzyme-substrate pairs differed for hydrolysis and transacylation reactions.

We found that WT DszAT displayed ~103-fold higher selectivity in kea/Km With respect to
malonyl-CoA compared to methylmalonyl-CoA (Figure 2.8). The observed discrimination against
methylmalonyl-CoA is consistent with previous report that showed that the kca/Km value differed
by 5 orders of magnitude with the native ACP partner [12]. The difference in selectivity observed
with ACPpeBsMods appears to mainly arise from a decrease in kcar with malonyl-CoA substrate when
non-cognate ACP partner was used. In comparison, WT DszAT did not highly distinguish between
malonyl-CoA and fluoromalonyl-CoA with only a 6-fold lower kca/Km value for fluoromalonyl-
CoA and comparable Km values (Figure 2.8BC). This result supports our previous finding that WT
DszAT is able to increase F-TKL yield in in vitro complementation experiments [2]. The similarity
in the two observed Kwm values further suggests that fluorine is sterically accommodated in the
malonyl-CoA binding pocket.

When the F190V DszAT was compared to wild-type, we found that activity with
fluoromalonyl-CoA is maintained with very similar values for Km and kca/Km, indicating that this
mutation does not have much effect in this regard (Figure 2.8BC). However, activity measurably
decreased with both malonyl-CoA and methylmalonyl-CoA, with a 6- and 2.5-fold respective
decrease in kca/Km. The decrease in kca/Km With respect to malonyl-CoA mostly resulted from a
decrease in kcar value, while the decrease in kca/Km with respect to methylmalonyl-CoA was
derived from changes in both kce and Kwm. This finding supports our hypothesis that the F190
residue does indeed play a key role in the substrate selectivity of DszAT. F190 packs against the
a-carbon of malonyl-CoA to hold the substrate in place. Thus, replacing it with a smaller
hydrophobic residue like valine could disproportionately affect its activity on malonyl-CoA. We
reasoned that the activity on fluoromalonyl-CoA was only slightly affected in the F190V mutant
as fluoromalonyl-CoA is activated by inductive effects and can more readily form the acyl-enzyme
intermediate.
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Figure 2.8. Steady-state kinetic characterization of ACP transacylation catalyzed by DszAT variants with malonyl-CoA,
methylmalonyl-CoA, and fluoromalonyl-CoA. (A) aKGDH-coupled kinetic assay for measuring transacylation activity by
NADH fluorescence. (B) Transacylation of ACPpessmods With malonyl-CoA (left), methylmalonyl-coA (center), and
fluoromalonyl-CoA (right) by WT (black) and F190V (red) DszAT. Malonyl-CoA and fluoromalonyl-CoA reactions data
were fit to Hill equation with substrate inhibition model, whereas methylmalonyl-CoA reactions data were fit to Michaelis-
Menten model of enzyme catalysis. Data points are average + s.d. of technical replicates (n=3). (C) Table contains
keat, K, kea/K, Ki, and n calculated by non-linear curve fitting to the Hill equation with substrate inhibition (malonyl-CoA
and fluoromalonyl-CoA, K = Kos, kea/K = keay Ko.5) or Michaelis-Menten equation (methylmalonyl-CoA, K = Kv, Kca/K =
kecav Km). Error in kea/K is obtained by propagation from the individual kinetic terms. Data are mean + s.e. of technical

replicates (n=3).
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Figure 2.9 Mechanism of ACP transacylation of DszAT. (A) Double displacement or ping-pong bi-bi reaction model for
transacylation reaction. (B) Random order single displacement bi-bi reaction model for transacylation reaction.
Substrate binding and product release are shown in all possible order combinations. Binding of products to free AT
enzyme and AT enzyme complexes let to allosteric inhibition (red) to the transacylation reaction (blue).

In vitro triketide lactone production with DszAT F190V. With a more fluorine-selective
variant of DszAT in hand, we sought to investigate the F190V mutant in triketide lactone
production with Mod3pess+TE(AT?) and Mod6pess+TE(ATY) to assess how its differential
activity on malonyl- vs fluoromalonyl-CoA could impact polyketide production. This assay
utilizes MatB and methylmalonyl-CoA epimerase (Epi) in addition to the DEBS modules (Figure
2.10) and DszAT variants, along with an ATP regeneration system to ensure that the carboxyacyl-
CoA extender can be maintained even should unproductive hydrolysis occur (Figure 2.11).
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Figure 2.10. SDS-PAGE of purified proteins used in the in vitro triketide lactone production assay. (lane 1)
Mod3pess+TE(ATY), (lane 2) Mod6pess+TE(ATY), (lane 3) MatB, and (lane 4) methylmalonyl-coA epimerase (Epi).
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Figure 2.11. The in vitro triketide lactone assay. Mod3pess+TE(AT?) or Mod6pess+TE(ATY) utilizes the N-
acetylcysteamine thioester of (2S,3R)-2-methyl-3-hydroxypentanoic acid (Natural diketide-S-N-acetylcysteamine,
NDK-SNAC) as a starter unit along with a carboxyacyl-CoA extender unit in a chain extension reaction to produce a
triketide lactone. The reaction cycle is initiated by the acylation of the KS domain by NDK-SNAC. In AT variants, the
trans-AT (DszAT) selects the extender unit and transacylates the extender unit onto the phosphopantetheine arm of
the ACP domain. Carbon-carbon bond formation catalyzed by the KS domain produces the triketide, which is cyclized
by the TE domain to yield a triketide lactone. In some cases, the triketide intermediate can undergo another extension
step, producing a tetraketide pyrone. The carboxyacyl-CoA extender unit can be provided directly either as the CoA
thioester or is prepared in situ with the free acid and malonyl-CoA synthetase (MatB). In the regenerative system, the
AMP produced by MatB is converted back to ATP through an enzyme cascade involving adenylate kinase (AK) and
pyruvate kinase (PK), which derives energy from 2 molecules of phosphoenolpyruvate (PEP) to produce 1 molecule of
ATP from AMP.

When malonyl-CoA was provided as the sole extender unit to Mod3pess+TE(ATY), DszAT
F190V was able to suppress the production of H-TKL by at least 90% compared to wild-type
enzyme (Figure 2.12). This result is consistent with its decreased activity on the malonyl-CoA
extender unit as shown by steady-state kinetic analysis. Moreover, DszAT F190V was able to
moderately increase the amount of F-TKL produced in comparison to that produced by the wild-
type enzyme (Figure 2.12). This result is also consistent with steady-state kinetic parameters that
showed that the two DszAT variants maintained similar level of activity on the fluoromalonyl-
CoA extender unit. Similar results were obtained for Mod6pess+TE(AT®) (Figure 2.12).
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Figure 2.12. In vitro triketide lactone assay for WT and F190V DszAT under pure carboxyacyl-coA extender unit
conditions. Normalized representation of the amount of H-TKL (black), H-TTKP (grey), and F-TKL (red) products are
shown for reactions containing 10 uM Mod3pess+TE(ATC) or Mod6pess+TE(AT?), 10 uM DszAT variant, 10 mM NDK-
SNAC, and (A) 1 mM malonyl-CoA or (B) 1 mM fluoromalonyl-CoA under regenerative conditions. Reactions were
quenched after 1 h at 37 °C and analyzed by LC-QQQ. Data are mean = s.d. of technical replicates (n=3).
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Figure 2.13. In vitro triketide lactone assay for WT and F190V DszAT under mixed extender unit conditions. Normalized
representation of the amount of H-TKL (black), H-TTKP (grey), and F-TKL (red) products are shown for reactions
containing 10 uM Mod3pess+TE(AT®) or Mod6pess+TE(AT?), 10 uM DszAT variant, 10 mM NDK-SNAC, 1 mM
methylmalonyl-CoA, 1 mM fluoromalonyl-CoA, and (A) 1 mM or (B) 0.1 mM malonyl-CoA under regenerative conditions.
Reactions were quenched after 1 h at 37 °C and analyzed by LC-QQQ. Data are mean + s.d. of technical replicates
(n=3).
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We then tested the two enzymes under mixed extender unit conditions. The two DszAT
variants were compared at a 1 malonyl-CoA:1 methylmalonyl-CoA:1 fluoromalonyl-CoA
extender unit ratio under regenerative conditions. We found that WT DszAT produced H-TKL as
the major product and F-TKL as the minor product whereas the F190V variant was able to suppress
the production of H-TKL and produced F-TKL as the major product (Figure 2.13). This result
highlights the importance of the decreased activity of F190V mutant on malonyl-CoA for
achieving regioselective fluoromalonyl-CoA incorporation as many polyketide molecules are
produced from multiple extender units. Since malonyl-CoA is the most common extender unit
used and is also at the highest concentration in the cell (~ 35 uM in E. coli [33]), selectivity between
malonyl-CoA and fluoromalonyl-CoA is the most important for development of a more general
platform for fluorinated polyketide production. To further assess the effect of carboxyacyl-CoA
concentration on the regioselectivity of this system, TKL H-TKL and F-TKL production was
assessed at a ratio of 1 malonyl-CoA:10 fluoromalonyl-coA. Under the increased fluoromalonyl-
CoA condition, WT DszAT was able to produce F-TKL as the major product (Figure 2.13).
Notably, under this condition, F190V DszAT variant made no detectable amount of H-TKL
(Figure 2.13). Taken together these experiments showcase the ability of DszAT F190V to suppress
malonyl-CoA extender unit incorporation and promote the regioselective incorporation of
fluoromalonyl-coA into polyketide products.

In vitro 6dEB production with DszAT F190V. Having successfully engineered and
characterized a fluoromalonyl-CoA selective trans-AT, we were ready to proceed to incorporating
fluorine into larger, more complex polyketide targets. A major challenge in moving from single-
module systems that carry out an individual chain extension step is that the PKS will now contain
multiple AT domains and utilize multiple extender units. In addition to fluoromalonyl-CoA,
methylmalonyl-CoA and malonyl-CoA would be needed to construct the majority of the
polyketide backbone. Therefore, we expect that competition between different extender units and
AT domains could highly affect fluoromalonyl-CoA incorporation.

For these experiments, we decided to continue with the DEBS system [34] since the polyketide
synthase has been entirely reconstituted in vitro, allowing for the production of the full-length
erythromycin precursor 6-deoxyerythronolide B (6dEB) [27]. This system also has the advantage
of not utilizing malonyl-CoA, enabling simpler analysis. The PKS consists of 6 modules split
between 3 polypetides: DEBS1 contains the loading didomain (LDDpggs) along with modules 1
and 2, DEBS2 contains modules 3 and 4, and DEBS3 contains modules 5 and 6 (Figure 2.14).
DEBSI1-3 produce 6dEB through a series of nearly 30 enzymatic steps from 1 propionyl-CoA
starter unit and 6 (25)-methylmalonyl-CoA extender units (Figure 2.14). In the in vitro
reconstitution system of DEBS, enzymatic functions contained within DEBS1 protein are
separated into 3 different proteins - LDDpess, DEBS module 1 (Mod1pess), and DEBS module 2
(Mod2pggs) proteins — whereas DEBS2 and DEBS3 can be utilized in their native forms [27].
Thus, the in vitro reconstitution experiments contain a total of 5 separate polyketide synthase
proteins (Figure 2.15).

In order to incorporate fluorine into the system, we needed to introduce the inactivating
mutation to an AT domain of one of the DEBS modules. We initiated these experiments with
generating the AT mutation in module 6 as fluorine incorporation at the last module of the
pathway would be the most direct assessment of fluorine incorporation since it requires the fewest
number of downstream steps before offloading from the PKS and analysis as 6dEB. We therefore
set out to introduce active site mutation (S2107A) to the AT domain of module 6 of DEBS3 using
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a variety of different strategies. This effort is complicated both by the size of the DEBS1-3 proteins
as well as the repetitive nature of the sequence as the modules are thought to arise by gene
duplication events. As such, each AT domain displays high sequence identity to the other 5 AT
domains in the system and is difficult to target. Furthermore, the repetitive nature of the sequence
leads to issues with recombination where parts of the sequence can be lost. Many different
strategies were tested. Ultimately, the strategy that yielded the best results was to introduce a
selectable marker as intermediate. The targeted area was removed by digestion to insert a Cm®
cassette. The Cm® cassette could then be removed and replaced by a segment containing the
mutated AT domain. Intermediates were screened by antibiotic selection as well as restriction
analysis. The final product was fully sequenced by complete plasmid sequencing in order to
confirm that no other segments were lost or mutated.

DEBS1 DEBS2 DEBS3

LDD Module 1 Module 2 Module 3 Module 4 Module 5 Module 6
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AT = Acyltransferase extender units

ACP = Acyl Carrier Protein
ER = Enolylredutase \
DH = Dehydratase

KR = Ketoreductase

6-deoxyerythronolide B
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Figure 2.14. The 6-deoxyerythronolide B synthase (DEBS) pathway. The DEBS pathway consists of the loading
didomain (LDD) and 6 polyketide modules (module 1-6) split across 3 polypeptides: 1) DEBS1 containing LDD and
modules 1-2; 2) DEBS2 containing module 3-4; and 3) DEBS3 containing module 5-6. DEBS1-3 produce 6-
deoxyerythronolide B (6dEB), the aglycone precursor to an important antibiotic erythromycin, from 1 propionyl-CoA and
6 methylmalonyl-CoA. Each DEBS module consists of three necessary domains: ketosynthase (KS), acyltransferase
(AT), and acyl carrier protein (ACP), and up to three optional tailoring domains: enoylreductase (ER), dehydratase
(DH), and ketoreductase (KR).
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Figure 2.15. The DEBS system used for In vitro reconstitution of 6dEB production. The complete in vitro system of
DEBS consists of 5 proteins: LDDpess, Mod1pess, Mod2pess, DEBS2, and DEBS3. LDDpess was fused to the C-terminal
docking domain of module 4 (yellow) while the module 1 protein was fused to the N-terminal docking domain of module
5 (yellow) to facilitate compatible interactions. Similarly, the module 1 protein was fused to the C-terminal docking
domain of module 2 (green) while the module 2 protein was fused to the N-terminal docking domain of module 3 (green).
The docking domains, both native and engineered, in the system are explicitly depicted for clarity.

In addition to the DEBS proteins, this assay also requires PrpE, MatB, and methylmalonyl-
coA epimerase (Epi), which together provide necessary propionyl-CoA starter unit, (25)-
methylmalonyl-CoA, and fluoromalonyl-CoA extender units from propionate, methylmalonate,
and fluoromalonate, respectively. PrpE catalyzes the ATP-dependent ligation between coenzyme
A and propionate to produce propionyl-CoA. MatB catalyzes the ATP-dependent ligation between
coenzyme A and methylmalonate or fluoromalonate to produce (2R)-methylmalonyl-coA and
fluoromalonyl-coA respectively. The methylmalonyl-CoA epimerase (Epi) then catalyzes the
racemization of methylmalonyl-coA to form (2S)-methylmalonyl-coA. Enzymes used in this assay
were overexpressed in E. coli and purified to near homogeneity (Figure 2.16).
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Figure 2.16 SDS-PAGE of purified proteins used in the 6dEB in vitro production assay. (lane 1) methylmalonyl-coA ,
(lane 2) MatB, (lane 3) Prpe, (lane 4) WT DszAT, (lane 5) F190V DszAT, (lane 6) LDD, (lane 7) Mod1pess, (lane 28)
Mod2pess, (lane 9) DEBS2, (lane 10) DEBS2(Mod3 ATY), (lane 11) DEBS3, (lane 12) DEBS3(Mod5 AT?), and (lane
13) DEBS3 (Mod6 ATY).

The in vitro production of 2-fluoro-2-desmethyl 6dEB was attempted by reconstituting DEBS
pathway with active site mutation in the AT domain of module 6 (Mod6 AT’ DEBS) with
LDDpggs, Mod1pgss, Mod2pess, DEBS2, and DEBS3(Mod6 AT®) and providing propionate,
methylmalonate, and fluoromalonate. When the Mod6 AT mutation (DEBS3 S2107A) was
complemented with either wild-type or F190V DszAT, a mass peak corresponding to desmethyl
6dEB containing a single fluorine substituent was observed (Figure 2.17B). The appearance of this
peak was dependent on both the presence of fluoromalonate and DszAT (Figure 2.17C).
Moreover, this compound was not detected when wild-type DEBS3 was utilized without the AT-
inactivating mutation (Figure 2.17C). This result demonstrates that our complementation system
is competent for incorporating fluoromalonyl-CoA into a full-length complex polyketide
molecules assembled in the presence of other competing extender units.
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Figure 2.17. In vitro reconstitution of fluorinated 6dEB analog production with Mod6 AT° DEBS. (A) Structure of 2-
fluoro-2-desmethyl 6dEB, the expected product of fluoromalonyl-CoA incorporation by module 6 of DEBS. (B) Extracted
ion chromatogram showing exact mass of in vitro production of monofluorinated desmethyl 6dEB by Mod6 AT? DEBS
complemented with WT DszAT (left) or F190V DszAT (right). Reactions containing 2 uM each of LDDpess, Mod1pess,
Mod2pess, DEBS2, and DEBS3(Mod6 AT?), 6 uM WT or F190V DszAT, 2 mM methylmalonate, and when used 10 mM
fluoromalonate (+Fmal, red) were analyzed by LC-QTOF. Chromatograms are representative of at least 3 technical
replicates. (C) Extracted ion chromatograms of reactions showing in vitro production of monofluorinated desmethyl
6dEB analyzed by LC-QQQ using MRM transition 373.2-2275.1. Reaction conditions follow as in (B) with 2 uM DEBS3
used in place of DEBS3(Mod6 ATP) in WT DEBS reactions (black). Chromatograms are representative of at least 3
technical replicates.
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To further elucidate regioselectivity of the system, we investigated the substitution pattern of
the monofluorinated desmethyl-6dEB analog produced by both F190V and WT DszAT through
fragmentation analysis. 6dEB had been shown to fragment into 4 major daughter ions (Figure
2.18) [35]. Each of the daughter ions arises from different parts of the parental ion carbon skeleton.
Thus, the mass of each daughter ion reflects the substitutions residing on a specific location of
6dEB. Analysis of the mass shifts of all four daughter ions can then allow the location of the
substitution to be narrowed down for a 6dEB analog of interest. In addition, each major daughter
ion containing hydroxy groups undergoes successive losses of water to yield smaller daughter ions
of the same carbon skeleton, allowing further confirmation of the daughter ion mass.

The fragmentation patterns obtained from the monofluorinated desmethyl 6dEB analog
produced by complementing Mod6 AT® DEBS with either WT or F190V DszAT were both
consistent with incorporation of fluoromalonyl-CoA extender unit by Module 6 of DEBS to
produce 2-fluoro-2-desmethyl 6dEB (Figure 2.19, 2.20). Masses of ions in A, B, and D families
match those expected for fluorine substitution in place of a methyl group on carbon 2, 4, 6, or 8 of
6dEB. Loss of HF from daughter ions expected to contain fluorine substitution was also observed
in addition to successive losses of water due to hydroxy groups, which further supports the
presence of fluorine in the molecule. Notably, the most prominent fragment in 6dEB MS/MS
spectrum, the C ion (Figure 2.18), was entirely missing in the MS/MS spectrum of 2-fluoro-2-
desmethyl 6dEB. This lack of detectable fragment prevents narrowing down the definite location
of the fluorine substitution. However, the suppression of ion C was similarly observed when
malonate was provided to the system in place of fluoromalonate (Figure 2.21) and is consistent
with the reactivity of 6dEB analog with a modification near the C3 position. The lack of methyl
substituent at C2 as in 2-fluoro-2-methyl 6dEB would reduce the reactivity of A with respect to
the hydride shift from C3 to C9 necessary to form C ion (Figure 2.18).

We found that the ratio of 2-fluoro-2-desmethyl 6dEB analog to 6dEB was higher with F190V
DszAT compared to wild-type (Figure 2.22). Steady-state kinetic experiments show that the main
beneficial role of the F190V mutation should be in suppressing the incorporation of malonyl-CoA.
However, in production assays 6dEB, the DszAT F190V mutant appears to also promote an
increased level of fluoromalonyl-CoA incorporation. The molecular basis of this observation may
be due to the decreased hydrolysis rate of fluoromalonyl-CoA exhibited by F190V mutant. The
observation of native 6dEB in both systems is not surprising, as it has been previously observed
that the other cis-AT domains of DEBS1-3 may be able to complement AT mutations [12].
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Figure 2.18. Fragmentation analysis of 6dEB and analogs. 6dEB fragments into 4 daughter fragments shown as A, B,
C, and D. Each daughter ion is derived from different parts of the carbon skeleton of the parent 6dEB. Module
numbering (M1-M6, red) indicates the DEBS module responsible for installing the specified substituent. Carbon
numbering (C2-C12, black) starts at the carboxylic acid with Module 6 being responsible for the substituent at C2. In
addition, successive losses of water due to hydroxy groups are observed from all major daughter ions.
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Figure 2.19. LC-QTOF fragmentation analysis of the monofluorinated desmethyl 6dEB analog produced in vitro by
complementation of Mod6 AT? DEBS with WT DszAT and fluoromalonate. (A) Fragmentation pattern shows presence

of ions in A, B, and D families. (B) Tabulated expected and observed masses of daughter ions in all ion families. Data
are representative of 3 technical replicates.
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Figure 2.20. LC-QTOF fragmentation analysis of the monofluorinated desmethyl 6dEB analog produced in vitro by
complementation of Mod6 AT? DEBS with F190V DszAT and fluoromalonate. (A) Fragmentation pattern shows

presence of ions in A, B, and D families. (B) Tabulated expected and observed masses of daughter ions in all ion
families. Data are representative of 3 technical replicates.
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Figure 2.21. In vitro reconstitution of desmethyl 6dEB analog production with Mod6 AT° DEBS. (A) Structure of 2-
desmethyl 6dEB, the expected product of malonyl-CoA incorporation by module 6 of DEBS. (B) Extracted ion
chromatogram showing exact mass of in vitro production of desmethyl 6dEB by Mod6 AT° DEBS complemented with
WT DszAT. Reactions containing 2 uM each of LDDpess, Mod1pess, Mod2pess, DEBS2, and DEBS3(Mod6 ATO0), 6 uM
WT DszAT, 2 mM methylmalonate, and when used 10 mM malonate (+Mal, red) were analyzed by LC-QTOF.
Chromatograms are representative of at least 3 technical replicates. (C) Fragmentation analysis of desmethyl 6dEB
analog produced in vitro by complementation of Mod6 AT? DEBS with WT DszAT and malonate shows presence of
ions in A, B, and D families. (D) Tabulated expected and observed masses of daughter ions in all ion families. Data are
representative of 3 technical replicates.
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Figure 2.22. Production of 2-fluoro-2-desmethyl 6dEB by complementation of DEBS3(Mod6 AT°) with either WT or
F190V DszAT. The in vitro reconstitution reaction was monitored by LC-QQQ using MRM specific for the product of
interest. (A) Integrated MRM of two products shown for individual reactions (6dEB, black; 2-fluoro-2-desmethyl 6dEB,
red). (B) Ratio between integrated MRM of 2-fluoro-2-desmethyl 6dEB to integrated MRM of 6dEB. Data are mean +
s.d. of 3 technical replicates of 3 biological replicates (n=9)

With the initial success in incorporation of fluoromalonyl-CoA at module 6 position of 6dEB,
we constructed additional mutant proteins with active site mutation in the AT domains of module
3 and 5 (DEBS2 S653A and DEBS3 S642A respectively). These proteins allowed reconstitution
of Mod3 AT DEBS and Mod5 AT DEBS.

We attempted to produce 8-fluoro-8-desmethyl 6dEB with LDDpggs, Mod1pess, Mod2pegs,
DEBS2(Mod3 AT, and DEBS3 using propionate, methylmalonate, and fluoromalonate.
However, we found no detectable signal corresponding to a monofluorinated desmethyl 6dEB
analog by LC/QTOF analysis when the active site mutation was complemented by WT or F190V
DszAT. In providing the same in vitro reconstitution system with methylmalonate and malonate,
a mass peak corresponding to a desmethyl 6dEB analog could be detected when WT DszAT was
provided (Figure 2.23). The peak was largely dependent on malonyl-CoA. Fragmentation analysis
supported that a methyl substitution at C6 or C8 position was replaced by a hydrogen atom (Figure
2.23). This result is consistent with malonyl-CoA being incorporated by Mod3 AT’ DEBS to
produce 8-desmethyl 6dEB. This observation of a single incident of malonyl incorporation
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suggests a fully functional pathway reconstitution that exhibits a regiospecific behavior. As single
modular experiments with Mod3pess+TE(AT?) suggests that fluoromalonyl-CoA is accepted by
Module 3 of DEBS under pure and mixed extender unit conditions (Figure 2.12-2.13), the lack of
observable fluoromalonyl-CoA incorporation into 6dEB could be due to either the competition by
other cis-AT domains that prefer methylmalonyl-CoA or the rejection of the fluorine-containing
polyketide intermediate by downstream enzymatic activities. It is foreseeable that as the number
of downstream steps from unnatural extender unit incorporation increases, the overall efficiency
of the system decreases.

We then attempted to reconstitute Mod5 AT? DEBS with LDDpgss, Mod1pess, Mod2pgs,
DEBS2, and DEBS3(Mod5 AT?) to produce 4-fluoro-4-desmethyl 6dEB. When the system was
provided with propionate, methylmalonate, and fluoromalonate, a mass peak corresponding to a
monofluorinated desmethyl 6dEB was observed (Figure 2.24). This mass peak was observed when
both WT and F190V DszAT were used to complement that AT® mutation. Furthermore, the
compound was dependent on fluoromalonate and the AT® mutation as wild-type DEBS3 did not
produce the peak (Figure 2.24). Notably, this mass peak has a different retention time from that
observed with Mod6 AT® DEBS, suggesting a different isomer.

We investigated the regioselectivity of the monofluorinated desmethyl 6dEB product produced
by Mod5 AT? DEBS complemented by both WT and F190V DszAT by fragmentation analysis.
We found that this product exhibited an identical fragmentation pattern as observed for the
monofluorinated desmethyl 6dEB molecule produced by Mod6 AT DEBS (Figure 2.25-2.26).
This similarity of fragmentation patterns suggests that the two isomers maintain fluorine
substitutions in nearby positions on the carbon skeleton. Notably, loss of HF was observed from
ions A, B, and D families, and ion C was not detectable. The suppression of ion C was similarly
observed when malonate was provided to the Mod5 AT® DEBS system in place of fluoromalonate
(Figure 2.27) and suggests a modification near C3 position. These characteristics are consistent
with incorporation of fluoromalonyl-CoA by module 5, producing 4-fluoro-4-desmethyl 6dEB.

The successful production of 4-fluoro-4-desmethyl 6dEB is particularly interesting as it
demonstrates further elongation from the incorporated fluoromalonyl-CoA. This result suggests
the possibility of installing fluorine substitutions at various upstream positions on modular
polyketide molecules.

To determine selectivity of the system conferred by trans-AT proteins, we investigated the
ratio between signals of 4-fluoro-4-desmethyl 6dEB analog to 6dEB when WT and F190V DszAT
were used to complement AT® mutation in module 5 of DEBS. We found that the ratio was higher
with F190V DszAT (Figure 2.28). This observed increased in selectivity is due to both an increase
in MRM signal of 4-fluoro-4-desmethyl 6dEB and a decrease in that of 6dEB. This result is
consistent with that observed with Mod6 AT? DEBS.
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Figure 2.23. In vitro reconstitution of desmethyl 6dEB analog production with Mod3 AT° DEBS. (A) Structure of 8-
desmethyl 6dEB, the expected product of malonyl-CoA incorporation by module 3 of DEBS. (B) Extracted ion
chromatogram showing exact mass of in vitro production of desmethyl 6dEB by Mod3 AT DEBS complemented with
WT DszAT. Reactions containing 2 uM each of LDDpess, Mod1pess, Mod2pess, DEBS2(Mod3 AT?), and DEBS3, 6 uM
WT DszAT, 2 mM methylmalonate, and when used 10 mM malonate (+Mal, red) were analyzed by LC-QTOF.
Chromatograms are representative of at least 3 technical replicates. (C) Fragmentation analysis of desmethyl 6dEB
analog produced in vitro by complementation of Mod3 AT? DEBS with WT DszAT and malonate shows presence of
ions in A, B, and D families. (D) Tabulated expected and observed masses of daughter ions in all ion families. Data are

representative of 3 technical replicates.

52



W 'OH
"'OH
[M-H,O+H]+ [M-H,0+H]*
Expected m/z: 373.2385 Expected m/z: 373.2385
Observed m/z: 373.2382 Observed m/z: 373.2388

+Fmal M“Jﬂ\mvw““w

e +Fmal

PP o 1 ¢ -1 -Fmal
13 14 15 16 13 14 15 16
Time (mins) Time (mins)
o J\ 0
_ — N Mod 5 AT®, F190V DszAT, +Fmal

- Mod 5 AT?, F190V DszAT, -Fmal
Mod 5 AT®, WT DszAT, +Fmal
Mod 5 AT®, WT DszAT, -Fmal
Mod 5 AT®, - DszAT, +Fmal

WT DEBS, F190V DszAT, +Fmal
WT DEBS, WT DszAT, +Fmal
WT DEBS, - DszAT +Fmal

9 10 11 12 13
Time (mins)

Figure 2.24. In vitro reconstitution of fluorinated 6dEB analog production with Mod5 AT° DEBS. (A) Structure of 4-
fluoro-4-desmethyl 6dEB, the expected product of fluoromalonyl-CoA incorporation by module 5 of DEBS. (B) Extracted
ion chromatogram showing exact mass of in vitro production of monofiluorinated desmethyl 6dEB by Mod5 AT° DEBS
complemented with WT DszAT (left) or F190V DszAT (right). Reactions containing 2 uM each of LDDpess, Mod1pess,
Mod2pess, DEBS2, and DEBS3(Mod5 AT?), 6 uM WT or F190V DszAT, 2 mM methylmalonate, and when used 10 mM
fluoromalonate (+Fmal, red) were analyzed by LC-QTOF. Chromatograms are representative of at least 3 technical
replicates. (C) Extracted ion chromatograms of reactions showing in vitro production of monofluorinated desmethyl
6dEB analyzed by LC-QQQ using MRM transition 373.2-2275.1. Reaction conditions follow as in (B) with 2 uM DEBS3
used in place of DEBS3(Mod5AT’) in WT DEBS reactions (black). Chromatograms are representative of at least 3
technical replicates.
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Figure 2.25. L C-QTOF fragmentation analysis of the monofluorinated desmethyl 6dEB analog produced in vitro by
complementation of Mod5 AT? DEBS with WT DszAT and fluoromalonate. (A) Fragmentation pattern shows presence
of ions in A, B, and D families. (B) Tabulated expected and observed masses of daughter ions in all ion families. Data
are representative of 3 technical replicates.
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Figure 2.26. LC-QTOF fragmentation analysis of the monofluorinated desmethyl 6dEB analog produced in vitro by
complementation of Mod5 AT? DEBS with F190V DszAT and fluoromalonate. (A) Fragmentation pattern shows
presence of ions in A, B, and D families. (B) Tabulated expected and observed masses of daughter ions in all ion
families. Data are representative of 3 technical replicates.
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Figure 2.27. In vitro reconstitution of desmethyl 6dEB analog production with Mod5 AT°DEBS. (A) Structure of 4-
desmethyl 6dEB, the expected product of malonyl-CoA incorporation by module 5 of DEBS. (B) Extracted ion
chromatogram showing exact mass of in vitro production of desmethyl 6dEB by Mod5 AT? DEBS complemented with
WT DszAT. Reactions containing 2 uM each of LDDpess, Mod1pess, Mod2pess, DEBS2, and DEBS3(Mod5 AT?), 6 uM
WT DszAT, 2 mM methylmalonate, and when used 10 mM malonate (+Mal, red) were analyzed by LC-QTOF.
Chromatograms are representative of at least 3 technical replicates. (C) Fragmentation analysis of desmethyl 6dEB
analog produced in vitro by complementation of Mod5 AT° DEBS with WT DszAT and malonate shows presence of
ions in A, B, and D families. (D) Tabulated expected and observed masses of daughter ions in all ion families. Data are
representative of 3 technical replicates.
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Figure 2.28. Production of 4-fluoro-4-desmethyl 6dEB by complementation of DEBS3(Mod5 ATC) with either WT or
F190V DszAT. The in vitro reconstitution reaction was monitored by LC-QQQ using MRM specific for the product of
interest. (A) Integrated MRM of two products shown for individual reactions (6dEB, black; 4-fluoro-4-desmethyl 6dEB,
red). (B) Ratio between integrated MRM of 4-fluoro-4-desmethyl 6dEB to integrated MRM of 6dEB. Data are mean +
s.d. of 9 technical replicates.

2.4 Conclusions

Through structure-guided protein engineering principles, we engineered a fluoromalonyl-CoA
selective trans-AT protein from malonyl-coA-specific DszAT. Though steady-state kinetics
characterization and single turnover end-point analysis, the engineered protein, DszAT F190V,
was shown to have decreased activity on malonyl-CoA while maintaining a similar level of activity
on fluoromalonyl-CoA compared to the wild-type enzyme. In addition, the native discrimination
against methylmalonyl-CoA was preserved. Our kinetic data also support that transacylation of
ACP substrates does not follow the ping-pong mechanism.

The DszAT F190V mutant was then used to complement an inactivating mutation in the AT
domains of the fully reconstituted DEBS system to produce fluorine-containing 6dEB analogs in
vitro. In order to develop this system, the S=>A active site mutation was introduced to the AT
domain of module 3 of DEBS2 and modules 5 and 6 of DEBS3. We found that both the WT and
the F190V mutant of DszAT were able to support the production of 2-fluoro-2-desmethyl 6dEB
and 4-fluoro-4-desmethyl analog, identified by exact mass and fragmentation pattern, when used
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with Mod5 AT® DEBS and Mod6 AT® DEBS respectively. In these systems, the F190V DszAT
was able to increase the selectivity of the system towards fluorine substitution by 5-10 fold.
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Chapter 3: Development of an E. coli production platform for
fluorinated polyketides

Portions of this work were performed in collaboration with the following persons: Swetha Ramesh
cloned, purified, and helped characterize FabD protein.
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3.1 Introduction

With the initial success in producing fluorine-containing polyketide molecules in vitro, we
wanted to transfer this system to an in vivo fermentation system. In vitro experiments allowed us
to initially test our ideas under highly controlled environments, allowing for elucidation of system
parameters and their optimization. However, in vitro processes are challenging to adopt and scale,
especially with regard to PKSs. Many PKS enzymes exist in large, multi-modular polypeptide
chains that are not amenable to biochemical manipulation. Cloning PKS genes, as well as their
overexpression and purification, is quite challenging. Typically, overexpression in the native hosts
are low and heterologous expression suffers from issues of solubility. As such, these efforts often
rely on the splitting of individual enzymes to develop a soluble system, which also requires
determination of module and domain boundaries and the linker regions. Indeed, very few type I
modular PKSs have been reconstituted in vitro to date [1, 2]. On the other hand, many PKS
pathways have been fully reconstituted in vivo and shown to produce product in model, non-native
polyketide-producing hosts [3-5]. Moreover, more recently developed molecular biology
technologies would likely facilitate future PKS pathway reconstitution efforts [6-8]. Although
product yields produced by PKS pathways are often low both in native and non-native producers,
heterologous reconstitution still often leads to higher yields than in vitro reconstitution. Thus, we
believe that the ability to produce fluorinated polyketide analogs in vivo would increase the variety
of PKS pathways that could be manipulated through these methods.

The most popular hosts for reconstituting modular polyketide synthase pathways are
Escherichia coli and Streptomyces spp. including model streptomycetes such as S. ceolicolor, S.
lividans, S. albus, and S. venezuelae [9]. Many modular PKS pathways are found in soil-dwelling
actinomyces species; therefore, well-characterized, fast-growing model streptomyces strains are a
natural choice for reconstitution. They have the advantage of possessing secondary metabolism,
allowing natural product production to be uncoupled from growth, and of maintaining a complex
pool of metabolites including many precursors to polyketide molecules [10]. However, E. coli has
more readily available genetic tools and better characterized cellular functions [11]. In addition,
more biological parts such as promoters, RBSs, and terminators are available for controlling
pathway expression [12, 13]. As we were starting from a model PKS pathway such as DEBS,
which requires no specialized metabolites beyond propionyl-CoA and methylmalonyl-CoA, we
decided that E. coli was an appropriate host for our work. However, we note the importance of
investigating streptomyces strains as potential host organisms for fluorine incorporation into
natural products as well.

Development of an in vivo system comes with multiple challenges as the precise control of
each system component inside an E. coli cell is not straightforward. Although expression level of
a single protein can typically be controlled by many different strategies, the level of each enzyme
in a multiple enzyme pathway is influenced by other enzymes being expressed simultaneously and
is subject to the sequence and identify of each enzyme. Similarly, precursors required for
biosynthesis of polyketide molecules may or may not exist in the native metabolism of the
heterologous host at a sufficient concentration [14]. While some of these precursors can be
supplemented through the culture media, others will require a specialized transport system to enter
the intracellular space. Moreover, when the biosynthesis requires a native metabolite that is heavily
regulated by the host, the in vivo concentration may not be easily manipulated due to degradation
or sequestration. Under these circumstances, further strain engineering to alter the native cellular
homeostasis is likely required. Furthermore, in introducing foreign enzymes to produce foreign
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metabolites which often have bioactivities, the toxicity of precursors, intermediates, and products
must be considered. While bioactivities of some characterized natural products are known or could
be inferred in the context of the production host, novel molecules and many pathway intermediates
have little to no information regarding toxicity.

For our work, we decided to utilize the well-characterized DEBS pathway that we had
developed in vitro in Chapter 2. We chose to start with the single-module DEBS system due to its
relatively simple protein and precursor requirements. Beside the in vitro data showing that the F-
TKL product is achievable through our complementation strategy, all proteins necessary for
constructing this pathway, the single modular DEBS constructs and the trans-AT proteins, can all
be functionally expressed under the same conditions in E. coli BAP1. We also know that feeding
fluoromalonate to E. coli cells expressing Mod6pess has been shown to produce an observable
amount of F-TKL from a relatively simple set of precursors, namely NDK-SNAC and
fluoromalonyl-CoA [15]. The NDK-SNAC substrate can be supplemented directly to the culture
media and can cross the cell membrane. Thus, the only substrate that would require a specialized
transporter is fluoromalonyl-CoA. Challenges that we foresee and hope to address in this work
include optimization of the relative levels of pathway proteins when concurrently expressed,
transport of the fluoromalonyl-CoA precursor and of product, and pathway interference to growth
and native metabolism of the host.

Our work presented in this chapter explores the potential of developing E. coli as a production
platform for fluorine-containing polyketide molecules, using a single-module DEBS pathway as a
model. We aim to establish the basic characters and optimize the conditions for production, in
hope that it will establish the groundwork for related future endeavors.

3.2 Materials and Methods

Commercial materials. Luria-Bertani (LB) Broth Miller, LB Agar Miller, Terrific Broth
(TB), magnesium sulfate anhydrous, and glycerol were purchased from EMD Biosciences
(Damstadt, Germany). Carbenicillin (Cb), glucose, isopropyl--D-thiogalactopyranoside (IPTG),
sodium chloride, calcium chloride, magnesium chloride hexahydrate, acetonitrile,
dichloromethane, ethyl acetate, ethylene diamine tetraacetic acid disodium dihydrate (EDTA),
sodium phosphate monobasic, potassium phosphate monobasic, ammonium chloride, and
arabinose were purchased from Fisher Scientific (Pittsburgh, PA). Coenzyme A trilithium sodium
salt (coA), malonyl-CoA, methylmalonyl-CoA, malonic acid, methylmalonic acid, tris(2-
carboxyethyl)phosphine (TCEP) hydrochloride, phosphoenolpyruvate (PEP), adenosine trisodium
phosphate sodium salt (ATP), myokinase, pyruvate kinase, lactate dehydrogenase,
poly(ethyleneimine) (PEI), B-mercaptoethanol (BME), thiamine pyrophosphate (TPP), a-
ketoglutaric acid, sodium phosphate dibasic heptahydrate, cysteamine, 1-ethyl-3-(-
dimethylaminopropyl)carbodiimide hydrochloride (EDC), 4-dimethylaminopyridine (DMAP),
acetonitrile, dimethyl sulfoxide (DMSO), biotin, thiamine hydrochloride, chloramphenicol, -
nicotinamide adenine dinucleotide (NAD"), reduced B-nicotinamide adenine dinucleotide
(NADH), B-nicotinamide adenine dinucleotide 2'-phosphate (NADP"), o-ketoglutarate
dehydrogenase, and bovine serum albumin (BSA) were purchased from Sigma-Aldrich (St. Louis,
MO). Diethylfluoromalonate was purchased from Sigma-Aldrich (St. Louise, MO) or from Matrix
Scientific (West Columbia, SC). Glucose dehydrogenase was purchased from Alfa Aesar
(Lancashire, UK). Spectinomycin (Sp) was purchased from Chem-Impex International (Wood
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Dale, IL). Formic acid, dithiothreitol (DTT), and perchloric acid were purchased from Honeywell-
Fluka (Charlotte, NC). 2-methyl-3-oxopentanoic acid ethyl ester was purchased from Fragmenta
(Monmouth Junction, NJ). Mini-PROTEAN TGX 8-16%, and Bio-Rad Protein Assay Dye
Reagent concentrate was purchased from Bio-Rad Laboratories (Hercules, CA). Restriction
enzymes, T4 DNA ligase, and Phusion DNA polymerase were purchased from New England
Biolabs (Ipswich, MA). GoTaq Green Master Mix was purchased from Promega (Madison, WI).
Deoxynucleotides (ANTPs) were purchased from Invitrogen (Carlsbad, CA). PageRuler™ Plus
prestained protein ladder was purchased from Fermentas (Glen Burnie, Maryland). DNA
purification kits and Ni-NTA agarose were purchased from Qiagen (Valencia, CA). PD-10
columns Sephadex G-25M was purchased from GE (Chicago, IL). Complete EDTA-free protease
inhibitor was purchased from Roche Applied Science (Penzberg, Germany). Oligonucleotides
were purchased from Integrated DNA Technologies (Coralville, TA), resuspended at a stock
concentration of 100 uM in water. Amico Ultra 3,000 MWCO, 10,000 MWCO centrifugal
concentrators, and 30,000 MWCO centrifugal concentrators were purchased from EMD Millipore
(Billerica, MA). High-resolution mass spectral analyses were carried out on an Agilent 6530
QTOF Accurate Mass spectrometer and an Agilent 6460 QQQ.

Bacterial strains. E. coli DH10B-T 1R was used for DNA construction. E. coli BAP1 [16], and
BAP1-T1R [17] were used for heterologous expression of DEBS modules and ACP proteins as
they require phosphopantathiene modification and BL21(DE3)-T1R was used for the expression
of all other proteins. E. coli BAP1 and BAP1-T1R were also used for in vivo production.

Gene and plasmid construction. Standard molecular biology techniques were used to carry
out plasmid construction. All PCR amplifications were carried out with Phusion High Fidelity
DNA polymerase or with Taq DNA polymerase using GoTaqGreen master mix. For amplification
of GC-rich sequences, PCR reactions carried out with Phusion High Fidelity DNA polymerase
were performed in the GC buffer supplemented with 10% DMSO and 1M betaine with primer
annealing temperatures 4-8 °C below the Tm. DNA assembly was performed using the isothermal
Gibson assembly protocol [18]. All constructs were verified by sequencing (UC Berkeley DNA
Sequencing Facility; Berkeley, CA).

pl5A4-DszAT. The gene encoding DszAT was amplified from pFW3 [19] with the DszATF1/
T7TerminatorR1 primer pair. The /ac operon was amplified from the same template with the
LacCasetteLacl/LacCasetteLacO primer pair. The PCR products were inserted by Gibson
assembly into the Clal-Pacl site of pJA4MCS2, which is pACYC184 [20] modified by replacing
TcR cassette with a HindIII-XhoI-KpnI-Xmal-PacI-AflII-SFcl-PstI-Ascl-AvrII-HinclI linker.

p154-DszATS86A. The S86A mutation was introduced to pI5A-DszAT by amplifying pl15A-
DszAT with two sets of primers: DszATF1/S86 AMutationR and
S86AMutationF/DszATMutant CTerm. S86AMutationR and S86AMutationF contain S86A
mutation. The two PCR fragments were inserted by Gibson assembly into the Ndel-HindIII site of
pl5A-DszAT.

pl54-DszATF190V. F190V mutation was introduced to pl5A-DszAT by amplifying pl15A-
DszAT with two sets of primers: DszATF1/F190VMutationR and
F190VMutationF/DszATMutant CTerm. F190VMutationR and F190VMutationF contain S86A
mutation. The two PCR fragments were inserted by Gibson assembly into the Ndel-HindIII site of
p15A-DszAT.
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pET21c-FabD. FabD gene was amplified from E. coli BL21(DE3)-T1® using the MalACP_F1/
MalACP_R1 primer set. The PCR product was inserted into the Ndel-EcoRI site of pET21c by
Gibson assembly.

pET16b-His 10Pres-ACPpessyoas. The ACP domain of module 6 of DEBS was amplified from
pAYCI138 [19] using the PresACP6 Fwd3/PresACP6 Rev primer set. The PCR product was
inserted by Gibson assembly into the Ndel-BamHI site of a modified pET16b plasmid that has its
FactorXa cleavage site replaced by Prescission protease cleavage site.

Expression and purification of His-tagged proteins. The expression and purification of
Hiss-MatB, Hise-Epi, DszAT-Hiss, His10-ACPwmods, Mod3pess+TE(ATY)-Hise,
Mod6pess+TE(AT)-Hise were carried out as previously described in Chapter 2. For FabD-Hiss,
the protein was purified from E. coli BL21(DE3)-T1R as previously described in Chapter 2 for
DszAT-Hise. Purified proteins were flash-frozen in liquid nitrogen before storing at -80 °C. Protein
concentration was determined using A2go and protein extinction coefficients calculated from the
sequence using the ExXPASY ProtParam program [21].

Preparation of substrates. N-acetylcysteamine thioester of (2S,3R)-2-methyl-3-
hydroxypentanic acid (NDK-SNAC) and fluoromalonate were synthesized as previously described
in Chapter 2.

Growth Curves. Cultures were grown to ODeoo = ~0.4 at 37 °C with shaking at 200 rpm, at
which point 200 pL of cultures were collect and supplemented with 1 mM IPTG, 0.2% arabinose,
and when used 20 mM sodium propionate, 5 mM malonate, or 5 mM fluoromaloante final
concentration. Cultures (100 puL) were then transferred to 96-well microplate (clear, polystyrene,
U-bottom, sterile, Greiner Bio-One). Plate was incubated with continuous shaking uncovered at
room temperature. Growth was monitored in absorbance mode at 600 nm using a Synergy Mx
microplate reader with measurements taken every 2.5 min for 16 h. ODsoo data were corrected for
the path length of 100 pL liquid (0.3 cm).

In vivo production of triketide lactones in E. coli. Procedure was adapted from previously
described method [15]. LB (50 mL) containing appropriate antibiotics (Carbenicilin,
Chloramphenicol: 50 pg/mL; Spectinocymin: 100 pg/mL) in a 250 mL baffled flask was
inoculated to 2% (1 mL) of an overnight LB culture of E. co/i BAP1 transformed with the plasmids
of interest. Cultures were grown at 37 °C with shaking at 200 rpm to ODsoo = 0.4-0.6, at which
point cultures were cooled on ice for 20 min and protein expression was induced with 1 mM IPTG
and 0.2% (w/v) arabinose. The cultures were incubated at 16 °C with shaking for 16-24 h. Cells
(40 mL) were harvested by centrifugation at 1000 x g for 15 min at 4 °C after recording the final
ODspo. Cells were washed once with 1 vol (40 mL) of M9 medium and resuspended in M9 medium
to ODeoo ~ 100. The high-density cell suspension (50 uL) was added to a 1.7 mL microcentrifuge
tube along with 5 mM fluoromalonate (1 M stock in water) and 1 mM NDK-SNAC (250 mM stock
in 25% DMSO). Cell suspensions were incubated with the two substrates at 16 °C with shaking at
200 rpm for 20-24 h. Afterwards, the mixture was centrifuged at 20,817 % g for 1 min at 4 °C to
pellet cells. The supernatant (35 pL) was removed and mixed with 10% (v/v) perchloric acid (35
uL) to precipitate protein. The acidified supernatant was then centrifuged at 20,817 x g for 10 min
at 4 °C and analyzed by LC-MS/MS.

In vitro assay for triketide lactone production. All assays (30 pL) contained 5 pM
methylmalonyl-CoA epimerase (Epi), 20 uM MatB, 2.5 mM ATP, 15 U/mL PK, 10 U/mL
myokinase, 50 mM phosphoenol pyruvate, | mM NDK-SNAC, and 10 uM Mod3pess+TE(ATY),
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in 400 mM sodium phosphate, 10 mM magnesium chloride, 5 mM TCEP, pH 7.5. For the FabD
activity assay, | mM of fluoromalonate, malonate, or methylmalonate, ] mM of coenzyme A , and
30 uM of trans-AT enzymes were added. For the trans-AT titration assay, 0.2, 1, or 5 mM of
fluoromalonate and 1 mM of coenzyme A was used in place of fluoromalonyl-CoA. Trans-AT
concentrations were 250, 100, 50, 25, 10, 5, 2.5, 1, 0.5, 0.25, 0.1, and 0 uM. The following assay
components were pre-incubated at 37 °C for 30 min before react ion initiation: Epi, MatB, PK,
myokinase, PEP, ATP, and acyl-CoA substrate. The reactions were then initiated with NDK-
SNAC, DEBS module, and trans-AT and incubated for 16-24 h at 37 °C. To quench the reaction,
25 pL of reaction mixture was mixed with 25 pL of 10% (v/v) perchloric acid and centrifuged for
10 min at 4 °C at 20,817 x g. The supernatant was removed and stored at -80 °C until analysis.

Quantification of triketide lactone products by LC-QQQ MS. Frozen samples were
centrifuged for 10 min at 4 °C at 20,817 x g to remove salts. The supernatant was removed and
analyzed by LC-QQQ using MRM in positive ionization mode on an Agilent 6460 QQQ MS.
Samples were analyzed on two tandem Ascentis Express RP-amide HPLC columns (2.7 um, 2.1
mm % 10 cm, 25 °C; Supelco) on an Agilent 1290 UPLC using an isocratic solvent system of 10%
acetonitrile in 0.1% (v/v) formic acid as the aqueous mobile phase for 20 min after an initial ramp
of 0 to 10% acetonitrile over 0.5 min at flow rate of 0.4 mL/min. Transitions for the TKLs and
TTKLs products were determined by screening for optimal fragmentation conditions. Products
were monitored with transitions as follows (parent ion m/z = product ion m/z, fragmentor voltage,
collision energy): TKL (171 = 153, 90,6); H-TKL (157 = 139, 90, 4); F-TKL (175 - 157, 90,
5). The identity and the quantity of each compound was verified against synthetic standards using
external standard curves.

Synthetic standards were obtained as previously described [15]. The concentration of the 2-
fluoro-2-desmethyltriketide lactone (F-TKL) synthetic standard was determined by 'F-NMR
using the ERETIC method [22] against an external standard of 5.0 mM S5-fluorouracil. The
triketide lactone (TKL) standard was prepared enzymatically and the 2-desmethyltriketide lactone
(H-TKL) standard was synthesized as described [23]. The concentrations of TKL and H-TKL were
determined by 'H-NMR in D,O using the ERETIC method against an external standard of
diethylfluoromalonate (75 mM).

Steady-state kinetic characterization of transacylation activity. The transacylation assay
was developed from a previously described method [24-26]. Assays were performed in 96-well
microplate (half area, LCLEAR, black polystyrene, medium binding non-sterile, Greiner Bio-One)
with NADH fluorescence (Aex = 340 nm, Agm =450 nm) monitored using a Synergy Mx microplate
reader (Biotek; top optical position at 8 mm read height, gain = 100). Reactions were monitored
for 5 mins at 30 °C using minimum interval setting between measurements.

Assay components were prepared in three solutions in 50 mM sodium phosphate, 1 mM
EDTA, 10% (v/v) glycerol, pH 7.5: Solution 1, 2.4 mU/pL a-ketoglutarate dehydrogenase, 1.6
mM NAD', 1.6 mM TPP, and 8 mM o-ketoglutarate; Solution 2, 4x malonyl-CoA,
methylmalonyl-CoA, or fluoromalonyl-CoA substrate; Solution 3, 150 uM ACPDpEBsMods, 2%
trans-AT enzyme, and 0.1 mg/mL BSA. Solution 1 (12.5 uL) and Solution 2 (12.5 pL) were added
to the wells and pre-incubated at room temperature for 15-20 min to reduce background by
allowing any free CoA contaminating the acyl-CoA substrate to be consumed. The reactions were
then initiated with Solution 3 (25 uL).
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Assays (50 pL) contained 75 uM ACPpeBsmods, 0.6 mU/uL a-ketoglutarate dehydrogenase,
0.4 mM NAD", 0.4 mM TPP, 2 mM a-ketoglutarate, and 0.05 mg/mL BSA in 50 mM sodium
phosphate, 1 mM EDTA, 10% (v/v) glycerol, pH 7.5. The final concentrations of malonyl-CoA,
methylmalonyl-CoA, and fluoromalonyl-CoA were 200, 150, 100, 50, 25, 12.5, 6.25, and 3.13
mM. The final concentrations for FabD were 30 nM for malonyl-CoA, 50 nM for fluoromalonyl-
CoA, and 100 nM for methylmalonyl-CoA. Controls with no trans-AT added were run in parallel
for all reactions.

Fluorescence was converted to concentration using an NADH standard curve collected in the
same assay matrix with acyl-CoA substrate, ACP domain, and DszAT omitted. Initial velocities
(vo) were defined as the linear portion of the change of product concentration over time curve. The
data were fit by non-linear curve fitting to the Hill equation with substrate inhibition using Origin
6.0 with initial values estimated by the Solver tool in Microsoft Excel:

vmax [B]T(}

Kis + [BIg(1 +

Vo= (B
K

where vo = initial velocity, Vmax = maximum velocity, [B]o = substrate concentration, n = Hill
coefficient, Ko s = half-maximal concentration constant, and K; = inhibition constant.

3.3 Results and Discussion

Design of fluorinated triketide lactone biosynthetic pathway. Previous work in the
laboratory has shown that feeding of NDK-SNAC and fluoromalonate to the culture medium of E.
coli cells expressing Mod6pegs led to low but detectable production of fluorinated triketide lactone
(F-TKL) [15]. Using the complementation system developed in Chapter 2, we hope to improve the
production yield of the desired fluorinated product (Figure 3.1). As the AT domain of module 6
of DEBS natively utilizes methylmalonyl-CoA and discriminates strongly against malonyl-CoA
[27], we believe that it is likely that discrimination against fluoromalonyl-CoA may also occur
given that is sterically more similar to malonyl-CoA than methylmalonyl-CoA. Thus the utilization
of a more fluoromalonyl-CoA selective trans-AT protein should increase productivity of F-TKL
and also decrease the amount of H-TKL that is made due to the presence of malonyl-CoA inside
the cell.

In addition to utilizing a trans-AT with higher fluorine selectivity, increases in the intracellular
concentration of the fluoromalonyl-CoA extender unit can also help to increase the yield of the
desired fluorinated product. Since CoA thioesters are not typically transported across the
membrane, we plan to use a two-enzyme system consisting of a malonate transporter and malonyl-
CoA synthetase, MatB. The malonate transporter is expected to transport fluoromalonate in the
culture medium across the cellular membrane into the cytoplasm where the malonyl-CoA
synthetase would then produce fluoromalonyl-CoA [28] (Figure 3.1).

Thus, we designed a four-gene, three-plasmid system for the biosynthesis of F-TKL in E. coli.
The system contained pAYC136 or pAYC138, a plasmid from pl15A-DszAT series, and a plasmid
from pFmal series (Figure 3.2). pACYC136 and pACYC138 encode for Mod3peps+TE(ATY) and
Mod6pess+TE(AT?), respectively [19]. These proteins are functionally expressed in E. coli BAP1
and should provide the necessary DEBS pathway protein for cellular production for fluorine-
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containing polyketide products. The pl15A-DszAT series encode for variants of the trans-AT
protein DszAT under the control of an ITPG-inducible T7 promoter.

The pFmal series, which contain a CloDF13 origin, encode a malonate transporter under an
arabinose-inducible pPBAD promoter and an ATP-dependent malonyl-CoA synthetase (MatB)
from Rhodopseudomonas palustris under an ITPG-inducible T7 promoter [28]. pFmal is expected
to support intracellular accumulation of fluoromalonyl-CoA. Representatives from three classes
of prokaryotic malonate transporters, namely MdcF, MadLM, and MatC, have been identified,
cloned, and inserted to pFmal backbone to produce pFmal(MdcF), pFmal(MadLM), and
pFmal(MatC) respectively. MdcF is a putative malonate transporter found in an operon with
malonate decarboxylase and 7 other genes involved in malonate metabolism in Krebsiella
pneumonia [29]. MadLM is a characterized two-component sodium:malonate symporter from
Pseudomonas fluorescens [30]. MatC is a putative malonate transporter found in an operon with
malonyl-CoA synthetase and malonyl-CoA decarbozylase enzymes in Streptomyces coelicolor
[31, 32]. The MatB from Rhodopseudomonas palustris has been shown to be able to catalyze the
ligation of fluoromalonate to coenzyme A with a large catalytic efficiency of 1,250 + 80 M!s!
[28, 33]. pFmal series have previously been shown to support the production of mM-levels of 2-
fluoro-3-hydroxybutyrate and poly(2-fluoro-3-hydroxybutyrate) when co-expressed with the
NphT7 ketosynthase and PhaB ketoreductase [28]. Thus, we believe that these constructs would
also be able to support production of fluorinated triketide lactone due to the high flux of
fluoromalonate though the pathway. However, the 2-fluoro-3-hydroxybutyrate pathway likely
maintains a higher throughput than the single modular DEBS pathway. Thus, it is possible that a
high steady-state concentration of fluoromalonate and fluoromalonyl-CoA would not be cleared
in the polyketide production system, potentially leading to significant toxicity effect.
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Figure 3.1. Complementation strategy for fluorinated polyketide production in an E. coli production host. In addition to
the polyketide synthase (PKS) and the trans-AT, the cellular production system requires a specialized transport system
to import fluoromalonate into the intracellular space and activate to the fluoromalonyl-CoA extender unit. Cells natively
maintain a high level of ATP, which provides the necessary ATP regeneration.
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Figure 3.2. Design of a pathway for fluorinated triketide lactone (F-TKL) production in E. coli. The system includes
three plasmids with compatible origins and antibiotic markers, which together encode for four pathway proteins. pFmal
(cloDF13 origin, SpR) series encode for a malonate transporter and malonyl-CoA synthetase, MatB. pAYC136 and 138
(pBR322 origin, CbR) encode for Mod3pess+TE(ATC) and Mod6pess+TE(ATP), respectively. p15A-DszAT (p15A origin,
CmR) encodes for the trans-AT variant.

We measured the growth curves of E. coli BAP1 harboring the pFmal plasmid and its
derivatives. As these cells have no dedicated downstream pathway to utilize fluoromalonyl-CoA,
we reasoned that the effects observed in this strain would represent the highest toxicity level
potentially imposed on our system by fluoromalonate feeding. We found growth defects when
many components of the fluoromalonyl-CoA system was present (Figure 3.3). First, we observed
that the expression of MadLM alone led to decreased cell growth rates, even in the absence of
malonate or fluoromalonate. Since toxicity of transmembrane membrane proteins is commonly
observed, we reasoned that high expression levels of MadLM might disturb the membrane
integrity of the cells, leading to decreased cell growth. When MadLM or both MadLM and MatB
were present, feeding fluoromalonate decreased cell growth. In contrast, no observable growth
defect was found when cells were fed with fluoromalonate in the absence of MadLM or MatB.
These results are consistent with a model where MadLM and MatB together with fluoromalonate
enable accumulation of fluoromalonyl-CoA inside cells. However, it suggests that fluoromalonyl-
CoA has some toxicity in the absence of a dedicated downstream pathway for its utilization. For
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example, strains co-expressing of NphT7 and PhaB with MadLM and MatB show no evidence of
a growth defect [28].

We then examined protein expression of E. coli BAP1 bearing the three-plasmid system by
SDS-PAGE with Coomasie staining. In the protein gels, we were able to observe expression of all
pathway proteins besides the malonate transporter, which was not unexpected since the expression
of transmembrane protein is typically lower based on their toxicity (Figure 3.4). We noted that the
expression of MatB when co-expressed with other pathway proteins was much lower than when it
is expressed alone, which may mitigate its toxicity with regard to fluoromalonyl-CoA production.
Thus, we decided to proceed with production experiments without further modification to the
pFmal series.
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Figure 3.3. Growth curves of E. coli BAP1 expressing various pFmal plasmids. E. coli BAP1 harboring (A) no plasmid
control, (B) pFmal(MadLM, without MatB) [28], or (C) pFmal(MadLM) were grown to ODsoo = ~0.4 at 37 °C with shaking
at 200 rpom, at which point 100 uL of cultures were transferred to 96-well plate and supplemented with 1 mM IPTG,
0.2% arabinose, and when used 20 mM sodium propionate, 5 mM malonate, or 5 mM fluoromaloante. Growth was
monitored at ODeoo by microplate reader. Data are representative of 3 biological replicates.
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Figure 3.4. SDS-PAGE analysis of E. coli cultures harboring the triple plasmid system for fluorinated triketide lactone
production. Cells were grown at 37 °C until ODeoo = 0.6-0.8, at which time protein expression was induced by addition
of IPTG and arabinose and cells were continued to grow at 16 °C. Samples of E. coli BAP1 harboring (lane1) no plasmid
control, (lane2), pFmal(MadLM, without MatB)[28], (lane3) pFmal(MadLM),(lane 4-6) pAYC136 and pFmal(MadLM), or
(lane 7-9) pAYC136, pFmal(MadLM), and p15A-DszAT, were collected 20 h after protein expression was induced and
analyzed by SDS-PAGE with Coomassie staining. Comparison between cells harboring pFmal with (lane 3) and without
(lane2) MatB gene allows the MatB band to be identified. Staining is lower for this band in the strain expressing the full
pathway (lane 7-9) compared to that expressing only pFmal(MadLM) (lane 3).

Malonate transporters increased levels of fluorinated triketide lactone product. We
developed an in vivo assay for F-TKL production using a concentrated cell suspension of E. coli
BAP1 harboring the three-plasmid system for expression of a malonate transporter, MatB, trans-
AT, and either Mod3pess+TE(AT®) or Mod6pess+TE(ATY). The cells were first induced for 16-
24 h, concentrated to ODgoo ~ 100 in M9, and fed NDK-SNAC and fluoromalonate. The resulting
polyketide products were extracted and analyzed by LC-QQQ. Using this system, we compared
the effect of the three different malonate transporters to when no transporter was expressed. We
found that all three malonate transporters were able to increase the production titer of F-TKL
(Figure 3.5). Similar results were obtained from both the Mod3pess+TE(AT’) and
Mod6peps+TE(ATY) pathways, although overall productivity with Mod3pess+TE(AT?) is higher.
MdcF co-expression increased F-TKL yield from 1- to 4-fold; however, both MatC and MadLM
co-expression led to greater increases in F-TKL production up to 10-fold. Notably, under these
conditions, H-TKL was observed at levels significantly below that of F-TKL and almost no
detectable amount of TKL was observed in the production. These observations are consistent with
the intrinsic intracellular pool of alternative extender units: E. coli maintains a very limited amount
of malonyl-CoA (35uM) [34] and almost no methylmalonayl-CoA [35]. As MatC and MadLM
were able to increase the F-TKL yield to similar level, but MadLM had been shown to be more
versatile in terms of induction conditions [28], we decided to proceed with MadLM as the
fluoromalonate transporter in our pathway.

We performed a titration experiment to determine the optimum concentration of fed substrates
for production by altering both the amount of fluoromalonate and NDK-SNAC added to the cell
suspension (Figure 3.6). We observed that F-TKL yield was strongly dependent on NDK-SNAC
concentration, while fluoromalonate concentration seemed to only contribute significantly at low
NDK-SNAC levels. We therefore chose assay conditions of 5 mM fluoromalonate and 1 mM
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NDK-SNAC, which allows us to maintain good yields at more conservative NDK-SNAC feeding
levels.

Assessing the role of DszAT in fluorinated triketide lactone in vivo production. Although
we observe high selectivity of F-TKL production in vivo using the DszAT complementation, WT
DszAT still strongly prefers malonyl-CoA. Therefore, we wanted to distinguish the impact of
DszAT from the increase in intracellular fluoromalonyl-CoA resulting from MadLM and MatB
co-expression, which could also be a source of the selective production of F-TKL. We therefore
compared the effect of empty vector, an inactive DszAT variant (S86A DszAT) and F190V
DszAT, which is shown in vitro to suppress malonyl-CoA incorporation (Figure 2.12-2.13), to
WT DszAT. In this experiment, we found that F-TKL was produced in comparable yields under
all production conditions for both Mod3pess+TE(AT’) or Mod6épess+TE(AT®) (Figure 3.74),
indicating that F-TKL production was independent of the presence of a functional DszAT. Further
control experiments showed that DszAT was still being expressed in this system as the
overexpression band was observed by SDS-PAGE (Figure 3.7B), suggesting that selective F-TKL
production is predominantly caused by the high intracellular concentration of fluoromalonyl-CoA
in this system.
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Figure 3.5. Screening malonate transporters for in vivo F-TKL production. E. coli BAP1 cells were transformed with 1)
PAYC136 (for Mod3pess+TE(AT?) expression, left) or pAYC138 (for Mod3pess+TE(ATC) expression, right); 2) p15A-
DszAT, and 3) pFmal(mdcF), pFmal(MadLM), or pFmal(MatC). Concentrated cell suspension of E. coli BAP1
expressing Mod3pess+TE(AT?) (left) or Mod6pess+TE(ATP) (right), WT DszAT, MatB, and malonate transporter MdcF,
MadLM, or MatC were provided with 1 mM NDK-SNAC and 5 mM fluoromalonate. Culture media were collected and
analyzed by LC-QQQ after 24 h. Data are mean * s.d. of biological replicates (n=3).
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Figure 3.6. Titration of NDS-SNAC and fluoromalonate for in vivo F-TKL production. E. coli BAP1 expressing
Mod3pess+TE(ATP), WT DszAT, MatB, and malonate transporter MadLM were provided with varying concentrations of
NDK-SNAC (0.5-5 mM) and fluoromalonate (1-5 mM). Culture media were collected and analyzed by LC-QQQ after 24
h. Data are mean * s.d. of biological replicates (n=3).
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Figure 3.7. DszAT-dependence for in vivo F-TKL production. (A) Triketide lactone production by E. coli BAP1
expressing Mod3pess+TE(ATO) (left) or Mod6pess+TE(ATY) (right), MatB, MadLM, and a trans-AT variant, namely WT
DszAT, F190V DszAT, S86A DszAT, or no DszAT. Concentrated cell suspensions were provided with 1 mM NDK-
SNAC and 5 mM fluoromalonate. Culture media were collected and analyzed by LC-QQQ after 24 h. Data are mean +
s.d. of biological replicates (n=3). (B) SDS-PAGE of E. coli production cultures showing expression of trans-ATs, along
with Mod3pess+TE(AT) and MatB.
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Figure 3.8. Different mechanisms for cis-AT-independent chain elongation in modular PKS. (A) A canonical reaction
cycle requires transacylation of the ACP phosphopantetheine group with a carboxyacyl-CoA substrate. In modules
where the cis-AT is inactivated (AT?), this can be achieved in trans with a trans-AT. (B) Self-malonylation could occur
by chemical transacylation. Chemical acylation of the ACP phosphopantetheine group could also be accelerated with
fluoromalonyl-CoA given its intrinsic reactivity. (C) The carboxyacyl-CoA extender unit can also be utilized directly by
the KS domain, bypassing the formation of a carboxyacyl-ACP intermediate.

Previous in vitro experiments showed that a functional frans-AT was necessary for
complementing the AT® mutations of Mod3pess+TE(AT®) or Mod6pess+TE(AT?), since there are
no other active DEBS cis-ATs to provide the required enzymatic activity in the single-module
DEBS systems. One hypothesis that could explain this observation is that F-TKL can be made
through an AT-independent mechanism. Unlike in the canonical mechanism in which an active
AT domain is necessary for acylation of the ACP domain (Figure 3.84), at least two other
alternative mechanisms exist through which F-TKL could be produced independent of a functional
AT domain. In one case, the activated nature of the fluoromalonyl-CoA extender unit lends itself
to direct chemical acylation onto the ACP phosphopantathiene arm without assistance from an AT
(Figure 3.8B). This intermediate can then undergo normal KS-catalyzed carbon-carbon bond
formation to form product. Another possibility is an ACP- and AT-independent mechanism where
the KS domain can condense the diketide substrate directly with the fluoromalonyl-CoA extender,
bypassing the canonical covalently-tethered intermediate (Figure 3.8C) [36]. While self-
malonylation (Figure 3.8B) has been reported for Type II PKS and Type Il FAS ACPs [37, 38], it
has been shown that this mechanism is both extremely slow (100-1000-fold defect) compared to
the AT-dependent reactions with native substrates and also requires an acidic residue at the end of
the Helix I, which was missing from ACPpepsmods and ACPpessmods [38, 39]. Thus, we sought to
differentiate between the canonical (Figure 3.84) and the direct extender unit usage mechanism
(Figure 3.8B), since formation of the tethered intermediate is important for continued chain
elongation and direct extender unit usage would lead to chain termination of a growing polyketide

The canonical mechanism forming a tethered intermediate requires a functional ACP domain
whereas the direct extender unit usage mechanism bypasses this domain. To differentiate between
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these two mechanisms, we compared the production yields of E. coli cultures harboring
Mod3pess+TE (AT®) or Mod3pess+TE (AT® ACPP) [36], which contain a functional or non-
functional ACP domain, respectively. In these experiments, we found that the production of F-
TKL was greatly reduced in the absence of a functional ACP domain (Figure 3.9). This result
demonstrates that the majority of F-TKL is indeed produced through an ACP-dependent
mechanism. Given the lack of dependence of F-TKL production on DszAT expression, we
hypothesized that another endogenous host protein provided the necessary enzymatic activity to
complement the AT mutation on the DEBS module at a sufficient level to obviate the need for a
heterologously-expressed trans-AT such as DszAT.
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Figure 3.9. Assessing the mechanism of F-TKL production. E. coli BAP1 expressing a Mod3pess+TE variant with either
an active (AT°) or inactive (AT° ACP°) ACP domain, WT DszAT, MatB, and MadLM were provided with 1 mM NDK-
SNAC and 5 mM fluoromalonate. Culture media were collected and analyzed by LC-QQQ after 24 h. Data are mean +
s.d. of biological replicates (n=3).

An endogenous E. coli protein complements the DEBS AT? mutation in F-TKL
production. We next sought to identify endogenous E. coli proteins that could be candidates for
supplementing the necessary trans-AT activity to our engineered PKS system as it would dominate
the extender unit selectivity in our system. We therefore examined the genes annotated in the
genome of Escherichia coli BL21(DE3) (NCBI Taxid ID 469008) as “acyltransferase” or
“transacylase”, which returned 13 proteins, of which 6 are unique genes (7able 3.1). From the list,
the malonyl-CoA:ACP transacylase (GenBank AKN47232.1) stood out as it carried out the same
enzymatic reaction as needed to complement the DEBS AT mutations. Further investigation
revealed that the malonyl-CoA:ACP transacylase is FabD, which functions in the fatty acid
synthase pathway to load malonyl-CoA extender units onto AcpP for the elongation of straight-
chain fatty acids. Given the promiscuity with fluoromalonyl-CoA that we have observed enzymes
that natively utilize malonyl-CoA as a substrate, we hypothesized that FabD may be able to load
the fluoromalonyl-CoA extender unit onto the ACP domain of DEBS modules through inter-
molecular protein-protein interactions. In fact, FabD proteins from various Streptomyces spp. have
been shown to function in Type II polyketide synthase pathways by loading the malonyl-CoA
extender unit onto PKS ACP domains [40-42].
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Table 3.1 Acyltransferases and transcylases annotated in the E. coli BL21 (DE3) genome.

Protein product Region name Length GenBank Gl Genomic Location

acyl transferase PRK10191 162 AKN48056.1 850015287 complement(CP011938.1:2030501..2030989)
acyl transferase WcaF 182 AKN48052.1 850015283 complement(CP011938.1:2026774..2027322)
malonyl-CoA-ACP transacylase FabD 309 CAQ31613.1 242376895 AM946981.2:1152289. 1153218
malonyl-CoA-[acyl-carrier-protein] transacylase FabD 309 ACT42983.1 253977313 CP001509.3:1152295..1153224

predicted colanic acid biosynthesis acyl transferase WcaB 162 CAQ32470.1 242377709 complement(AMO46981.2:2031068..2031556)
predicted acyl transferase WcaF 182 CAQ32466.1 242377705 complement(AM946981.2:2027341..2027889)
predicted acyl transferase CaiE 196 CAQ30555.1 242375875 complement(AM946981.2:38976..39566)
putative acyl transferase WcaB 162 ACT43815.1 253978145 complement(CP001509.3:2031074..2031562)
putative acyl transferase WcaF 182 ACT43811.1 253978141 complement(CP001509.3:2027347..2027895)
malonyl CoA-ACP transacylase FabD 309 AKN47232.1 850014463 CP011938.1:1151722..1152651

ACP S-malonyitransferase FabD 309 WP_000191372.1 446113517 nla

colanic acid biosynthesis acetyltransferase WcaB ~ WcaB 162 WP_000888740.1 446811484 n/a

glycerol-3-phosphate 1-O-acyitransferase PlsB PlsB 807 WP _000017354.1 445939499 n/a

Both FabD and DszAT proteins belong to the a-hydrolase family. Sequence analysis of FabD
revealed only 40% identity to DszAT (Figure 3.104). FabD also only exhibits 25-30% sequence
identity to other DEBS ATs (Module 1 AT = 25.75%; Module 2 AT = 30.2%; Module 3 AT =
26.81%; Module 4 AT =27.76%; Module 5 AT =30.24%; Module 6 AT =30%). The two proteins,
however, share invariant residues that are essential for their functions [43, 44], namely
(FabD/DszAT numbering) S92/S86, H201/H191, Q11/Q9, RI117/R111. S92/S86 and
H201/H191/Q9 represent the catalytic dyad for transacylation, while main-chain amide of Q11
forms oxyanion hole. R117/R11 is found at the base of the active site and interacts with f-carboxy
group of enzyme substrate. Further structural analysis reveals significant homology between FabD
and DszAT (Figure 3.10B). Overlaying the crystal structures of FabD (PDB ID 2G2Y) [43] and
DszAT (PDB ID 6 APG) [44] both bound to malonate shows that the proteins have a similar overall
fold (rmsd = 1.7 A) with both containing two subdomains with the active site in between. The
small subdomain contains 4 3-sheets while the large subdomain consists of 10-12 a-helices. The
active sites of the proteins also seem to have similar architecture with (FabD/DszAT numbering)
S92/S86, H201/H191, Q11/Q9, R117/R111 overlaying well. Moreover, the substrate malonate is
also bound in a similar orientation. The substrate pocket is largely polar. In both structures,
malonate is bound by salt bridge interactions between its f-carboxy group and the side chain amine
groups of R117/R111, positioning the carbonyl carbon near the active serine residues, which are
found in nearly identical position in both proteins, for nucleophilic attack. Notably, in DszAT,
F190 is found positioned near the Ca of malonate that may prevent binding of substrate with
bulkier substituent such as a methyl group at the a-position. In FabD, this residue is replaced with
S200, which may provide more flexibility in terms of substrate binding.

Interactions between AT and ACP domains has previously been shown to rely on a small
number of charged amino acid residues located near the active sites of the two protein domains
[19, 45]. R278 and R279 of DszAT interact with E70 of its native protein partner, DSZS ACP1.
Similarly, K180 of DszAT interacts with D45 of DSZS ACPI1 [45]. Sequence alignment shows
that these positively-charged interface residues of DszAT, R278, R279, and K180, correspond to
K276, R277, and R190 of FabD, maintaining the charge at the interface for interaction with an
ACP partner (Figure 3.10). This finding suggests that FabD could potentially interact with a
similar set of ACP partners as DszAT, including the ACP domains of DEBS.
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Figure 3.10 Sequence and structural alignment between FabD and DszAT. (A) Sequence alignment of FabD and
DszAT. Conserved functional residues (red), specificity-determining residue (blue), and ACP-interacting residues
(green) identified from biochemical experiments are highlighted. (B) Structural comparison between FabD (blue) and
DszAT (grey). The two proteins have the same overall fold (left), active site architecture (middle), and ACP-interaction
surface (right). Malonate is bound to both proteins in a similar orientation. Active site, specificity-determining, and
interface residues are shown in sticks for FabD (blue) and DszAT (grey).
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FabD accepts fluoromalonyl-coA. To investigate the ability of FabD to support F-TKL
production, FabD was cloned, overexpressed, purified to homogeneity (Figure 3.11). Next, FabD
was tested for its competence to produce triketide lactone in vitro with Mod3pess+TE (ATP).
Using this assay, we found that FabD was able to produce F-TKL and H-TKL at a level comparable
to DszAT when fluoromalonate and malonate were respectively provided (Figure 3.12).
Interestingly, FabD is also able to produce TKL at a much higher level than DszAT (Figure 3.12).
This result is somewhat surprising given its native role in straight-chain fatty acid biosynthesis.

To further characterize the activity of FabD with respect to polyketide formation, we examined
the steady-state kinetic behavior of FabD with respect to transacylation of ACPpepsmods using the
a-ketoglutarate dehydrogenase coupled assay [25]. In these assays, we found
that FabD is active on fluoromalonyl-CoA and malonyl-CoA extender units 230 b
with similar catalytic efficiency to that of DszAT (Figure 3.13). Moreover, 100 S

FabD was also found to be active on the methylmalonyl-CoA extender unit. % ;2:
However, unlike DszAT, which discriminates against methylmalonyl-CoA with 2

nearly 10°-fold lower catalytic efficiency, FabD accepts methylmalonyl-CoA ; 35 [
with comparable kinetic parameters to fluoromalonyl-CoA (Figure 3.13). This g 25
lack of discrimination is unexpected given the protein’s native role in fatty acid =

synthesis, although it might be a result of the absence of methylmalonyl-CoA in ‘

the native metabolite pool of E. coli. This result is consistent with our triketide -
lactone assay data that showed similar levels of activity of FabD and DszAT on ﬁfg"; 3}1;5,%;;
fluoromalonyl-CoA and malonyl-CoA, but increased level of FabD on gapp.

methylmalonyl-CoA.

In vivo selectivity of E. coli FabD for triketide lactone production. With information on
the activity and the selectivity of FabD in hand, we aimed to determine its role in controlling the
identity of the extender unit used in vivo for triketide lactone production. The in vitro studies
confirmed that FabD is competent to interact with ACPs from DEBS and can complement AT’
modules. Given its ability to accept all three extender units, FabD could affect the production of
more complex polyketide targets that require the cellular availability of multiple extender units.
Thus, we set out to investigate the selectivity of our cellular production platform by providing the
cultures with alternative or mixed extender units, assuming that the distribution of triketide lactone
product species would reflect the selectivity of the system.

In cells without DszAT, F-TKL is the dominant product when cells were provided with
fluoromalonate (Figure 3.14). A similar result was found with malonate, where H-TKL becomes
the major product. However, when cells were provided with methylmalonate, a mixture of TKL
and H-TKL were produced with both Mod3pess+TE (AT?) and Modépess+TE (AT?), suggesting
that methylmalonate is not able to suppress the production of H-TKL to the same extent as
fluoromalonate. Under mixed extender unit conditions in which E. coli cultures were provided
with equimolar fluoromalonate and either malonate or methylmalonate, we found that the product
profile follows the precursor profile. More specifically, when cultures were provided with
fluoromalonate and malonate, F-TKL and H-TKL were the major products; whereas, when
cultures were provided with fluoromalonate and methylmalonate, F-TKL and TKL became the
major products. This result suggests that the selectivity of the system in vivo is relaxed, likely due
to the possibility of complementation of the DEBS AT mutation by FabD, which is accepting of
all three substrates; thus, the outcome seems mainly governed by the provided precursors.
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were fit to Hill equation with substrate inhibition mode.Il Data points are average % s.d. of technical replicates (n=3). (B)
Table contains kcat, Ko.5, keat/Ko.5, Ki, and n calculated by non-linear curve fitting to the Hill equation with substrate
inhibition. Error in Kea/K is obtained by propagation from the individual kinetic terms. Data are mean * s.e. of technical
replicates (n=3).

79



>
)

70
60
40
=) < 50
= 301 W H-TKL EPN W H-TKL
3 W TKL B B Tkl
-E 20 W F-TKL -§ 30 B F-TKL
o a 20
10
10
0 0
+ - - + +  Fluoromalonate + - - + +  Fluoromalonate
+ - + - Malonate - + - + - Malonate
- + - + Methylmalonate - - + - + Methylmalonate

Figure 3.14. Influence of extender unit availability on in vivo selectivity of chain elongation by single-modular DEBS
constructs in engineered E. coli. Concentrated cell suspension of E. coli BAP1 expressing (A) Mod3pess+TE(AT?) or
(B) Mod6pess+TE(AT?), MatB, and MadLM were provided with 1 mM NDK-SNAC and 5 mM fluoromalonate, malonate,
and/or methylmalonate and analyzed by LC-QQQ after 24 h. Data are mean * s.d. of biological replicates (n=3).

3x10°
" ] | ]
E ] n n u
] s it
S 2x10% o °®
3 o ° ]
9 " a [ )
& e e "
G>J L] - n
= 1x10°% s = -9
- ]
00:’ o 1 ] g = ., . n :
[ ] ]
. (]
0_,_._.! N M | PR | PR | PR
0.1 1 10 100
[AT] (uM)
m DszAT, 5 mM Fluoromalonate
= DszAT, 1 mM Fluoromalonate
= DszAT, 0.2 mM Fluoromalonate
e FabD, 1 mM Fluoromalonate

Figure 3.15. Effect of trans-AT concentration on in vitro production of F-TKL. Relative amount of F-TKL are shown for
reactions containing 10 uM DEBSMod3/ATO+TE; 0.1, 0.25, 0.5, 1, 2.5, 5, 10, 25, 50, 100, or 250 uM WT DszAT (square)
or FabD (circle); 20 uM MatB; 0.2 (blue), 1 (grey, red), or 5 (black) mM fluoromalonate; 1 mM coenzyme A, and ATP
regeneration system. Reactions were quenched after overnight incubation at 37 °C and analyzed by LC-QQQ.

80



Consequently, extender unit ratios will need to be optimized by feeding, transport, and activation
separately for different PKS systems, depending on their differential usage of malonyl-CoA,
methylmalonyl-CoA, and fluoromalonyl-CoA.

Effect of trans-AT on triketide production in vitro. In order to begin assessing whether
increasing the overexpression levels of DszAT could allow it to outcompete endogenous FabD for
DEBS ACP domains, we decided to carry out a titration of DszAT and FabD using the in vitro
triketide production assay. Not surprisingly, we found that when the ratio between trans-AT: PKS
is less than 1, increasing the amount of frans-AT allows for concomitant increases of F-TKL
production (Figure 3.15). However, as the ratio of trans-AT:PKS is increased above 1, F-TKL
production is suppressed. Similar trends were observed for both DszAT and FabD. Upon further
examination of the effect of increased fluoromalonate, we observed that we could increase the
overall production yield of F-TKL (Figure 3.15).

Based on these data, we hypothesized that when trans-AT is sub-stoichiometric compared to
PKS module, PKS modules poised for transacylation remain unbound to the trans-AT. Thus,
increasing the relative concentration of trans-AT protein led to increased ratio of bound PKS
modules and a concomitant increase in F-TKL production. However, if the trans-AT levels
become too high, it could remain bound to the PKS module after transacylation in an unproductive
complex that prevents turnover of the PKS module for another catalytic cycle.

These results emphasize the importance of careful tuning of the relative levels of pathway
proteins in the production host. It is also consistent with our finding that overexpression of DszAT
in production cultures did not increase F-TKL yield, given that the host could utilize endogenous
FabD to carry out DEBS ACP transacylation. Indeed, overexpressed DszAT may even shift the
system into the regime where excess trans-AT could be inhibitory as DszAT is expressed at a
significantly higher level than the DEBS proteins. Moreover, overexpressing DszAT possibly
lowers the amount of DEBS module protein inside the cell due to expression limit.

3.4 Conclusions

We have developed an in vivo model system that can amplify the production of a simple
fluorine-containing polyketide molecule to mg/L levels. The fluoromalonate transporters, MadLM
and MatC, along the malonate:CoA ligase MatB supports the formation of sufficient intracellular
concentration of fluoromalonyl-CoA extender unit for use by PKS pathways, leading to an increase
in F-TKL yield. Cell growth experiments show that high levels of fluoromalonyl-CoA can cause
growth defects, but the accumulation was not high enough with the downstream PKS expressed to
be probematic. Experiments with different DzAT variants suggest that the relative ratio of
carboxyacyl-CoA extender units in the cell mainly control the identity of the extender unit used to
complement the AT? mutation on the PKS module. Studies suggest that one reason for this is that
an endogenous E. coli acyltransferase protein, FabD, may present a similar ACP interaction
surface as DszAT and thus be able to compete with DszAT under in vivo production conditions
for DEBS complementation. This hypothesis is consistent with the observation of TKL, which
arises from chain extension with methylmalonyl-CoA, even when this substrate is likely excluded
by DszAT under cellular conditions with a 10°-defect in catalytic efficiency. Despite FabD’s role
in straight-chain fatty acid synthesis in the host, in vitro transacylation studies show that it is able
to transacylate ACPpessmods With catalytic efficiency of only 5-fold lower than the native substrate,
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malonyl-CoA. so role in polyketide production. However, it remains to be investigated whether
FabD would be a factor in the complement of a broad range of PKS beyond DEBS.
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Chapter 4: Cellular production of fluorine-containing polyketide
pharmaceuticals
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4.1 Introduction

In this chapter, we describe efforts to expand our in vivo system for site-selective fluorine
incorporation from single-module PKS systems to full-length PKSs to produce increasingly
complex molecules using both E. coli and model streptomycetes as hosts. In the previous chapter,
we had introduced a single-module PKS with inactivating mutation in AT domain (AT®) into an
E. coli production host and showed that the expected F-TKL product was produced as the major
polyketide product. Here, we aim to extend this work with single modules to a full-length PKS
that can biosynthesize molecules with the structural complexity used in pharmaceuticals.

In transferring this platform to multi-modular system, we must address multiple major
challenges. One issue is that multi-modular PKS enzymes are extremely large (>200kD in size)
and likely would push the limits of the protein expression power of our host organism; however,
as there are examples of PKS pathways reconstituted in E. coli host, we believe this task is
achievable [1, 2]. Large proteins are encoded by long DNA sequences and bring with them
challenging cloning tasks. We expect that to introduce active site mutations into the AT domains
of multi-modular PKS enzymes would involve advance DNA manipulation techniques [3-5].

Furthermore, to assemble large, multi-modular polyketide molecules requires many types of
extender units to be simultaneously present. Most modular polyketide synthases are constructed
from a variety of extender units that are differentially selected by different modules due to the
selectivity of their AT domains [6, 7]. In order to incorporate fluorine functional group into
polyketides, we had devised a system to accumulate and incorporate fluoromalonyl-CoA.
However, to biosynthesize fluorine-containing complex polyketide molecules that require multiple
chain elongation steps, other extender units need to also be available and would compete with
fluoromalonyl-CoA for selection by the trans-AT. Our previous work has shown that the identity
of the incorporated extender unit depends both on the relative concentrations of the various
available extender units as well as the selectivity of the trans-AT.

In addition to cellular extender unit availability and trans-AT selectivity, a multi-modular PKS
contains many functional cis-AT domains. Given the sequence conservation between modules and
the observation that the multi-modular PKS pathway DEBS containing an AT’ mutation maintains
the ability produce its native product 6dEB [6], it is believed that other functional cis-ATs within
the PKS can complement a module without a functional AT domain. In the context of our
complementation strategy, our trans-AT would need to be able to outcompete other functional cis-
AT domains within the synthase for transacylation of the AT’ module, giving rise to a non-
fluorinated product.

We decided to initiate these efforts with the DEBS PKS as it is one of the most well
characterized PKS systems and we have already had success with in vitro complementation of the
full-length system and in vivo complementation of single-module DEBS models. In both of these
platforms, we have shown that fluoromalonyl-CoA can be incorporated into the 6dEB or triketide
lactone product through DszAT complementation of the AT® module. The complete DEBS
pathway has been reconstituted in E. coli and optimized for 6dEB production yield. The DEBS
pathway was originally reconstituted in E. coli BAP1 on two plasmids utilizing the T7 promoter
to drive heterologous expression: pBP144 encoding for DEBS1, and pBP130 encoding for DEBS2
and DEBS3 [8]. In addition, pBP130 also contains an operon encoding the propionyl-CoA
carboxylase subunits, pccAB, which together function to provide the extender unit methylmalonyl-
CoA from propionyl-CoA [8]. To date, both the pathway plasmids and the host have undergone
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multiple iterations of re-design and engineering to optimize the yield of 6dEB product under
different conditions [9-11]

Despite the advantages that E. coli provides, we also wanted to explore other host systems. As
previously mentioned, Streptomyces spp. are often chosen as heterologous expression hosts for
PKS pathways due to their close phylogenetic relationship to many native producers. In fact, more
PKS pathways have been reconstituted in streptomycetes than in E. coli, including the DEBS
pathway [12-14]. Streptomycetes provide many advantages over E. coli host. Among them is the
secondary metabolism that occurs after the primary growth phase allows the organism to reach its
optimal population density. During secondary metabolites, cells are not dividing and could devote
their resources to biosynthesizing defense molecules such as polyketide products [15]. Secondary
metabolism is characterized by an increased diversity of the metabolites pool and allows
production to be uncoupled from growth. Furthermore, since streptomycetes naturally produce
both malonyl-CoA and methylmalonyl-CoA, they may have evolved mechanisms to separate these
pools and may not have as many challenges for crosstalk between these extender units compared
to E. coli. Thus, we have also initiated studies to explore the possibility of developing a model
streptomycetes as a host for fluorine incorporation.

4.2 Materials and Methods

Commercial Materials. Luria-Bertani (LB) Broth Miller, LB Agar Miller, Terrific Broth
(TB), tryptic soy broth, nutrient broth, magnesium sulfate anhydrous, and glycerol were purchased
from EMD Biosciences (Damstadt, Germany). Carbenicillin (Cb), glucose, isopropyl-B-D-
thiogalactopyranoside (IPTG), tris(hydroxymethyl)aminomethane hydrochloride (Tris-HCl),
lithium acetate, sodium chloride, sodium acetate, calcium chloride, sucrose, 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES), magnesium chloride hexahydrate, kanamycin (Km),
acetonitrile, ethyl acetate, ethylene diamine tetraacetic acid disodium dihydrate (EDTA), sodium
phosphate monobasic, potassium phosphate monobasic, ammonium chloride, calcium carbonate,
arabinose, yeast extract, were purchased from Fisher Scientific (Pittsburgh, PA). Coenzyme A
trilithium sodium salt (CoA), malonyl-CoA, methylmalonyl-CoA, malonic acid, methylmalonic
acid, tris(2-carboxyethyl)phosphine hydrochloride (TCEP), adenosine trisodium phosphate
sodium salt (ATP), B-mercaptoethanol, sodium phosphate dibasic heptahydrate acetonitrile,
dimethyl sulfoxide (DMSO), sodium propionate, ammonium formate, chloramphenicol, PEG
3350, sorbitol, phenol:chloroform:isoamyl alcohol, 2,4-diaminopimelic acid, mannitol, soy bean
flour, and Triton X-100 were purchased from Sigma-Aldrich (St. Louis, MO).
Diethylfluoromalonate was purchased from Sigma-Aldrich (St. Louise, MO) or from Matrix
Scientific (West Columbia, SC). Spectinomycin was purchased from Chem-Impex International
(Wood Dale, IL). Formic acid, perchloric acid were purchased from Fluka (Charlotte, NC). 2-
methyl-3-oxopentanoic acid ethyl ester was purchased from Fragmenta (Monmouth Junction, NJ).
Sodium dodecyl sulfate (SDS), Mini-PROTEAN TGX 8-16%, and Bio-Rad protein assay dye
reagent concentrate was purchased from Bio-Rad Laboratories (Hercules, CA). Restriction
enzymes, T4 DNA ligase, and Phusion DNA polymerase were purchased from New England
Biolabs (Ipswich, MA). GoTaq Green Master Mix was purchased from Promega (Madison, WI).
Deoxynucleotides (AINTPs) and salmon sperm DNA were purchased from Invitrogen (Carlsbad,
CA). PageRuler™ Plus prestained protein ladder was purchased from Fermentas (Glen Burnie,
Maryland). Bacto agar, peptone, casamino acid, and yeast nitrogen base without amino acids were
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purchased from Becton, Dickinson and Company (Franklin Lakes, NJ). Malt extract was
purchased from Merck (Kenilworth, NJ). SC powders were purchased from Sunrise science
products (Knoxville, TN). 2xYT was purchased from HiMedia (West Chester, PA).
Oligonucleotides were purchased from Integrated DNA Technologies (Coralville, IA),
resuspended at a stock concentration of 100 uM in water. DNA purification kits, Large Construct
Kit, and Ni-NTA agarose were purchased from Qiagen (Valencia, CA). Zymolyase, Frozen-EZ
Yeast Transformation II Kit, and Zymoclean Large Fragment DNA Recovery Kit were
Zymoresearch (Tustin, CA). Amico Ultra 3,000 MWCO concentrators were purchased from EMD
Millipore (Billerica, MA). Chloroform-d was purchased from Cambridge Isotope Laboratories
(Andover, MA). BC- and 'H-NMR spectra were collected at 25°C on Bruker AV-600
spectrometers at the College of Chemistry NMR Facility at the University of California, Berkeley.
High-resolution mass spectral analyses were carried out on either an Agilent 1290 connected to a
6530 QTOF Accurate Mass spectrometer or an Agilent 1290 connected to a 6460 QQQ mass
spectrometer (Santa Clara, CA).

Bacterial and fungal strains. E. coli DH10B-T1R was used for DNA construction. E. coli
BAP1 [8], BAP1-T1R [16], TB3 [17], and LFO1 [18] were used for production. E. coli WM3064
was used for conjugal transfer of DNA into Streptomyces albus J1074. Saccharomyces cerevisiae
VL6-48 [19] was used for transformation-associated recombination and gene editing.
Streptomyces albus J1074 [20] and Streptomyces lividans K4-114 [21] were used for production.

Gene and plasmid construction. Standard molecular biology techniques were used to carry
out plasmid construction. All PCR amplifications were carried out with Phusion High Fidelity
DNA polymerase or with Taq DNA polymerase using GoTaqGreen master mix. For amplification
of GC-rich sequences, PCR reactions carried out with Phusion High Fidelity DNA polymerase
were performed in the GC buffer supplemented with 10% DMSO and 1 M betaine with primer
annealing temperatures 4-8 °C below the Tm. DNA assembly was performed using the isothermal
Gibson assembly protocol [22]. For analysis and isolation of large DNA fragments from agarose
gel, 0.3-0.6 % gel and zymoclean large fragment DNA recovery kit (Zymoresearch) were used.
All constructs were verified by sequencing (Sanger sequencing, UC Berkeley DNA sequencing
facility, Berkeley; next generation sequencing, MGH CCIB DNA core, Cambridge, MA).

pBP(JW)130, pBP(JW)144 [8] and pDEBS [18] were gifts from the laboratory of Professor
Blaine Pfeifer at the University at Buffalo. pCK7 [23] was a gift from the laboratory of Professor
Chaitan Khosla at Stanford University. pCas, pTargetF [24], and pCap01 [25] were purchased
from Addgene. pCas PPhe-Bsal NAT [26] was a gift from the laboratory of Professor Jamie Cate
at the University of California, Berkeley.

pBP144 DEBSI(Modl AT’). pBP144 DEBS1(Modl AT?) encodes for DEBS1 with SI181A
mutation. The plasmid was cloned by first replacing the section to be mutated from the parent
plasmid with a Cm® marker and then removing it upon insertion of the piece bearing the desired
mutation. This strategy allows for identification of mutants using antibiotic selection. The Cm®
cassette was amplified with primers Cm-pT7-PhaEC-F/Cm-pT7-PhaEC-R from pT7-CapPhaEC
[16] and inserted into the BsiWI-BstBI site of BP144 via Gibson assembly. E. coli containing
resulting plasmids were selected on culture medium containing carbenicillin and chloramphenicol.
Plasmids containing both resistance markers were further screened by restriction analysis by Xhol.
Plasmids with the correct restriction pattern were confirmed by diagnostic Sanger sequencing.
Segments of DEBS Module 1 were then amplified from pBP144 by two primer sets, DEBS1-
1/DEBS1-2, and DEBS1-3/DEBS1-4. DEBS1-2 and DEBS1-3 contained the desired S1181A

89



mutation to be introduced to the active site of the AT domain of Module 1. The CmR-containing
pBP144 intermediate was digested with BsiWI and BstBI to remove the Cm® insert, which was
replaced with the mutated Module 1 segments by Gibson assembly to generate a scarless construct
with the AT® mutation in Module 1. The resulting transformants were screened for Cm sensitivity
followed by restriction analysis of the isolated plasmids by Xhol. Plasmids with the correct
restriction patterns were confirmed by complete plasmid sequencing to ensure that no other
changes had been introduced.

pBP130_DEBS2(Mod3 AT’). pBP130_DEBS2(Mod3 AT’) encodes for DEBS2 with S653A
mutation. The CmR® cassette was amplified with primers pACYC184 CmOperon
pBP130 M3 Fwd Pacl/pACYC184 CmOperon pBP130 M3 Rev Spel from pACYC184 and
inserted into the MauBI-Bael site of pBP130 using Gibson assembly. E. coli containing resulting
plasmids were selected on culture medium containing carbenicillin and chloramphenicol. A
segment of DEBS Module 3 was amplified with primers pET21-M3-RP/pET21-M3-FP2 from
pAYC136 to introduce the desired S653A into the AT domain of DEBS Module 3. The Cm"-
containing pBP130 intermediate was digested with Pacl and Spel to remove the CmR cassette,
which was replacred with the mutated Module 3 segments by Gibson assembly to generate a
scarless construct with the AT® mutation in Module 3. The resulting transformants were screened
for Cm sensitivity followed by restriction analysis of the isolated plasmids by Xhol. Plasmids with
the correct restriction patterns were confirmed by complete plasmid sequencing to ensure that no
other changes had been introduced.

pBP130 _Mod 5(AT’). The segment of DEBS Module 5 containing the desired S642A mutation
was amplified with primers M5 _BbvCl/ M5_Nsil from pFW100 DEBS3(Mod5 AT?) (Section
2.2) and gel purified (3.5 kB). pPBP130 was digested with BbvCI and Nsil and the resulting 22 kB
band was gel purified to provide the backbone. The backbone and insert were then ligated with T4
ligase. The plasmid candidates were screened by restriction analysis with Notl. Plasmids with the
correct restriction patterns were confirmed by complete plasmid sequencing to ensure that no other
changes had been introduced.

pBP130 _Mod 6(AT°). pPFW100 DEBS3(Mod6 ATO0) (Section 2.2) was digested with AsiSI
and BbvClI and the resulting 6 kB fragment containing the desired S2107A mutation was gel
purified. pBP130 was digested with AsiSI and BbvClI and the resulting 20 kB band was gel purified
to provide the backbone. The backbone and insert were then ligated with T4 ligase. The plasmid
candidates were screened by restriction analysis with Xhol. Plasmids with the correct restriction
patterns were confirmed by complete plasmid sequencing to ensure that no other changes had been
introduced.

Preparation of fluoromalonate.  Fluoromalonate @ were  synthesized  from
diethylfluoromalonate as previously described in Chapter 2 [27].

Production of 6dEB analogs in E. coli. 6dEB analogs were produced in E. coli BAP1 or
BAPI1-TIR cultures grown in growth medium previously optimized for 6dEB production [28]. The
6dEB production medium (50 mL) containing appropriate antibiotics in a 250 mL baffled flask
was inoculated with 1 mL (2% volume) of overnight culture of E. coli harboring appropriate
plasmids in the same medium. Cultures were grown to ODgoo = 0.4-0.6 at 37 °C with shaking at
200 rpm, at which point cultures were cooled on ice for 20-40 min before inducing protein
expression (I mM IPTG). Cultures were incubated at 22 °C with shaking at 250 rpm for 16-24 h.
Cells were then collected by centrifugation at 10,000 % g for 5 min at 4 °C and resuspended in 1.5
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mL of fresh media containing ImM IPTG, 0.2% (w/v) arabinose, 5 mM fluoromalonate, 20 mM
propionate, and appropriate antibiotics. High-density cultures were grown in 14-mL round-bottom
Falcon test tubes for another 16-24 h at 22 °C with shaking at 250 rpm, after which they were
collected by centrifugation at 20,817 x g for 1 min 4°C.

Supernatant (1.5 mL) was removed and extracted with 4 x 0.5 mL ethyl acetate by vortexing
for 15-30 s and separating the layers by centrifugation at 13,000 % g for 3 min. The combined
organic layers were dried by Speed Vac SC110 (Savant), resuspended in 30 pL. of methanol, and
analyzed by LC-QTOF or LC-QQQ. Alternatively, for semi-quantitative analysis, supernatant was
acidified by perchloric acid to 5% (v/v) final concentration to precipitate proteins. Acidified culture
medium was centrifuged 20,817 % g for 10 min at 4 °C and the supernatant removed for analysis.

For large scale production of 2-fluoro-2-desmethyl 6dEB analog, the 6dEB production medium
(12 x 500 mL) containing appropriate antibiotics in a 12 x 2.5 L ultrayield flask was inoculated
with 5 mL (1% volume) of overnight culture of E. coli harboring pBP130_DEBS3(Mod6 AT?),
pBP144, and pFmal(MadLM) in the same medium. Cultures were grown to ODgoo = 0.4-0.6 at 37
°C with shaking at 200 rpm, at which point cultures were cooled on ice for 20-40 min before
inducing protein expression with 1 mM IPTG. Cultures were incubated at 22 °C with shaking at
250 rpm for 16-24 h. Cells were then collected by centrifugation at 8,000 x g for 5 min at 4 °C and
each culture was resuspended in 20 mL of fresh media containing ImM IPTG, 0.2% (w/v)
arabinose, 5 mM fluoromalonate, 20 mM propionate, and appropriate antibiotics. High-density
cell suspension was transferred to 250 mL baffled flask and incubated for another 16-24 h at 22
°C with shaking at 250 rpm. Following incubation, cells were harvested by centrifugation at 8,000
x g for 5 min and resuspended in fresh media containing substrates, inducers, and antibiotics.
Supernatant was collected for extraction.

Supernatant (40 mL) was extracted with 4 x 10 mL ethyl acetate by vortexing for 15-30 s and
separating the layers by centrifugation at 8,000 x g for 5 min. The combined organic layers were
dried by rotary evaporation.

Identification of 6dEB analogs. Products were analyzed by LC-QTOF high-resolution mass
spectrometry in positive ionization mode on at Agilent 6530B Q-TOF MS. Samples were analyzed
on Ascentis Express RP-amide HPLC columns (2.7 um, 2.1 mm x 10 cm, 25 °C; Supelco) on an
Agilent 1290 UPLC using a linear gradient from 5 to 65% acetonitrile over 16.75 min with 0.1%
(v/v) formic acid as the aqueous mobile phase after an initial increase of 0 to 5% acetonitrile over
30 s at flow rate of 0.25 mL/min. Fragmentation analysis was performed using the targeted MS/MS
mode with fragmentation voltage of 185 and collision energy of 10. Masses observed corresponded
to [M+H"-H>0]" of the target molecules as follows (molecular formula, expected mass, observed
mass, Appm(exp-obs)): 6dEB (C21H370s", 369.2636, 369.2641, 1.4 ppm), desmethyl 6dEB
(C20H350s", 355.2479, 355.2482, 0.8 ppm), and fluorodesmethyl 6dEB (C20H34FOs", 373.2385,
373.2388, 0.8 ppm).

From the fragmentation patterns, unique transitions were developed for detection with
increased sensitivity using an Agilent 6460 QQQ UPLC/MS mass spectrometer using MRM in
positive ionization mode with the same LC method. Products were monitored with transitions as
follows (parent m/z = product m/z, fragmentor, collision energy): 6dEB (369.2->239.1, 50, 1), 2-
desmethyl 6dEB (355.2->239.1, 50, 1), 8-desmethyl 6dEB (355.2->225.1, 50,1). 2-fluoro-2-
desmethyl 6dEB (373.2->275.1, 105, 0).
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9F-.NMR of fluorine-containing 6dEB analogs in E. coli culture medium. Culture extract
(500 uL) was mixed with 100 uL of methanol and 100 pL of 1 pM 5-fluorouracil in D>O. F-NMR
spectrum was collected at 298 K on a Bruker AV-600 spectrometer at the College of Chemistry
NMR Facility. Tune and shimwere optimized. Spectrum was collected using the 19f.cocnmr.av600
pulse program with following parameters: rg = 512, olp = -200, sw = 300, td =131072, d1 =0, ds
=20, ns = 1000. Resulting spectrum was processed by MestReNova by backward linear prediction
from 0 to 128 using Toeplitz method and phased manually. Spectrum was referenced by a set of
doublet corresponding to fluorouracil at -169 ppm.

CoA extraction from E. coli and analysis. The ODsoo of cultures to be analyzed was
measured and a culture volume equivalent to 10 mL of sample at 1 OD/mL was collected. The
samples were pelleted by centrifugation at 10,000 x g for 3 min at 4 °C in a 15 mL conical
centrifuge tube, decanted, and stored at -80 °C until analysis. At the time of analysis, frozen pellets
were centrifuged at 10,000 x g for 3 min at 4 °C and any additional media was removed by pipet.
Trichloroacetic acid (150 pL, 10% final concentration) containing 1 mM crotonyl-CoA and an
internal standard was added to each cell pallet, which was then resuspended through the wash-
board method by passing over a microcentrifuge rack 20 times. Resuspended cells were incubated
on ice for 10 mins with vortexing for 15 s every 3 min. The cell suspension was centrifuged at
10,000 x g for 10 min at 4 °C. The supernatant was removed by pipet, transferred to 1.7 mL
microcentrifuge tube, centrifuged at 20,000 x g for 10 min at 4 °C. The supernatant was collected
and analyzed by LC-QQQ using an Agilent 1290 UPLC and Agilent 6460 Triple Quadrupole mass
spectrometer using multiple reaction monitoring (MRM) in positive ionization mode. Samples
were analyzed on a Poroshell HPH-C18 column (2.7 pm, 2.1 x 100mm, room temperature,
Agilent) using a linear gradient from 0 to 20 % acetonitrile over 6 min (0.6 mL/min) after an initial
hold at 0 % acetonitrile for 30 s with 10 mM ammonium formate as the aqueous mobile phase.
Transitions used to monitor acyl-CoAs were as follows (transition, collision energy, fragmentation
voltage): Coenzyme A (768 = 261, 135, 35); acetyl-CoA (810 = 303, 135, 35); propionyl-CoA
(824 > 317, 135, 35); fluoroacetyl-CoA (828 - 321, 135, 35); crotonyl-CoA (836 - 329, 135,
35); malonyl-CoA (854 - 347, 135, 35); methylmalonyl-CoA (868 - 361, 135, 35); and
fluoromalonyl-CoA (872 - 365, 135, 35). Ion counts were normalized by the crotonyl-CoA
internal standard in each sample. Quantification was performed by comparing normalized ion
counts to external standard curves built using commercial or synthetic standards.

For quantification of methylmalonyl-CoA, which has the same mass transition and similar
retention time to succinyl-CoA, *C-propionate was used for confirmation. Cultures fed with '*C-
propionate were grown and processed as described above. *C-labeled metabolites were monitored
as follows (transition, collision energy, fragmentation voltage): 1*C-propionyl-CoA (825 = 318,
135, 35); 1*C-methylmalonyl-CoA (869 = 362, 135, 35). The increase in '*C-methylmalonyl-CoA
in cultures fed with '*C-propionate compared to unfed cultures was similar to an increase in '2C-
methylmalonyl-CoA in cultures fed with >C-propionate and was taken as the amount of
methylmalonyl-CoA rather than succinyl-CoA.

A-red-mediated genome editing of E. coli. The protocol used was adapted from a previously
reported method [24]. LB culture medium (1 L) with 50 pg/mL kanamycin in 2.5 L ultra-yield
flask was inoculated with overnight culture (10 mL) of E. coli BAP1 pCas. Cells were grown at
30 °C with shaking at 200 rpm to ODsoo = 0.1, at which time, A-red was induced by the addition of
arabinose (0.2% (w/v)). Cells were grown until ODgoo = 0.3-0.4 at 30 °C with shaking at 200 rpm.
Cells were then made electrocompetent by washing in cold 10% (v/v) glycerol three times. Briefly,
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cells were harvested by centrifugation at 8,000 x g for 5 min, and after decanting supernatant,
resuspended at 50%, 50%, and then 5% culture volume. Cell density was adjusted to ODgoo = 100
by resuspending in cold 10% (v/v) glycerol after the final wash and aliquots (40 puL) were stored
at -80 °C without flash freezing. An aliquot of electrocompetent cells was thawed on ice, mixed
with 100 ng of pTargetF and 400 ng of repair oligos, and electroporated. Cells were recovered at
30 °C for 1-2 h before plating of selection media containing kanamycin and spectinomycin. Edited
cells form visible colonies after incubation at 30 °C for 2 days. Targeted chromosomal regions
were amplified by colony PCR and sequenced to confirm editing.

To insert guide sequences into pTargetF, the plasmid was digested with Spel overnight. A
primer pair containing 20 bp guide sequence flanked by Gibson overhangs was then inserted into
the digested pTargetF plasmid via Gibson assembly. To construct pTargetF for knocking out FadR,
primers FadR gibsonF/FadR gibsonR were used. To construct pTargetF for editing FabD,
primers FabD GibsonF/FabD GibsonR were used.

Repair oligos were constructed by splice-by-overlap-extension (SOE) PCR from two
overlapping PCR fragments that contain the mutation in the overlapping region introduced by
primers. To knock out FadR, fragments were amplified by colony PCR of E. coli BAP1 with
primer sets FadR SOEF2/FadR_SOEmidR and FadR SOEmidF/FadR _SOER2. To edit FabD,
one fragment was amplified by colony PCR of E. coli BAP1 with the FabDRO _1F primer paired
with either FabDRO 1R Val, FabDRO 1R Phe, or FabDRO 1R _Ala primers for introducing the
S200V, S200F, and S200A mutations, respectively. The second fragment was amplified using the
FabDRO 2R primer paired with either FabDRO 2F Val, FabDRO 2F Phe, or FabDRO 2F Ala
for introducing the S200V, S200F, and S200A mutations respectively. Silent mutations were
further introduced into SOE PCR products by another round of SOE PCR from two fragments.
One fragment was amplified using primers FabDRO 1F/FabDRO gl Mutate R, whereas the
second fragment was amplified using primers FabDRO 2R/FabDRO gl Mutate F. Silent
mutations were introduced to abolish recognition by Cas9 guide RNA of the edited sequence as
the PAM site could not be mutated.

Construction of pCap01_DEBS via transformation-associated recombination in
Saccharomyces cerevisiae. Capture arms specific to the DEBS pathway and its actinorhodin
promoter were added to pCap01 [25]. Capture arms to be inserted into pCap01 were constructed
by SOE PCR from three overlapping gBlocks, CapActPDEBS1, CapActPDEBS2, and
CapActPDEBS3, using primers pCAPO1ActpDEBS1F1/pCAPO1ActpDEBS1R1. The SOE PCR
product and pCap01 were then digested with Xhol and Kpnl and ligated using T4 ligase to yield
pCap01 DEBSCaptureArms. The resulting plasmid was confirmed by sequencing.

To construct pCap01 DEBS, S. cerevisiae were made competent and transformed using
Frozen-EZ Yeast Transformation II Kit (Zymoresearch) according to the manufacturers’ protocol
or through the lithium method [29].

To transform S. cerevisiae using the lithium method, an overnight culture was diluted to ODsoo
=0.1 in 50 mL of YPD in a 250 mL unbaffled flask and grown to ODsoo of 0.4-0.6. Cells (50 mL)
were harvested by centrifugation at 1,000 x g for 5 min, washed once with 50 mL of 100 mM
lithium acetate in buffer TE (10 mM Tris and 1 mM EDTA), and resuspended in 1 mL of 100 mM
lithium acetate in buffer TE. Competent cells were aliquoted to 100 pL for each transformation
and used fresh. To transform, 5-10 ng of pCap01 DEBSCaptureArms linearized by BamHI and
5-10-fold excess of pCK7 linearized by HindIII and Ecol were added to 100 pL of cell suspension.
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Boiled and cooled 10 mg/mL salmon sperm DNA was add to 1/10 of the volume of cell suspension.
Cells and DNA were mixed by vortexing before adding 750 pL. of PEG mixture (40% (w/v) PEG
3350 and 100 mM lithium acetate in TE buffer). The cell suspension was vortexed again and
incubated at 30 °C for 1 h. At this time, DMSO (100 pL) was added and the mixture was heat
shocked at 42 °C for 15 min. Cells were then harvested by centrifugation for 15-30 s at 13,000 x
g at room temperature, and the supernatant was removed by pipet. The cell pellet was resuspended
in YPD and plated on synthetic complete medium without tryptophan. Plates were incubated at 30
°C for 2 nights until colonies appeared.

CRISPR/Cas-mediated editing of yeast artificial chromosome. To insert guide sequences
into pCas_PPhe-Bsal NAT, the plasmid was digested with Bsal. Primer pairs containing 20 bp
guide sequence flanked by Gibson overhangs were then inserted into the digested pCas PPhe-
Bsal NAT plasmid via Gibson assembly. To construct pCas PPhe-Bsal NAT for editing the AT
domain of Module 1,2,3, and 6 of DEBS, primer sets M1D1/M1DIR, M2D1/M2DI1R,
M3D1/M3DI1R, and M6D1/M6D1R were used respectively.

Yeast cells containing YAC pCAPO1_DEBS were co-transformed with 1 pg of pCas PPhe-
Bsal NAT plasmid with appropriate guide sequence and 5 ug of repair template. Repair templates
for Module 1, 2, 3, and 6 were constructed by amplifying ultramer primer pairs M1 repair oligo
F/M1 repair oligo R, M2 repair oligo F/M2 repair oligo R, M3 repair oligo F/M3 repair oligo R,
M6 repair oligo F/M6 repair oligo R, respectively. Cells were plated on synthetic complete
medium without tryptophan and nourseothricin antibiotic.

Total DNA extraction from yeast. A yeast colony was picked and resuspended in 200 uL
Smash-and-grab Buffer (10 mM Tris pH 8.0, ] mM EDTA. 100 mM sodium chloride, 1 % SDS,
and 2 % Triton X-100) in plastic 2 mL screw-top tubes with o-ring seals (Thomas Scientific). 1
mM glass beads (200 puL) were added to the cell suspension, and cells were lysed by bead beating
for 5 x 30 s at maximum speed using a Mini-Beadbeater-24 (Biospec). Cell lysate was mixed with
200 pL of equilibrated phenol and mixed by vortexing. This mixture was extracted with 200 pL of
water and centrifuged at 20,817 x g for 5 min at 4 °C. The aqueous layer was transferred to a
microcentrifuge tube and mixed with 1 mL of cold ethanol and incubated on ice to precipitate
DNA. The DNA was pelleted by centrifugation at 20,817 g for 5 min at 4 °C. After discarding
the supernatant, the DNA pellet was washed with 500 puL of 100% ethanol and air-dried before
resuspending in 10 pL of water.

Yeast artificial chromosome isolation. The yeast artificial chromosome was isolated based
on a previously published protocol [30]. An overnight yeast culture (10 mL) was inoculated into
500 mL of appropriate synthetic complete medium in 2.5 L ultra-yield flask and grown to ODsoo
= 1.5, at which point cells were harvested by centrifugation at 5,000 x g for 10 min at 4 °C. The
cell pellets were resuspended in 100 mL of water, transferred to 50 mL Falcon tubes, and pelleted
again by centrifugation. Cell pellets were stored at -20 °C until DNA isolation.

Each cell pellet was resuspended in 40 mL of SPE Buffer (10 mM sodium phosphate, 1 M
sorbitol, 10 mM EDTA, pH 7.5). Cells were spheroplasted by adding Zymolyase 100T (50 pL)
and BME (40 pL) and incubated at 37 °C for 1 h. Spheroplasting efficiency was measured by
adding 200 pL of spheroplast suspension to 1.8 pL of 2 % (w/v) SDS or 1 M sorbitol and
monitoring the ODgoo. When the two ODeoo readings were 4- to 5-fold different from each other,
yeast spheroplasts were deemed ready and harvested by centrifugation at 1000 % g for 5 min at 4
°C. The supernatant was discarded and spheroplasts were resuspended in 1 M sorbitol (1 mL).
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Spheroplasts were lysed by adding 20 mL of Lysis Buffer (50 mM Tris-HCI, 20 mM EDTA, and
1% (w/v) SDS, pH 12.8) and incubating at 37 °C for 30 min. DNA was extracted by adding room
temperature phenol:chloroform:isoamyl alcohol (20 mL). The mixture was centrifuged at 5,000 x
g for 20 min at room temperature. The aqueous layer was collected in a separate tube and mixed
with 3 M sodium acetate (2 mL) and isopropanol (20 mL) to precipitate DNA, which was pelleted
by centrifugation at 20,817 % g for 30 min at 4 °C. The supernatant was discarded and the DNA
pellet was rinsed with 10 mL of 70% ethanol.

The circular YAC was then isolated from total DNA using a Qiagen Large-Construct Kit. The
DNA pellet was resuspended in TE buffer (1 mL) after which 3 pL of 10 mg/mL RNase A was
added to degrade RNA. After incubating for 30 min at 37 °C, the solution was diluted into 10 mL
of Buffer EX (Qiagen) and incubated with 200 pL of ATP-dependent exonuclease and 300 uL. of
100 mM ATP at 37 °C for 30 min to degrade linear DNA. A Qiagen-tip 500 column was
equilibrated with 10 mL of buffer QBT (Qiagen). The DNA sample was mixed with 12 mL of
Buffer QS (Qiagen) and centrifuged at 5,000 x g for 10 min at 4 °C to remove undissolved material.
The sample was then applied to the equilibrated Qiagen-tip 500 column. The column was washed
with 30 mL of Buffer QC (Qiagen), and DNA was eluted with 12 mL of Buffer QF (Qiagen)
equilibrated to 55 °C. The DNA was precipitated from the eluate by adding 15 pL of 10 mg/mL
total yeast tRNA, 1.2 mL of 3 M sodium acetate, and 12 mL of isopropanol, and centrifuging at
5,000 x g for 1 h at 4 °C. The DNA pellet was washed with 5 mL of 70% ethanol, air dried, and
resuspended in water. The isolated YAC DNA was used for restriction patterning and
transformation into E. coli.

Streptomyces albus J1074 spore suspension preparation. A liquid culture of S. albus was
plated on an MS agar plate and incubated at 30 °C until a white aerial mycelium appeared (~3-7
d). Sterile water (10 mL) was added to the plate, and the surface was scraped with an inoculation
loop. The crude spore suspension was then transferred to a 15 mL conical tube and vortexed
vigorously to break up spores from mycelia. The spores were pelleted by centrifugation at 1,000
x g for 10 min at 4 °C. Spores collected at the bottom of the tube while mycelia floats on top of
water layer. The supernatant and mycelia were discarded by decanting. Spores from each plate
were resuspended in water for immediate use or 20% (v/v) glycerol (500 pL) for storage at -20 °C
until use.

Streptomyces albus J1074 conjugation. pCap01 DEBS was introduced into S. albus J1074
for genomic integration through conjugal transfer from E. coli WM3064 through either liquid
culture or dry conjugation methods.

In liquid culture conjugation, E. coli WM3064 pCap01 DEBS was grown in LB supplemented
with 0.3 mM of diaminopimelic acid (DAP) and 50 pg/mL kanamycin at 37 °C with shaking at
200 rpm to ODsoo = 0.6. Cells were harvested by centrifugation at 20,817 x g for 1 min at 4 °C,
washed twice with LB, and resuspended in 10% the original volume of LB supplemented with 0.3
mM of DAP. The spore suspension of S. albus J1074 (100 pL) was diluted in 400 pL of 2xYT and
heat shocked at 55 °C for 10 min. The cooled spore suspension was cooled to room temperature
then mixed with 250 puL of E. coli WM3064 pCap0l DEBS before proceeding to plating as
described below. In dry conjugation, E. coli WM3064 pCap0Ol DEBS was plated on LB
supplemented with 0.3 mM of DAP and 50 pg/mL kanamycin. After overnight incubation, E. coli
cells were scraped from plate and mixed with heat shocked S. albus spores freshly collected from
plates as described above.
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For both methods, the cell mixture was then centrifuged at 20,817 x g for 1 min at 4 °C, plated
on a non-selective MS plate, and incubated at 30 °C for 14 h. The appropriate antibiotic (50 pg/mL
kanamycin, 1mL) was overlaid onto the plate, which was incubated at 30 °C until colonies
sporulated (~3-7 d). Colonies were picked and streaked to single colonies on plates with antibiotic
selection.

6dEB production in Streptomyces albus and Streptomyces lividans. Prepared growth
media (50 mL), such as Tryptic soy broth (TSB), YEME, GYM, and nutrient broth (NB),
supplemented with 5 mM sodium propionate and when used 2 mM fluoromalonate in a 250 mL
baftled flask with 5-20 glass beads was inoculated with 50 uL of spore stock. Streptomyces albus
cultures with the integrated DEBS pathway were supplemented with 50 pg/mL kanamycin and
Streptomyces lividans cultures harboring pCK7 were supplemented with 10 pg/mL thiostrepton.
Cultures were grown at 30 °C with shaking at 200 rpm. After 7-13 d, culture media was harvested
and cells pelleted by centrifugation at 20,817 x g for 5 min at 4 °C. The supernatant was collected
and acidified with 60% perchloric acid to 5% (v/v) final concentration. Proteins were precipitated
by centrifugation at 20,817 % g for 10 min at 4 °C. Cleared culture media were analyzed on an
Agilent 1290 UPLC on a Poroshell 120 SB-Aq column (2.7 pum, 2.1 x 50 mm, Agilent) using a
linear gradient from 5 to 45% acetonitrile over 3.2 min with 0.1% formic acid as the aqueous
mobile phase after an initial hold at 5% acetonitrile for 1 min (0.6 mL/min) by LC-QTOF.

4.3 Results and Discussion

Design of fluorinated 6dEB biosynthetic pathway in E. coli host. To determine the best
model system for our experiments, we obtained two published E. coli 6dEB production systems:
1) pPBP(JW)130 and pBP(JW)144, and 2) pDEBS.

pBP(JW)130 and pBP(JW)144 together encode for the generation system of precursor
methylmalonyl-CoA and the biosynthetic pathway of 6dEB [8, 31]. pBP(JW)130 has a pBR322
origin of replication and encodes DEBS2 and DEBS3 proteins in an operon controlled by an IPTG-
inducible T7 promoter. pBP(JW)144 shares the origin of replication with pBP(JW)130 and
encodes for DEBS1 protein along with propionyl-CoA carboxylase subunits, PccA and PccB.
PccAB together catalyzes the carboxylation reaction of propionyl-CoA to methylmalonyl-CoA,
allowing for the accumulation of the necessary precursor of 6dEB. Note that the (JW) notation
designates changes in antibiotic selection marker in these plasmids. The two-plasmid production
system was transformed into E. coli BAP1 [8] and TB3 [17] strains, both of which are derived
from E. coli BL21(DE3) and carry the sfp and prpE genes on their chromosome under the control
of the T7 promoter . Sfp is necessary for installing the phosphopantathiene modification necessary
for turning apo-ACP into a functional holo-ACP domain, while PrpE facilitates the intracellular
accumulation of the propionyl-CoA starter unit through its propionate:CoA ligase activity. E. coli
TB3 contains an additional knockout of the ygfH gene, which encodes for a propionyl-
CoA:succinyl-CoA transferase involved in propionate metabolism that interconverts propionyl-
CoA and succinate with propionate and succinyl-CoA [17].

pDEBS is an bacterial artificial chromosome (BAC) that carries the DEBS pathway under
control of a bi-directional inducible T7 promoter in which genes encoding DEBS1, DEBS2, and
DEBS3 have been codon-optimized for E. coli [18]. In addition, pDEBS also bears the genes for
PccAB, Sfp, and the GroES/EL chaperonin system from Saccharopolyspora erythraea [18].
pDEBS was originally designed to produce erythromycin from the 6dEB aglycone core and
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therefore also carries the genes involved post-DEBS tailoring. pDEBS was transformed into E.
coli LFO1, which was derived from E. coli TB3 and further includes the knock-out of vioAB, wzx,
and wecDE genes, which encode for sugar processing enzymes [18]. These knockouts were
introduced to maintain flux from thymidine-diphosphate (TDP)-4-keto-6-deoxy-D-glucose to
TDP-D-desosamine and TDP-L-mycarose, specialized sugars that are part of erythromycin A.

We compared the yield between the strains and found that £. coli BAP1 and TB3 containing
pBP(JW)130 and pBP(JW)144 produced 6dEB levels much higher than E. coli LFO1 pDEBS
(Figure 4.1). We believe this difference in yield is due to the difference in copy number of the
DEBS proteins-encoding plasmids as pBP130 and pBP144 are both high-copy number plasmids
while pDEBS is a low-copy number BAC. We decided to proceed with E. coli BAP1 pBP130
pBP144 as our model system several reasons. Among them, BAP1 is one of the highest producers
and a commonly used strain in our lab and the antibiotic resistance markers for pBP130 and
pBP144 are compatible with the pFmal plasmids, which encode a malonate transporter with MatB.
We do not believe the difference in antibiotic resistance between pBP and pBP(JW) exerts an
effect on production. We also decided not to use E. coli TB3 as we believe the transferase knock
out to maintain propionyl-CoA flux was not necessary, as we were able generate easily detectable
amounts of 6dEB in E. coli BAP1.

We then tested this strain and plasmid combination in several different medias following the
previously reported culturing protocol [28]. We found that a previously optimized media recipe
[28] was able to generate higher amount of 6dEB compared to other common laboratory medium
recipes (Figure 4.2). Therefore, we developed our production protocol based on this optimized
media recipe.

With an initial model system and culturing condition at hand, we moved towards our
complementation system to incorporate fluoromalonyl-CoA into polyketide molecules. To
determine the effect of pFmal on the production of 6dEB, we co-transformed pBP130 and pBP144
with one of our pFmal plasmids encoding for malonyl-CoA synthetase MatB and malonate
transporter MadLM (pFmal(MadLM)) into E. coli BAP1. The pFmal plasmids were previously
characterized and shown to be able to support the production of fluorine-containing diketides and
biopolymers in E. coli [32], as well as fluorinate triketides using single-module DEBS constructs
(Section 3.3). We performed a cellular production experiment to investigate the effect of the
pFmal(MadLM), on 6dEB titer and found that its inclusion slightly affected the 6dEB production
system (Figure 4.3). This result was consistent with previous observations that the expression of
MatB and MadLM could decrease cellular fitness, leading to a decrease in product yield. However,
when looking at protein levels, we found that the expression of MatB and MadLM did not
drastically lower the expression level of DBES proteins by SDS-PAGE and Western Blot analysis
(Figure 4.4).
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Figure 4.1. 6dEB production by various strain and plasmid combinations. E.coli BAP1, TB3, and LFO01 transformed
with pBPJW130/pBPJW144, pBP130/pBP144, and pDEBS respectively were grown in 6dEB production media.
Cultures were grown to ODsoo = 0.4-0.6 at 37 °C with shaking at 200 rpm, at which point protein expression was induced
with 1 mM IPTG and cultures provided with 20 mM sodium propionate. Cultures were incubated with substrate at 22
°C with shaking at 250 rpom for 3-5 days, after which culture media were collected and analyzed by LC-QQQ. Data are
mean * s.d. of biological replicates (n=3)
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Figure 4.2. 6dEB production by E. coli BAP1 harboring pBP130 and pBP144 in various media. Cells cultured in LB,
(Luria-Bertani), TB (Terrific Broth), and Pistorino and Pfeifer [28] were grown to ODeoo = 0.4-0.6 at 37 °C with shaking
at 200 rpm, at which point protein expression was induced with 1 mM IPTG and provided with 20 mM sodium
propionate. Cultures were then incubated with substrate at 22 °C with shaking at 250 rpom for 3 days. Cells cultured in
Auto-induction medium [33] were grown at 37 °C with shaking at 200 rom for 3 h, before they were shifted to 22 °C with
shaking at 250 rpm for 3 days. Culture media were then collected and analyzed by LC-QQQ. Data are mean + s.d of
biological replicates. (n=3)
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Figure 4.3. Effects of MatB and MadLM expression on 6dEB production in E. coli BAP1 harboring pBP130 and pBP144.
E. coli cells with or without pFmal(MadLM) were grown to ODeoo = 0.4-0.6 at 37 °C with shaking at 200 rpm, at which
point protein expression was induced with 1 mM IPTG and 0.2% arabinose and provided with 20 mM sodium
propionate. Cultures were then incubated with substrate at 22 °C with shaking at 250 rom for 1 day, after which, culture
media were collected and analyzed by LC-QQQ Data are mean + s.d of biological replicates (n = 3).

A B

1 2 3 4 5 6 7 DEBS1
—DEBS?2;
DBES3

g .

RGN N )
O~ Oowm
0O OO0

25

Molecular weight (kD)
Molecular weight (kD)
w
()]

15

BAP1  -pFmal +pFmal BAP1 -pFmal +pFmal

Figure 4.4 Effects of MatB and MadLM expression on protein expression in E. coli BAP1 expressing Mod1 AT° DEBS
pathway. (A) Total protein and (B) a-His Western analysis of cultures of E. coli BAP1 harboring pBP130 and
pBP144 DEBS1(Mod1 AT®) with or without pFmal(MadLM) were grown to ODeoo = 0.4-0.6 at 37 °C with shaking at 200
rom, at which point protein expression was induced with 1 mM IPTG and 0.2% arabinose, and cultures were provided
with 20 mM sodium propionate. Cultures were then incubated with substrates at 22 °C with shaking at 250 rom for 1
day, after which, cells were harvested by centrifugation and analyzed by SDS-PAGE. (lane 1) E. coli BAP1 control,
(lane 2-4) E. coli BAP1 harboring pBP130 and pBP144_DEBS1(Mod1 ATY), (lane 5-7) E. coli BAP1 harboring pBP130,
pBP144_DEBS1(Mod1 AT?), and pFmal(MadLM,).
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Introducing inactivating mutation into the active site of DEBS cis-AT domains. The next
step towards applying out complementation strategy was to introduce an inactivating mutation into
the cis-AT domains of the DEBS proteins. We initially attempted to perform Gibson assembly to
introduce active site mutations to the AT domains of DEBS modules encoded by pBP130 and
pBP144 plasmids. However, we found that this strategy did not yield the correct plasmid due to
loss of sections of the plasmid, likely through recombination. We believe that the truncated
plasmids, which accounted for the majority of plasmid products of the Gibson reactions, were a
result of the low efficiency of Gibson reaction when applied to large plasmid sizes, the repetitive
nature of the DEBS sequence, and a bias towards smaller plasmids of E. coli chemical
transformation process.

To increase the efficiency of the process by introducing a selection step, we turned to a two-
step cloning strategy in which a selectable marker is introduced in the first step to allow for
selection and counterselection (Figure 4.5). As pBP130 and pBP144 have carbenicillin and
kanamycin resistance markers respectively, we chose chloramphenicol resistance cassette as the
additional resistance cassette. In the first step, unique restriction sites flanking the mutation site
were identified, and the plasmid was digested by the selected restriction enzymes. To do so, the
chloramphenicol resistance cassette was amplified with primers that each contains a Gibson
overhang, a restriction site new to pBPP130 or pBP144, and the annealing sequence in that order
from 5’ to 3'. The chloramphenicol resistance cassette was then inserted into digested plasmid via
Gibson assembly. This strategy inserted a removable chloramphenicol resistance cassette at the
site of the desired mutation. The assembly product was then selected for by chloramphenicol
resistance.

Unrque cut sites

ATdomam\,Restnctlon Gibson CmR \ Restriction * Gibson
of interest digest assembly digest assembly
CmR
New umq'u

cut sites
Initial plasmid . CmR intermediate Final prlasmid with
with no mutation First step plasmid Second step desired mutation

Figure 4.5. Two-step Gibson assembly cloning strategy for introducing active mutation to AT domains on DEBS
pathway enzymes. In the first step, the region of DNA to be mutated was replaced by a selectable CmR marker (orange)
using unique restriction sites in the plasmid (pBP130 or pBP144). In the second step, the CmR cassette was removed
using unique restriction sites introduced during the first stage and replaced with the target DNA sequence containing
the mutation (red spot).

In the second step, the product from the first step was digested with the unique restriction sites
that had been introduced using the primers flanking chloramphenicol resistance cassette. The DNA
piece containing the original DEBS sequence with a single point mutation in the active site of the
AT domain was obtained either through amplifying a template that contains the mutation or
through SOE PCR with the mutation introduced by primers. The final plasmid was assembled via
Gibson assembly of digested intermediate plasmid and new DEBS sequence containing the desired
mutation. This product was counter-selected for by chloramphenicol sensitivity. The final plasmids
were fully sequenced by complete plasmid sequencing in order to confirm that no other unexpected
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changes or recombinational events were introduced. Through this two-step process, active site
mutation was successfully introduced to the AT domain of modules 1, 3, 5 and 6 of DEBS pathway.

Production of desmethyl-6dEB by mutant pathways. To determine the function of mutant
pathways, we co-transformed wild-type and mutant pBP130 and pBP144 with pFmal(MadLM)
into E. coli BAP1. All cultures fed with propionate produced levels of 6dEB product (Figure 4.6).
However, all mutant pathways produced decreased levels of 6dEB compared to wild-type,
suggesting that all the enzymatic activities in DEBS pathway proteins were functional in these
mutant constructs and that complementation of the inactivating mutation of the active site of the
AT domains had occurred, either by FabD or by other functional cis-AT domains in the PKS.

When fed with malonate along with propionate, cultures harboring mutant pathways produced
increased levels of desmethyl-6dEBs (Figure 4.7). While the wildtype pathway seemed to produce
a few different species of desmethyl-6dEB all at low levels, cells harboring pathways with an
inactivating mutation in the AT domain of module 3, 5 or 6 produced predominantly a single
species of desmethyl-6dEB.

We hypothesized that each of the desmethyl-6dEB species found was a result of the module
with inactivated AT domain incorporating malonyl-CoA instead of methylmalonyl-CoA, possibly
through complementation by FabD. In other words, the DEBS pathway with an inactivating
mutation in Modules 3, 5 and 6 would produce 8-desmethyl-6dEB, 4-desmethyl-6dEB, and 2-
desmethyl-6dEB respectively. To determine the substitution pattern on each of the observed
desmethyl-6dEB species, we performed fragmentation analysis and found that the fragmentation
patterns were consistent with our hypothesis (Figure 4.8-4.10). This result suggests that the mutant
pathways exhibit regioselective behavior towards unnatural extender unit incorporation.
Moreover, as fluoromalonyl-CoA is similar in size to malonyl-CoA, the regioselective
incorporation of malonyl-CoA by mutant pathways suggests that fluoromalonyl-CoA
incorporation is could also be achieved in these positions.

However, no dominant desmethyl-6dEB was found in cultures harboring inactivated AT
domain in DEBS Module 1. As the expected molecule, 12-desmethyl-6dEB, had previously been
observed through in vitro complementation experiments [6], we reasoned that the lack of
detectable product from fermentation here was due to unbalanced ratio between the DEBS proteins
and trans-AT protein. In vitro experiments showed that 12-desmethyl-6dEB was observed when
DszAT was supplied at 10, 100, or 1000 nM and DEBS modules at 2 uM [6]. However, the precise
amount of both DEBS proteins and FabD in E. coli cells are currently unknown. Alternatively, we
reasoned that the intermediate that contains a non-native group must encounter a larger number of
downstream enzymatic steps when malonyl-CoA was incorporated by Module 1 than when it is
incorporated by Modules 3, 5 or 6, which occur later in 6dEB production. Thus, it is possible that
it is processed at lower overall efficiency and produced below our detection limit.
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Figure 4.6. Extracted ion chromatograms of reactions showing in vivo production of 6dEB by WT DEBS, Mod1 AT’
DEBS, Mod3 AT° DEBS, Mod5 AT? DEBS, Mod6 AT° DEBS analyzed by LC-QQQ using MRM transition 369.23239.1.
E. coli BAP1 harboring pBP130 and pBP144 with AT° mutation in module 1, 3, 5, or 6 and pFmal(MadLM) were grown
to ODesoo = 0.4-0.6 at 37 °C with shaking at 200 rpm, at which point protein expression was induced with 1 mM IPTG
and 0.2% arabinose and cultures provided with 20 mM sodium propionate. Cultures were then incubated with substrate
at 22 °C with shaking at 250 rom for 1 day, after which, culture media were collected and analyzed by LC-QQQ. Data
are mean * s.d of biological replicates (n = 3).
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Figure 4.7. Extracted ion chromatograms of reactions showing in vivo production of desmethyl 6dEB analogs by E. coli
BAP1 expressing WT DEBS, Mod1 AT DEBS, Mod3 AT? DEBS, Mod5 AT? DEBS, Mod6 AT? DEBS analyzed by LC-
QQQ using MRM transition (A) 355.22225.1 or (B) 355.2-2239.1. E. coli BAP1 harboring pBP130 and pBP144 with
ATO mutation in module 1, 3, 5, or 6 and pFmal(MadLM) were grown to OD600 = 0.4-0.6 at 37 °C with shaking at 200
rpm, at which point protein expression was induced with 1 mM IPTG and 0.2% arabinose and cultures provided with
20 mM sodium propionate. Cultures were then incubated with substrate at 22 °C with shaking at 250 rom for 1 day,
after which, culture media were collected and analyzed by LC-QQQ. Data are mean + s.d of biological replicates (n =
3).
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Figure 4.8 LC-QTOF fragmentation analysis of the desmethyl 6dEB analog produced by E. coli BAP1 expressing Mod3
AT? DEBS. E. coli BAP1 harboring pBP130 and pBP144_DEBS2(Mod3 AT°) were grown to OD600 = 0.4-0.6 at 37 °C
with shaking at 200 rpm, at which point protein expression was induced with 1 mM IPTG and 0.2% arabinose and
cultures provided with 20 mM sodium propionate. Cultures were then incubated with substrates at 22 °C with shaking
at 250 rom for 1 day, after which, culture media were collected, extracted, and analyzed by LC-QTOF (A) Fragmentation
pattern shows presence of ions in A, B, C, and D families. (B) Tabulated expected and observed masses of daughter
ions in all ion families. Data are representative of 3 biological replicates.
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Figure 4.9. LC-QTOF fragmentation analysis of the desmethyl 6dEB analog produced by E. coli BAP1 expressing
Mod5 AT° DEBS. E. coli BAP1 harboring pBP130_DEBS3(Mod5 AT?) and pBP144 were grown to OD600 = 0.4-0.6 at
37 °C with shaking at 200 rpm, at which point protein expression was induced with 1 mM IPTG and 0.2% arabinose
and cultures provided with 20 mM sodium propionate. Cultures were then incubated with substrates at 22 °C with
shaking at 250 rom for 1 day, after which, culture media were collected, extracted, and analyzed by LC-QTOF (A)
Fragmentation pattern shows presence of ions in A, B, and D families. (B) Tabulated expected and observed masses
of daughter ions in all ion families. Data are representative of 3 biological replicates.
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Figure 4.10 LC-QTOF fragmentation analysis of the desmethyl 6dEB analog produced by E. coli BAP1 expressing
Mod6 AT® DEBS. E. coli BAP1 harboring pBP130_DEBS3(Mod6 AT°) and pBP144 were grown to OD600 = 0.4-0.6 at
37 °C with shaking at 200 rpm, at which point protein expression was induced with 1 mM IPTG and 0.2% arabinose
and cultures provided with 20 mM sodium propionate. Cultures were then incubated with substrates at 22 °C with
shaking at 250 rom for 1 day, after which, culture media were collected, extracted, and analyzed by LC-QTOF (A)
Fragmentation pattern shows presence of ions in A, B, and D families. (B) Tabulated expected and observed masses
of daughter ions in all ion families. Data are representative of 3 biological replicates.

Production of fluorodesmethyl-6dEB by DEBS pathways with inactivated cis-AT
domains. We attempted to incorporate fluorine into 6dEB by feeding cells harboring the
production system with fluoromalonate and propionate. The production strains express DEBS
pathways with an active site mutation in one of the AT domains from pBP130 and pBP144
plasmids, and MatB and MadLM from pFmal(MadLM) (Figure 4.11). Initial attempts to produce
fluorine-containing 6dEB analogs did not yield any desired products. However, we found that the
level of 6dEB decreased when cultures expressing pFmal(MadLM) were provided fluoromalonate
(Figure 4.12).

SDS-PAGE and a-His Western analysis of cells after feeding showed that feeding cells
with fluoromalonate during log phase at the time of protein induction correlated with a decrease
in global protein expression (Figure 4.13). We also found that cells that received fluoromalonate
exhibited growth defects (Figure 4.14). These results are consistent with our previous finding that
feeding fluoromalonate during log phase to cells expressing high amounts of MatB and MadLM
let to growth defects (Section 3.3). Similar toxicity effects were similarly observed for cells that
received malonate (Figure 4.12-4.14). Thus, we believe that the toxicity is not solely due to
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intracellular accumulation fluoromalonyl-CoA, but rather related to increased concentration of
malonate or malonyl-CoA. As malonate is a known inhibitor of succinate dehydrogenase [34], we
hypothesized that increased high intracellular accumulation of malonate and fluoromalonate may
lead to down regulation of the tricarboxylic acid (TCA) cycle. Thus, we attempted to rescue the
cycle and growth by supplementing production cultures with fumarate, the product of succinate
dehydrogenase. However, fumarate did not rescue growth of cells fed with malonate or
fluoromalonate (Figure 4.14). Alternatively, we hypothesized that the high expression of MatB
protein depleted the intracellular pool of free coenzyme A as the protein uses free coenzyme A to
produce fluoromalonyl-CoA. However, an analysis of intracellular coenzyme A content revealed
some level of free coenzyme A present throughout log-phase growth (Figure 4.15). The nature of
this toxicity effect remains a topic of further investigations.

pBP144 pccA a pccB s = m 1 PBR322, CbF
j) 0o 0
P HCOs™ 1.
|" S-CoA *O"’L‘\;" ~S-CoA
Propionyl-coA Methyh:nalony.'-coA
pBAD T7p
mea|(MadLM) I MadLM 4 MatB s ClODF13, SpR
o0 O O O o O
P U N SN N N
‘ ! ¢
Extracellular fluoromalonate Intracellular fluoromalonate Fluoromalonyl-coA
pBP144 - — DEBS1 e PBR322, KmR
T7p
pBP130 L DEBS?2 - DEBS3 == PBR322, CbR
o}
Il

o 0O O o o D\Ol

P Il
1% \/ "S-CoA+ Bx O~ *'\;"J*S-CoA + 1x fo*’L*- ~~8-CoA

— ~0 o
. '

Propionyl-coA Methyimalonyl-coA Fluoromalonyf-coA o° \’J__/ “OH

fluorinated
desmethyl-6dEB

Figure 4.11. Design of pathway for fluorine-containing 6dEB analogs production in E. coli. The system includes three
plasmids with compatible antibiotic markers, which together encode for six pathway proteins. pFmal(MadLM) plasmid
(cloDF13 origin, SpR) encodes for malonate transporter MadLM, and malonyl-CoA synthetase MatB. pBP130 (pBR322
origin, CbR) and pBP144 (pBR322 origin, Km®) encode for DEBS1, DEBS2, and DEBS3 proteins. pBP144 also encodes
for a propionyl-CoA carboxylase (pccAB).
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Figure 4.12. Effects of malonate and fluoromalonate feeding on 6dEB production in E. coli BAP1 expressing (A) DEBS
or (B) Mod1 AT? DEBS, MatB, and MadLM. E. coli BAP1 cells harboring (A) pBP130 and pBP144 or (B) pBP130 and
pBP144 _DEBS1(Mod1 AT°) with or without pFmal(MadLM) were grown to ODeoo = 0.4-0.6 at 37 °C with shaking at 200
rpom, at which point protein expression was induced with 1 mM IPTG and 0.2% arabinose, and cultures were provided
with 20 mM sodium propionate, and 5 mM malonate or 5 mM fluoromalonate. Cultures were then incubated with
substrates at 22 °C with shaking at 250 rom for 1 day, after which, culture media were collected and analyzed by LC-
QQQ Data are mean + s.d of biological replicates (n = 3).
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Figure 4.13. Effects of malonate and fluoromalonate feeding on protein expression in E. coli BAP1 expressing Mod1
AT DEBS pathway, MatB, and MadLM. (A) Total protein and (B) a-His Western analysis of cultures of E. coli BAP1
harboring pBP130 and pBP144_DEBS1(Mod1 AT°) with or without pFmal(MadLM) were grown to ODsoo = 0.4-0.6 at
37 °C with shaking at 200 rpm, at which point protein expression was induced with 1 mM IPTG and 0.2% arabinose,
and cultures were provided with 20 mM sodium propionate, and 5 mM malonate or 5 mM fluoromalonate. Cultures
were then incubated with substrates at 22 °C with shaking at 250 rom for 1 day, after which, cells were harvested by
centrifugation and analyzed by SDS-PAGE. (lane 1) E. coli BAP1 control, (lane 2-4) E. coli BAP1 harboring pBP130
and pBP144_DEBS1(Mod1 AT?), (lane 5-7) E. coli BAP1 harboring pBP130, pBP144_DEBS1(Mod1 AT®), and
pFmal(MadLM,).
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Figure 4.14. Effects of malonate and fluoromalonate feeding on growth of E. coli BAP1 expressing Mod1 AT° DEBS
pathway, MatB, and MadLM. E. coli BAP1 harboring pBP130 and pBP144_DEBS1(Mod1 AT®) (A) without or (B) with
pFmal(MadLM) were grown to ODeoo = ~0.4 at 37 °C with shaking at 200 rpm, at which point 100 uL of cultures were
collected and supplemented with 1 mM IPTG, 0.2% arabinose, and when used 20 mM sodium propionate, 5 mM
fluoromaloante, 5 or 20 mM fumarate. Growth was monitored at ODeoo by microplate reader. Data are representative
of 3 biological replicates.
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Figure 4.15. Intracellular levels of acyl-CoA species of E. coli BAP1 expressing Mod6 AT® DEBS pathway, MatB, and
MadLM. E. coli BAP1 harboring pBP130_DEBS3(Mod6 AT®) and pBP144 with pFmal(MadLM) were grown to ODsoo =
0.4-0.6 at 37 °C with shaking at 200 rpm, at which point protein expression was induced with 1 mM IPTG and 0.2%
arabinose, and cultures were provided with 20 mM sodium propionate and 5 mM fluoromalonate. Cultures were then
incubated with substrates at 22 °C with shaking at 250 rom for 12 h, after which cells were harvested and acyl-CoA
species were extracted and analyzed by LC-QQQ. Data are mean * s.d of biological replicates (n = 3).
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To avoid toxicity, we looked for an alternative production procedure. To determine a possible
improved procedure, we reasoned that a system competent to produce a fluorinated 6dEB requires:
1) expression of DEBS1-3 and PccAB and 2) accumulation of intracellular fluoromalonyl-CoA.
We chose to use yield of 6dEB as a measure of the expression levels of the DEBS PKS and
propionyl-CoA carboxylase proteins. Since fluoromalonyl-CoA causes a growth defect, we
decided that the OD of the cultures should inversely correlate with the amount of intracellular
fluoromalonyl-CoA. This assumption was supported by a fluoromalonate titration experiment that
showed that feeding increasing amounts of fluoromalonate correlates with lowered OD values and
decreased 6dEB product levels (Figure 4.16).

We then tested a variety of production procedures. We focused on altering the amount and
timing of fluoromalonyl-CoA accumulation by changing the amount and timing of addition of
propionate, fluoromalonate, and arabinose, which turns on the MadLM transporter expression.
Under all experimental conditions, the precursors were added to the production cultures
concomitant with arabinose induction. We found that when transporter induction and precursor
feeding were delayed for 24 h after induction of DEBS1-3, increased level of 6dEB production
and lowered culture OD were observed (Figure 4.17). We verified that the amount of intracellular
fluoromalonyl-CoA was increased under this condition, relative to when precursors were added as
all proteins were induced (Figure 4.18). As the machinery to produce 6dEB and intracellular
fluoromalonyl-CoA are two parts of the system required to make fluorine-containing 6dEB analog,
we found this culture condition to be promising for production. We also concentrated the biomass
at the time of precursor feeding to 20 times the original cell density by harvesting and resuspending
cells in 5% volume of fresh media. We reasoned that increasing cell density would effectively
increase enzyme concentrations, leading to higher concentration of products. This new production
procedure resembles more closely our fluorine-containing single-modular polyketide production
system (Section 3.2).

Under the delayed precursor feeding condition, we found that cultures harboring the DEBS
pathways with AT? mutation in either Module 5 or 6 each yielded a monofluorinated desmethyl-
6dEB (Figure 4.19). We observed that the retention times of these molecules match those found
produced in vitro with the mutation in the same module, suggesting that the regioselectivity of
fluorine substitution is the same in vivo or in vitro (Figure 4.19). Thus, we believe the
fluorodesmethyl-6dEB molecules observed from fermentation are the same as those observed in
Vitro.

To confirm the substitution pattern of the observed fluorodesmethyl-6dEB molecules, we
performed fragmentation analysis on both molecules. We found that both molecules displayed the
expected fragmentation pattern consistent with fluoromalonyl-CoA being incorporated by the
module with inactivated AT domain (Figure 4.20-4.21). In other words, the observed
fragmentation patterns were consistent with cultures harboring DEBS pathways with AT® mutation
in Module 5 and 6 produced 4-fluoro-4-desmethyl-6dEB and 2-fluoro-2-desmethyl-6dEB
respectively.
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Figure 4.16. Effects of the concentration of fluoromalonate in culture media on growth and production. (A) ODesoo values
of cultures of E. coli BAP1 expressing Mod6 AT? DEBS, MatB, and MadLM. E. coli BAP1 harboring pBP130 and
pBP144_DEBS1(Mod1 ATP), along with pFmal(MabLM), were grown to ODsoo = 0.4-0.6 at 37 °C with shaking at 200
rpm, at which point protein expression was induced with 1 mM IPTG and 0.2% arabinose, and cultures were provided
with 0, 0.078, 0.31, 1.25, 5, or 20 mM fluoromalonate and monitored ODeoo for 2 days. Data are mean + s.d of biological
replicates (n = 3). (B) 6dEB production titers of respective cultures as in (A).
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Figure 4.17. Effects of fluoromalonate accumulation on growth and production (A) ODeoo values of cultures of E. coli
BAP1 expressing Mod6 AT? DEBS, MatB, and MadLM. E. coli BAP1 harboring pBP130 and pBP144_DEBS1(Mod1
ATY), along with pFmal(MabLM), were grown to ODesoo = 0.4-0.6 at 37 °C with shaking at 200 rpm, at which point protein
expression was induced with 1 mM IPTG. Arabinose inducer was added at different amounts and/or time. Cultures
were provided with 5 mM propionate and 20 mM fluoromalonate at the time of arabinose addition and monitored ODsoo
for 3 days. Data are mean + s.d of biological replicates (n = 3). (B) 6dEB production titers of respective cultures as in

(A).
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Figure 4.18. Intracellular levels of acyl-CoA species of E. coli BAP1 expressing Mod6 AT? DEBS pathway, MatB, and
MadLM. E. coli BAP1 harboring pBP130_DEBS3(Mod6 AT®) and pBP144 with pFmal(MadLM) were grown to ODsoo =
0.4-0.6 at 37 °C with shaking at 200 rom, at which point protein expression was induced with 1 mM IPTG. Cultures
were provided with 0.2% arabinose, 20 mM sodium propionate and 5 mM fluoromalonate either at the time of DEBS
protein induction (black) or 24 h post induction (grey). Cultures were incubated with substrates at 22 °C with shaking at
250 rom for 12 h, after which cells were harvested and acyl-CoA species were extracted and analyzed by LC-QQQ.
Data are mean * s.d of biological replicates (n = 3).
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Figure 4.19. Cellular production of fluorinated 6dEB analogs. Extracted ion chromatograms of cell culture extract of E.
coli BAP1 expressing (A) Mod5 AT? DEBS and (B) Mod6 AT? DEBS for production of monofluorinated desmethyl 6dEB
are shown. E. coli BAP1 harboring (A) pBP130_DEBS3(Mod5 AT°) or (B) pBP130_DEBS3(Mod6 AT®), pBP144, and
pFmal(MadLM) were grown to ODsoo = 0.4-0.6 at 37 °C with shaking at 200 rpm, at which point protein expression was
induced with 1 mM IPTG and cultures were grown at 22 °C with shaking at 250 rom. After 24 h, cultures were
concentrated, provided with 0.2% arabinose, 20 mM sodium propionate, and 5 mM fluoromalonate, and continued to
grow at 22 °C with shaking at 250 rom for 24 h. Culture media were then collected and analyzed by LC-QQQ using
MRM transition 373.22275.1.
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Figure 4.20. LC-QTOF fragmentation analysis of the monofluorinated desmethyl 6dEB analog produced by E. coli
BAP1 expressing Mod5 AT? DEBS. E. coli BAP1 harboring pBP130_DEBS3(Mod5 AT°), pBP144, and pFmal(MadLM)
were grown to ODesoo = 0.4-0.6 at 37 °C with shaking at 200 rpom, at which point protein expression was induced with 1
mM IPTG and cultures were grown at 22 °C with shaking at 250 rom. After 24 h, cultures were concentrated, provided
with 0.2% arabinose, 20 mM sodium propionate, and 5 mM fluoromalonate. Culture media were then collected after 24
h, extracted, and analyzed by LC-QTOF (A) Fragmentation pattern shows presence of ions in A, B, and D families. (B)
Tabulated expected and observed masses of daughter ions in all ion families. Data are representative of 3 biological
replicates.
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Figure 4.21. LC-QTOF fragmentation analysis of the monofluorinated desmethyl 6dEB analog produced by E. coli
BAP1 expressing Mod6 AT? DEBS. E. coli BAP1 harboring pBP130_DEBS3(Mod6 AT°), pBP144, and pFmal(MadLM)
were grown to ODsoo = 0.4-0.6 at 37 °C with shaking at 200 rpom, at which point protein expression was induced with 1
mM IPTG and cultures were grown at 22 °C with shaking at 250 rom. After 24 h, cultures were concentrated, provided
with 0.2% arabinose, 20 mM sodium propionate, and 5 mM fluoromalonate. Culture media were then collected after 24
h, extracted, and analyzed by LC-QTOF. (A) Fragmentation pattern shows presence of ions in A, B, and D families. (B)
Tabulated expected and observed masses of daughter ions in all ion families. Data are representative of 3 biological
replicates.
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We scaled up the production of 2-fluoro-2-desmethyl 6dEB in order to obtain enough materials
to characterize by '’F-NMR. Spectrum of crude culture extract revealed a set of signals at -194 to
-195 ppm that showed a doublet-of-doublet splitting pattern consistent with that expected of 2-
fluoro-2-desmethyl 6dEB (Figure 4.22). The chemical shift value is similar to that observed of
other compounds with similar a-fluoro-B-hydroxy ester motif [35].

Variability of fluorodesmethyl-6dEB production. To determine the overall selectivity of the
system, we aimed to compare the amount of 2-fluoro-2-desmethyl-6dEB to that 2-desmethyl-6dEB
and 6dEB molecules produced by the same production culture. However, in this process, we found
that the distribution of the three products observed from cells harboring the DEBS pathway with a
AT® mutation in Module 6 and pFmal(MadLM) vary drastically among different transformants
(Figure 4.23).

SDS-PAGE analysis of these cultures revealed that the expression level of MatB enzyme
differs among cultures and correlates with product profile. MatB seems to be downregulated in
cultures that produce high amounts of 6dEB and lower MRM signals of 2-fluoro-2-desmethyl
6dEB (Figure 4.24). This observation is consistent with the role of MatB in our system, which is
to accumulate the fluoromalonyl-CoA precursor. Thus, lowered MatB expression possibly leads
to decreased levels of intracellular fluoromalonyl-CoA and consequently decreased 2-fluoro-2-
desmethyl-6dEB levels. This observation is also consistent with our previous observation that
feeding fluoromalonate to cells expressing MatB and MadLM negatively affected cell growth.
Although the nature of toxicity remains to be investigated in detail, it would not be surprising if
the cells downregulate the expression of MatB and MadLLM to alleviate toxicity.

Improving system selectivity. Despite large variations among transformants, we aimed to
improve the selectivity of the system towards 2-fluoro-2-desmethyl-6dEB production. We
attempted three strategies to overcome the undesired selectivity of FabD.

In the first strategy, we overexpressed F190V DszAT along with the DEBS pathway, MatB,
and MadLM. E. coli BAP1 was co-transformed with pBP130 DEBS3(Mod6 AT'), pBP144,
pFmal(MadLM), and p15A-DszATF190V (section 2.2). We reasoned that as F190V DszAT was
shown to be able to suppress malonyl-CoA incorporation and promote fluoromalonyl-CoA
incorporation, a high expression level of F190V DszAT could decrease the effects of malonyl-
CoA and methylmalonyl-CoA incorporation mediated by FabD. We found the distribution of
products among different transformants vary greatly, similarly to cultures without F190V DszAT
overexpression (Figure 4.25). We also observed that overexpressing F190V DszAT resulted in a
marked decrease in the number of cultures the produced high MRM signals of 6dEB relative to 2-
fluoro-2-desmethyl 6dEB. Correspondingly, the number of cultures that down regulated MatB
expression was fewer compared to when no DszAT was expressed. These results suggest that
overexpressing F190V DszAT may led to an overall increase in relative amount of 2-fluoro-2-
desmethyl 6dEB compared to 6dEB.
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Figure 4.22. "°F-NMR of extract of culture media of E. coli BAP1 expressing Mod6 AT® DEBS. Large-scale cultures of
E. coli BAP1 harboring pBP130_DEBS3(Mod6 AT°) and pBP144, along with pFmal(MadLM) were grown to ODgoo =
0.4-0.6 at 37 °C with shaking at 200 rpm, at which point protein expression was induced with 1 mM IPTG and cultures
were grown at 22 °C with shaking at 250 rom. After 24 h, cultures were concentrated, provided with 0.2% arabinose,
20 mM sodium propionate, and 5 mM fluoromalonate, and continued to grow at 22 °C with shaking at 250 rom for 24
h. Culture media were then collected, extracted, and analyzed by 19F-NMR in Me OH/D:0.
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Figure 4.23. Products of independent transformants of E. coli expressing Mod6 AT° DEBS. Relative signals of 6dEB
(black), 2-desmethyl 6dEB (grey), and 2-fluoro-2-desmethyl 6dEB (red) produced by 16 independent transformants of
E. coli BAP1 transformed with pBP130_DEBS3(Mod6 AT®), pBP144, and pFmal(MadLM) are shown. Cells were grown
to ODsoo = 0.4-0.6 at 37 °C with shaking at 200 rpm, at which point protein expression was induced with 1 mM IPTG
and cultures were grown at 22 °C with shaking at 250 rom. After 24 h, cultures were concentrated, provided with 0.2%
arabinose, 20 mM sodium propionate, and 5 mM fluoromalonate, and continued to grow at 22 °C with shaking at 250
rom for 24 h. Culture media were then collected and analyzed by LC-QQQ.
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Figure 4.24. Total protein analysis of independent transformants of E. coli expressing Mod6 AT° DEBS. E. coli BAP1
were transformed with pBP130_DEBS3(Mod6 ATP), pBP144, and pFmal(MadLM). Cells were grown to ODsoo = 0.4-
0.6 at 37 °C with shaking at 200 rpm, at which point protein expression was induced with 1 mM IPTG and cultures were
grown at 22 °C with shaking at 250 rpm. After 24 h, cultures were concentrated, provided with 0.2% arabinose, 20 mM
sodium propionate, and 5 mM fluoromalonate, and continued to grow at 22 °C with shaking at 250 rpm for 24 h. Cells
(0.5 mL) were then collected and analyzed by SDS-PAGE.
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Figure 4.25. Products of independent transformants of E. coli expressing Mod6 AT° DEBS and F190V DszAT. Relative
signals of 6dEB (black), 2-desmethyl 6dEB (grey), and 2-fluoro-2-desmethyl 6dEB (red) produced by 16 independent
transformants of E. coli BAP1 transformed with pBP130_DEBS3(Mod6 AT®), pBP144, pFmal(MadLM), and p15A-
F190VDszAT. Cells were grown to ODsoo = 0.4-0.6 at 37 °C with shaking at 200 rpm, at which point protein expression
was induced with 1 mM IPTG and cultures were grown at 22 °C with shaking at 250 rom. After 24 h, cultures were
concentrated, provided with 0.2% arabinose, 20 mM sodium propionate, and 5 mM fluoromalonate, and continued to
grow at 22 °C with shaking at 250 rpm for 24 h. Culture media were then collected and analyzed by LC-QQQ.
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Figure 4.26. Total protein analysis of independent transformants of E. coli expressing Mod6 AT° DEBS and F190V
DszAT. E. coli BAP1 were transformed with pBP130_DEBS3(Mod6 AT°), pBP144, pFmal(MadLM), and p15A-
F190VDszAT. Cells were grown to ODsoo = 0.4-0.6 at 37 °C with shaking at 200 rpm, at which point protein expression
was induced with 1 mM IPTG and cultures were grown at 22 °C with shaking at 250 rom. After 24 h, cultures were
concentrated, provided with 0.2% arabinose, 20 mM sodium propionate, and 5 mM fluoromalonate, and continued to
grow at 22 °C with shaking at 250 rpm for 24 h. Cells (0.5 mL) were then collected and analyzed by SDS-PAGE.

In the second strategy, we aimed minimize FabD’s effect on our engineered system. As FabD
is an essential protein for E. coli [36] simple gene knockout is not possible. Thus, we aimed to
lower the expression of fabD gene. FabD is located in the fab-acpP locus, which includes the fatty
acid synthesis genes fabH, fabD, fabG, acpP, and fabF as well as three upstream genes plsX, rpmF,
and yceD. The FabH promoter (FabHp) drives the expression of fabD along with fabH and fabG
and is activated by the FadR regulator (Figure 4.27) [37]. In the absence of FadR, the activity of
FabHp has been shown to be decreased [37]. Thus, in an effort to lower FabD expression level, we
deleted fadR from E. coli BAP1 using a previously developed CRISPR/Cas system for E. coli
genome editing [24]. We then attempted to produce 2-fluoro-2-desmethyl 6dEB using E. coli
BAP1AfadR strain expressing the Mod6 AT? DEBS pathway, MatB, MadLM, and DszAT F190V.
However, we found that the amount of 6dEB produced by E. coli BAP1AfadR was also much
lower than that observed produced by the parental E. coli BAP1, and no 2-fluoro-2-desmethyl
6dEB was observed (Figure 4.28), suggesting an overall defect in polyketide production.
Additional attempts were made to introduce a temperature sensitive mutation into FabD by
replacing tryptophan at position 257 with glutamine residue using CRISPR/Cas system [38],
however, the correct mutant was not isolated.

In the last strategy, we looked to alter the specificity of FabD protein. We mutated serine at
position 200, which is thought to play a role in determining substrate selectivity based on alignment
studies [39, 40]. The small size of S200 is expected to allow the protein to accept methylmalonyl-
CoA substrate. Thus, we reasoned that mutating S200 to larger residues such as valine and
phenylalanine could suppress FabD’s activity on methylmalonyl-CoA, leading to higher
incorporation of fluoromalonyl-CoA and thus more selective production of 2-fluoro-2-methyl
6dEB. As FabD is an essential protein and changes made to the protein might affect cell growth,
we decided to forgo in vitro activity testing, but to directly introduce the mutations into genome
and assess production. We found that while the serine to valine mutant was readily obtained, the
serine to phenylalanine mutant exhibited some growth defects. As growth rates varied among
different colonies of the same mutant, the fastest growing colony was selected for production. We
found that both E. coli BAP1 fabD(S200V) and E. coli BAP1 fabD(S200F) expressing DEBS
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pathway with active site mutation in the AT domain of Module 6, MatB, MadLM, and F190V
DszAT produced very low levels 6dEB and no observable 2-fluoro-2-desmethyl 6dEB, similar to
the AfadR strain (Figure 4.28).

To improve the selectivity of the E. coli production system of fluorine-containing polyketides
through regioselective incorporation of fluoromalonyl-coA requires further investigation into
understanding the role of FabD in complementing AT® mutations in co-expressed PKS systems as
well as cross-talk between fatty acid and polyketide production. In addition, an understanding how
fluoromalonate and fluoromalonyl-CoA impact E. coli physiolology could also aid in building a
system with improved growth and function, while also increasing fluorine incorporation and
system selectivity.

Increased transcription Decreased transcription

fabHp ' fabHp
—
fabH fabD fabG fabH fabD fabG

Figure 4.27. Regulation of fabHDG operon by FadR protein. The activity of fabH promoter is regulated by FadR
activator. In the presence of FadR protein, transcription of fabDHG open increases.
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Figure 4.28. 6dEB analog production in E. coli BAP1 host variants. Relative amounts of (A) 6dEB and (B) 2-fluoro-2-
desmethyl 6dEB produced by E. coli BAP1, BAP1 AfadR, BAP1 S100V FabD, and BAP1 S100F FabD harboring
pBP130_DEBS3(Mod6 ATP), pBP144, pFmal(MadLM), and p15A-F190VDszAT are shown. Cells were grown to ODsoo
= 0.4-0.6 at 37 °C with shaking at 200 rpom, at which point protein expression was induced with 1 mM IPTG and cultures
were grown at 22 °C with shaking at 250 rom. After 24 h, cultures were concentrated, provided with 0.2% arabinose,
20 mM sodium propionate, and 5 mM fluoromalonate, and continued to grow at 22 °C with shaking at 250 rom for 24
h. Culture media were then collected, extracted, and analyzed by LC-QQQ. Data are mean = s.d of biological replicates
(n=3).
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Design and construction of fluorinated 6dEB biosynthetic pathway in a streptomycete
host. With the initial success in the E. coli production system, we aimed to explore the possibility
of developing a Streptomyces production system for fluorine-containing polyketide analogs as a
complement to our E. coli system as many PKSs are derived from actinomycetes. Towards this
goal, we devised two cloning strategies in order to introduce active-site mutations into polyketide
biosynthetic gene cluster for expression in Streptomyces spp.

The first strategy makes use of pCRISPomyces-2, a CRISPR/Cas genome editing system that
had been previously developed to introduce scar-less mutations in Streptomyces genomes (Figure
4.29) [41]. The pCRISPomyces-2 plasmid encodes for the Cas9 nuclease, single guide RNA
(sgRNA), and repair template. A protospacer sequence, which is a 20-nucleotide genomic
sequence that the Cas9 and sgRNA complex will target, is inserted to sgRNA via Golden gate
assembly using BbslI restriction enzyme. It requires a protospacer adjacent motif (PAM) NGG,
where N is any nucleotide, at its 3’-end. The homology-directed repair (HDR)-driven repair
template can be inserted via Gibson assembly or simple restriction—ligation cloning using Xbal.
The repair template is required for introducing defined mutations and prevent repair by non-
homologous end joining (NHEJ), which introduces random deletions at the site of the double-
stranded break created by Cas9. To introduce defined mutations with high efficiency, a 4-8 kb
editing template is used to allow HDR between the chromosomal locus and the pCRISPomyces-2
plasmid. The repair template consists of the desired mutation and 2 homology arms of 2-4 kbp
each, corresponding to upstream and downstream regions of the protospacer sequence. The repair
template should also include a mutation to the PAM sequence to prevent Cas9 from further
targeting the edited sequence. This strategy would be most suitable for pathways that have been
previously validated in a streptomycete host but needs point mutations installed.

ca% SgRNA cas9
Repai ; RNAN A
epafl’ 3 Sg 5
template with — ~—
desired mutation Genomic target
pCrispomyces-2 \
P
’ : A
5 — — I — IS
Mutation introduced Y | B AN »
to genome 3 — 5

Homology-directed repair

Figure 4.29 Cloning strategy to introduce active-site mutation to AT domains of DEBS pathway based on
pCrispomyces-2 editing system. Guide sequence and repair template are introduced to pCrispomyces-2, which is
conjugated into Streptomyces host to perform editing of biosynthetic pathway previously integrated.
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We attempted to build a pCRISPomyces-2 construct targeting the active-site serine of the AT
domain of DEBS Modules 1, 3, and 6. Although we successfully added protospacer sequences to
the plasmids, we found constructing the repair templates to be tedious and inefficient. Initially, we
attempted to introduce the repair templates through one-step Gibson assembly; however, the
desired product was not achieved, likely due to the low efficiency of Gibson assembly at large
plasmid sizes. We then turned to stepwise insertions of smaller fragments of repair template.
However, successive rounds of performing and screening products of low efficiency Gibson
assembly proved labor-intensive and time-consuming.

An alternative cloning strategy that we devised to avoid the tedious step of constructing
pCRISPomyces-2 plasmids makes use of transformation-associated recombination (TAR) and
CRISPR/Cas editing system in the yeast, Saccharomyces cerevisiae. In the first step, the
biosynthetic gene cluster of interest would be assembled into a shuttle vector that is compatible
with E. coli, S. cerevisiae, and Streptomyces spp. through TAR in yeast (Figure 4.30). Following
the assembly step, gene editing would be performed in yeast to introduce the desired mutations
into the pathway (Figure 4.30). Editing in S. cerevisiae host is preferred over in E. coli or
Streptomyces spp. due to higher recombination efficiency and accuracy in S. cerevisiae. Then, the
plasmid encoding for pathway genes with desired mutations would be isolated from yeast,
transformed into E. coli, and conjugated into the Streptomyces host for genomic integration
(Figure 4.30).

We chose the pCap01 shuttle vector for this purpose as it is single-copy number in S.
cerevisiae, high-copy number in E. coli, and competent for conjugation and integration in
streptomycetes [25]. The pCapO1 plasmid has a CEN6/ARS4 origin and is thus a yeast artificial
chromosome (YAC) [25]. It also consists of pUC origin for high-copy maintenance in E. coli, the
RP4 origin of transfer for conjugation into streptomycetes, and the ®c31 a#tP site for chromosomal
integration of the plasmid [25]. Capture arms that consist of sequences homologous to the 5'- and
the 3’-ends of the gene cluster to be assembled into pCap01 need to be pre-installed on the plasmid
to provide sites of homologous recombination, which can be done in the Xhol-Kpnl site (Figure
4.30). Each capture arm can range in size from 10'-10° bp, but it is thought that longer capture
arms increase the efficiency of the assembly. Linearized pCap01 with specific capture arms for the
cluster of interest can then be co-transformed with linearized gene cluster into yeast with the
desired colonies selected on tryptophan drop-out medium.

We constructed the pCap01 DEBSCaptureArms plasmid, which is pCap01 vector equipped
with specific capture arms for the DEBS cluster and its actinorhodin promoter (Actp) from pCK7,
which encodes for DEBS1-3 under the control of Actp [23]. pCK7 possess a low-copy number
truncated Streptomyces replicon, SCP2*, as well as a ColE1 replicon for genetic manipulation in
E. coli. We used pCK7 linearized by HindIIl and Ecol as a source of the DEBS and promoter
sequences. After co-transforming both pieces of DNA into S. cerevisiae VL6-48 and selecting on
tryptophan drop-out media, the resulting yeast colonies were grown and total DNA was extracted.
However, we found that transformation of E. coli using total DNA extracted from yeast did not
yield the desired construct. The number of resulting E. coli colonies from total yeast DNA
transformation were usually small (<50 colonies/transformation) with none carrying the correct
construct. We hypothesized that our initial selection and isolation procedure was not efficient
enough due to the size of the plasmid and the repetitive nature of DEBS sequence. Thus, we
devised an alternative assessment and isolation strategy to pre-screen S. cerevisiae transformants
that allowed for extensive quality control throughout the process (Figure 4.31).
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Figure 4.30 Cloning strategy to introduce an active-site mutation into AT domains of the DEBS PKS based on TAR
and CRISPR/Cas editing in S. cerevisiae. The DEBS pathway was assembled into yeast-compatible backbone through
TAR and edited using the CRISPR/Cas platform. Pathways with correct mutations were isolated, transformed into E.
coli, and conjugated into S. albus for genomic integration.

In order to screen S. cerevisiae colonies that resulted from TAR assembly, we extracted total
DNA from single yeast colonies and amplified representative regions of the plasmid. We designed
primers to amplify 700-1000 bp from regions of regular intervals and used them to assess the
completeness of the resulting plasmid assembly (Figure 4.31). We found that many yeast colonies,
although TRP”, contained plasmids that were missing large parts of the DEBS sequences. Thus,
the additional PCR screen step allowed us to identify yeast colonies that were most likely to contain
the correct plasmid assembly.

Yeast colonies that showed promise were expanded to large culture volume. We reasoned that
transformation of total DNA extract from yeast did not yield many E. coli transformants because
most of the DNA was chromosomal. In order to increase transformation efficiency, we opted to
isolate our plasmid assembly from yeast chromosomal DNA. As the assembly product was a
circular YAC of single-copy number, we needed a large starting culture volume to ensure enough
plasmid and followed a previously developed isolation protocol that took advantage of the circular
nature of YAC to isolate it from chromosomal DNA fragments [30]. Following large-scale
isolation, YAC was transformed into E. coli for maintenance and conjugation (Figure 4.31). We
found that electroporation was more efficient while chemical transformation suffered from bias
against larger plasmid sizes. The assembly product was isolated from E. coli using a standard
plasmid miniprep kit and assessed by restriction analysis. We found that individual transformants
gave plasmid of different restriction patterns despite having been transformed with YAC isolated
from a single yeast colony. This finding emphasizes the importance of extensive quality control
procedure at every step in this process.
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With the isolation and assessment procedure described here, we were able to assemble DEBS
pathway and its actinorhodin promoter into pCap01 backbone to yield pCap01 DEBS. Following
conjugation into Streptomyces albus J1074, we assessed the strain’s production capacity in several
commonly used growth media (Figure 4.32), in comparison to Streptomyces lividans harboring
pCK7. We found that YEME and 1:1 YEME:TSB media gave the highest yield. We did find that
S. lividans harboring pCK7 overall gave higher yield than S. albus J1074 with DEBS pathway
integrated into the genome. We attributed the lower yield to the lower copy number of the pathway
gene in S. albus. However, as S. albus has faster growth kinetics and smaller genome, and as
genomically integrated pathway is more stable, S. al/bus may still offer some advantages for
fluorinated polyketide production.

Linearized pCap01 backbone

with homology arms J Q

Transformation-associated transformation

S. cerevisiae colonies
with TAR products \

PCR Screen to check
Restriction patterning to ® ® completenetss of plasmid
confirm plasmid integrity
YAC isolated from colony
l with promising screening results

Restriction patterning to

confirm plasmid integrity Colony with promising screening results
Transformed E. coli colonies from miniprep transfers plasmid to S. albus through conjugation

Figure 4.31 YAC screening and isolation procedure to identify correct construct. This process includes PCR screen of
total DNA extract from S. cerevisiae to identify correct clone before YAC isolation. Following transformation into E. coli,
miniprep of E. coli transformants were screened by restriction patterning to determine correct clone before cull plasmid
sequencing and conjugation into streptomyces.
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Figure 4.32 6dEB production by Streptomyces albus J1074 with genomically integrated DEBS pathway in common
laboratory media (TSB = tryptic soy broth; YEME = yeast extract, malt extract; GYM = glucose, yeast extract, malt
extract; MS = soy, mannitol; NB = nutrient broth) supplemented with 5 mM sodium propionate in comparison to by
Streptomyces lividans K4-114 harboring pCK7 at 7 (black) and 13 (grey) days after inoculation.

In order to introduce active-site mutations into the cis-AT domains of DEBS proteins on
pCap01 DEBS, we utilized a previously reported CRISPR/Cas genome editing platform using the
pCas PPhe-Bsal NAT plasmid for S. cerevisiae to edit DEBS pathway encoded on the pCap01
YAC backbone [26]. The system was originally developed to edit the yeast genome, and to our
knowledge, there was no previous report of CRISPR/Cas-mediated editing of artificial
chromosomes. However, the system had been shown to be effective for editing polyploid yeast
strains [26]. Thus, we reasoned that the platform should be applicable to yeast artificial
chromosome, which should be maintained at single or low copy number.

We designed and constructed a few guide sequences for the AT domains of DEBS Modules 1,
2, 3, and 6. Through this editing approach and the described screening and isolation method, we
successfully introduced the desired active-site mutation into the AT domain of DEBS Module 1.
To check for successful editing, the target region was amplified from total yeast DNA extract and
sequenced. Colonies with correctly edited plasmid that also showed completeness in PCR screen
were expanded for YAC isolation. The resulting plasmid containing DEBS pathway with
inactivating mutation in the AT domain of Module 1 was conjugated into S. al/bus J1074. However,
no fluorine-containing 6dEB analog was found as a result of production.

As 6dEB had been observed in S. albus harboring the wild-type pathway, the DEBS proteins
appear to be functionally expressed and methylmalonyl-CoA precursor is available. The absence
of fluorinated 6dEB analogs suggest that further optimization is required. One important question
is whether fluoromalonyl-CoA is available at a sufficient concentration, which could be measured
using our acyl-CoA LC-MS/MS method. However, an alternative cell lysis and metabolite
extraction method likely needs to be developed, as S. albus is a gram-positive bacterial strain that
would withstand simple cell lysis method effective for E. coli. Another future direction would be
to examine DEBS pathways with AT? mutation in the Module 5 or 6 AT domains, which have
been shown to produce 4-fluoro-4-desmethyl 6dEB and 2-fluoro-2-desmethyl 6dEB respectively
in E. coli. In addition to these studies, it will also be interesting to explore whether other
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endogenous transacylation enzymes, whether housekeeping or involved in secondary metabolism,
might be able to complement the AT® mutations in DEBS.

4.4 Conclusions

Work in this chapter expanded on that of the previous chapter to demonstrate in vivo fluorine
incorporation into a model multi-modular polyketide molecule. We demonstrated a successful
regiospecific incorporation of fluoromalonyl-CoA by mutant DEBS pathways to produce 2-fluoro-
2-desmethyl 6dEB and 4-fluoro-4-desmethyl 6dEB analogs in an engineered E. coli host. The
identity of these products has been confirmed by LC-MS/MS by comparison to molecules
produced in in vitro enzymatic reactions. In the process, we investigated the toxicity of
fluoromalonyl-CoA transport and activation system and its effects on fluorine-containing
polyketide production. Thus, we were able to develop production procedure that minimized the
negative toxicity effects. In addition, we started to develop a fluorine incorporation system to be
used in a Streptomyces host. We explored different genetic manipulation methods necessary for
introducing active site mutation to the AT domains of PKS, which is a necessary component for
fluoromalonyl-CoA incorporation. Future work will continue to build other parts of the system to
continue to tune extender unit pools as well as to better understand the interplay between our
engineered system and endogenous metabolism.
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Chapter 5: Biochemical elucidation of downstream processing of
fluorine-containing polyketide intermediates
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5.1 Introduction

In the previous chapters, the main goal of study was to incorporate fluorine into modular
polyketides via the use of fluoromalonyl-CoA precursor. Although, we successful showed
incorporation in a few examples, we noticed that products derived from fluorine incorporation at
an upstream module is less abundant than those derived from fluorine incorporation at a
downstream module in comparable systems. This was observed with the incorporation of
fluoromalonyl-CoA at DEBS Module 5 compared to Module 6 in 6dEB production system (section
4.3), as well as in Module 2 compared to Module 3 of the mini-PKS system consisting of Mod
2pes and Mod3pess +TE with active mutation in the AT domain of either module [1]. These
results are consistent with findings that engineered production of polyketide analogs generally
yields lower titers than that of parental molecules [2-4]. These observations suggest that non-native
substitutions on polyketide intermediates have significant effects on system turnover. Here, we
aim to start looking into the effects of fluorine substitution on downstream processing and
elongation from fluorine-containing polyketide intermediates.

Once selected by the AT domain, a carboxyacyl extender unit undergoes decarboxylation to
form an enolate anion which then participates in Claisen condensation with the growing
intermediate and elongates it by two carbons. After condensation, the elongated intermediate may
be subjected to further processing, which includes reduction of the B-keto group by KR,
epimerization of the a-substitution by KR [5], elimination of the B-hydroxy group by DH [6, 7],
and reduction of alkene by ER [8, 9]. Furthermore, the intermediate is then transacylated to the
active site of the KS domain of the following module. The efficiency of these enzymatic reactions
could be affected by the reactivity of the substrate. Although many alkyl substitutions may be
relatively inert, fluorine substitution at the a-position of a growing polyketide intermediate could
enhance or hinder these reactions due to its high electronegativity. Furthermore, structure evidence
showed that a polyketide mega-synthase adopts different conformations based on the identity of
the intermediate tethered to its ACP domain [10]. Thus, the presence of a non-canonical
substitution on the intermediate might have implications on the overall function of a PKS module.

In the series of enzymatic reactions that may happen after extender unit incorporation,
ketoreduction and epimerization by KR domains are the first reactions to occur and thus the first
focus of our investigation. The activities of KR domains determine the orientation of most
saturated stereocenters on polyketide products [5]. In engineering fluorine-containing natural
product analogs, the orientation of fluorine substitution might be of significant considerations
given fluorine atom’s effects on electronic distribution and stability of molecules. Thus, we seek
to investigate the effects of fluorine substitution on the activities of PKS KR domains and to
develop methods to control the orientation of fluorine substitution on polyketide products.

5.2 Materials and methods

Commercial materials. Luria-Bertani (LB) Broth Miller, LB Agar Miller, Terrific Broth
(TB), glucose, and glycerol were purchased from EMD Biosciences (Damstadt, Germany).
Carbenicillin (Cb), isopropyl-p-D-thiogalactopyranoside (IPTG), sodium chloride, 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), magnesium chloride hexahydrate,
kanamycin (Km), acetonitrile, dichloromethane, ethyl acetate, sodium phosphate monobasic,
potassium phosphate monobasic, and ammonium chloride were purchased from Fisher Scientific
(Pittsburgh, PA). Coenzyme A trilithium sodium salt (CoA), tris(2-carboxyethyl)phosphine
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(TCEP) hydrochloride, poly(ethyleneimine) (PEI), B-mercaptoethanol (BME), sodium phosphate
dibasic heptahydrate, cysteamine, 1-ethyl-3-(-dimethylaminopropyl)carbodiimide hydrochloride
(EDC), 4-dimethylaminopyridine (DMAP), reduced B-nicotinamide adenine dinucleotide 2'-
phosphate (NADPH), acetonitrile, dimethyl sulfoxide (DMSO), and ethyl propionylacetate were
purchased from Sigma-Aldrich (St. Louis, MO). Formic acid, dithiothreitol (DTT), and perchloric
acid were purchased from Fluka (Charlotte, NC). 2-methyl-3-oxopentanoic acid ethyl ester was
purchased from Fragmenta (Monmouth Junction, NJ). Ethyl-2-fluoro-3-oxopentanoate was
purchased from Santa Cruz Biotechnology (Dallas, TX). Mini-PROTEAN TGX 8-16%, and Bio-
Rad Protein Assay Dye Reagent concentrate was purchased from Bio-Rad Laboratories (Hercules,
CA). Restriction enzymes, and Phusion DNA polymerase were purchased from New England
Biolabs (Ipswich, MA). Glu-C was purchased from Promega (Madison, WI). Trypsin was
purchased from QB3 MacroLab (Berkeley, CA). Deoxynucleotides (INTPs) were purchased from
Invitrogen (Carlsbad, CA). PageRuler™ Plus prestained protein ladder was purchased from
Fermentas (Glen Burnie, Maryland). Oligonucleotides were purchased from Integrated DNA
Technologies (Coralville, IA), resuspended at a stock concentration of 100 uM in water. DNA
purification kits and Ni-NTA agarose were purchased from Qiagen (Valencia, CA). PD-10
columns Sephadex G-25M was purchased from GE (Chicago, IL). Complete EDTA-free protease
inhibitor was purchased from Roche Applied Science (Penzberg, Germany). Amico Ultra 3,000
MWCO, and 10,000 MWCO centrifugal concentrators were purchased from EMD Millipore
(Billerica, MA). Chloroform-d was purchased from Cambridge Isotope Laboratories (Andover,
MA). 1H -NMR spectra were collected at 25°C on Bruker AVB-400 or AVQ-400 spectrometers
at the College of Chemistry NMR Facility at the University of California, Berkeley. Assignments
were made based on literature president and reference spectra from authentic standards, where
appropriate. High-resolution mass spectral analyses were carried out on a 6530 Quadrupole-Time-
of-Flight (QTOF) Accurate Mass spectrometer from Agilent Technologies.

Bacterial strains. E. coli DHI10B-T1® was used for DNA construction. E. coli BL21(DE3)-
T1R and BAP1 [11] were used for heterologous protein expression. BAP1 was used for expression
of DEBS ACP domains when modification with phosphopantethiene is desired. BL21(DE3)-T1?
was used for when modification with phosphopantethiene is not desired and all other proteins.

Gene and plasmid construction. Standard molecular biology techniques were used to carry
out plasmid construction. All PCR amplifications were carried out with Phusion High Fidelity
DNA polymerase. All constructs were verified by sequencing (UC Berkeley DNA Sequencing
Facility, Berkeley, CA). Sfp plasmid was gifted by the laboratory of Professor Chaitan Khosla
(Stanford University).

PET28a-Hiss TEV-KRryrsmoar. pPET28a-Hiss TEV-KRty1smod1 encodes for the KR domain from
the first module of tylosin synthase. The plasmid was constructed by amplification from gblock
Tylosin KR6698-8168, which encodes for the KR domain from module 1 of tylosin synthase codon
optimized for E. coli with primer pairs TKR1Fwd/TKR1Rev. The PCR product was inserted into
pET28a(gg)HisN-TEV-RFP via Golden Gate assembly using Bsal enzyme.

PET28a-HissTEV-KRpegsmod1. pET28a-Hiss TEV-KRpeBsmodi encodes for the KR domain from
the first module of DEBS according to previously described construct [12]. The plasmid was
constructed by amplification from pCWori-DEBS1 (strain#1327) with primer pairs
EryKR1Fwd/EryKR1Rev2. The PCR product was inserted into pET28a(gg)HisN-TEV-RFP via
Golden Gate assembly using Bsal enzyme.
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pET16b-His j0Pres-ACPpessmods. The ACP domain of Mod6pess was amplified from pAYC-
138 [13] using primers PresACP6_Fwd3 and PresACP6 Rev. The PCR product was assembled
into the Ndel-BamHI site of a modified pET16b with the Factor Xa cleavage site replaced by the
PreScission cleavage site via Gibson assembly.

Expression and purification of His-tagged proteins. The expression and purification of
His10-ACPMmods Was carried out as previously described in Chapter 2. For Sfp-Hiss, Hise-
KRpiksmod1, Hise-KRTyLsmod1, and Hiss-KRpeBssmodi, the proteins were purified from E. coli
BL21(DE3)-TIR as previously described in Chapter 2 for Hiss-MatB.

Synthesis of SNAC substrates. 2-methyl-3-oxopentanoyl-SNAC (oxo-NDK-SNAC) was
synthesized as previously described in Chapter 2. 3-oxopentanoyl-SNAC (oxo-HDK-SNAC) and
2-fluoro-3-oxopentanoyl-SNAC (oxo-FDK-SNAC) were synthesized as previously described in
Chapter 2 for oxo-NDK-SNAC from ethyl-3-oxopentanoate and ethyl-2-fluoro-3-oxopentanoate
in place of ethyl-2-methyl-3-oxopentanoate respectively. Both aqueous saponification and N-
acetylcysteamine (SNAC) coupling were shortened to 3 h at room temperature. Products were
confirmed by "H-NMR and stored in solid form at -80 °C. oxo-HDK-SNAC: '"H-NMR (400 MHz,
CDCl13=7.26 ppm) & 3.70 (s, 1H), 3.44 (q, J = 8 Hz, 2H), 3.9 (t, J = 8 Hz, 2H), 2.56 (q, J = 8 Hz,
2H), 1.98 (s, 3H), 1.08 (t, ] =, 8 Hz, 3H). oxo-FDK-SNAC 'H-NMR (400 MHz, CDCl5=7.26 ppm)
05.28 (d,J =52, 1H), 3.46 (q, J =8, 2H), 3.13 (t, J=4, 2H), 2.57-2.83 (m, 2H) 1.97 (s, 3H), 1.11
(t, J=8, 3H); YF-NMR(400 MHz) & 191.4 (d, J=52 Hz).

Synthesis of CoA substrates. The synthesis of 2-methyl-3-oxopentanoyl-CoA (oxo-NDK-
CoA) and 3-oxopentanoyl-CoA (oxo-HDK-CoA) were developed from a previously described
method [14]. oxo-NDK-CoA and oxo-HDK-CoA were prepared by coupling free acid to
thiophenol, followed by transthioesterification with CoA and HPLC purification. In short, ethyl-
2-methyl-3-oxopentanoate and ethyl-3-oxopentanoate were saponified as described in Chapter 2
for oxo-NDK-SNAC for synthesis of oxo-NDK-CoA and oxo-HDK-CoA respectively. The
resulting 2-methyl-3-oxopentanoic acid or 3-oxopentanoic acid (I mmol) was dissolved in 10 mL
of ethylacetate on ice with stirring. After 3 min, thiophenol (82 uL, 0.8 mmol, 0.8 eq) and DMAP
(catalytic) were added to the reaction. After 5 min, N,N’-diisopropyl carbodiimide (235 uL, 1.5
mmol; 1.5 eq) was added drop-wise. The reaction was stirred on ice for 2 h followed by 2 h at
room temperature. The reaction was filtered, extracted with 3 x10 mL of 1 M sodium bicarbonate.
The organic layer was dried over anhydrous magnesium sulfate, and evaporated to dryness by
rotary evaporation.

The resulting phenyl-NDKthioester or phenyl-HDKthioester (200 umol) was dissolved in 235
uL of acetonitrile and added to 4.7 mL of 0.5 M sodium bicarbonate solution containing 100 umol
of CoA on ice. The reaction was stirred on ice for 2 h followed by 2 h at room temperature. The
reaction was quenched by adding 50 % (v/v) formic acid (600 pL) to pH 3 and extracted twice with
diethyl ether. Nitrogen was passed over the aqueous layer to remove residual ether, and the solution
was stored at -80 °C until purification.

The crude reaction was purified on an Eclipse XDB-C18 column (5 pm, 9.4 x 250 mm, room
temperature; Agilent) using a linear gradient from 0 to 50 % acetonitrile over 24 min with 10 mM
ammonium acetate as the aqueous mobile phase at flow rate of 4 mL/min after an initial hold at 0
% acetonitrile for 2 min. Fractions (2 mL) were screened using Agilent 1290 UPLC connected to
QTOF using positive ionization mode, and those containing pure oxo-NDK-CoA or oxo-HDK-
CoA were combined and lyophilized overnight and resuspended in water. Resuspended residue
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was desalted using the same HPLC column with a linear gradient from 0 to 20 % acetonitrile in
water as the aqueous mobile phase at flow rate of 4 mL/min after an initial hold at 0 % acetonitrile
for 2 min. Desalted products were lyophilized and resuspended in water for biochemical assays.

2-Fluoro-3-oxopentanoyl-CoA (oxo-FDK-CoA) was prepared by coupling free acid to N-
hydroxysuccinimide, following by thioesterification with CoA and HPLC purification. Ethyl-2-
fluoro-3-oxopentanoate was saponified as described in Chapter 2 for oxo-NDK-SNAC. The
resulting 2-fluoro-3-oxopentanoic acid (1 mmol) and N-hydroxysuccinimide (115 mg, 1 mmol, 1
eq) were dissolved in 5 mL of tetrahydrofuran on ice. Then, N,N’-diisopropyl carbodiimide (157
uL, 1 mmol; 1 eq) was added drop-wise. The reaction was stirred on ice for 30 min before it was
dried under compressed air. Crude reaction residue was dissolved in cold 10 % acetonitrile in 0.5
M sodium phosphate pH 9 containing 100 pmol CoA (10 mL). The reaction was stirred on ice for
20 min before flash frozen and stored at -80 °C until purification. oxo-FDK-CoA was purified
following the same HPLC method as described above for oxo-NDK-CoA or oxo-HDK-CoA.

Assay for in vitro phosphopantethienylation. All assays (50 pL) 20 uM CoA substrate, 0.2
uM Stp, and 20 uM ACP in contained 50 mM HEPES, 5 mM TCEP, 10 mM magnesium chloride
pH 7.5. Reactions were incubated at room temperature for 30 min. Reactions were stored at -80
°C until analysis.

Determination of acyl group of ACP by peptide mass spectometry. Before analysis, 700
ng of Glu-C protease (7 pL, 0.1 pg/ul) was added to 25 uL of reaction and incubated at 37 °C for
2 h. Following Glu-C digestion, 700 ng of trypsin (1.4 pL, 0.5 pg/uL) was added and the reaction
was incubated at 37 °C for 2 h. To quench the reaction, reaction mixture was mixed with formic
acid to 5 % (v/v) final concentration and centrifuged for 10 min at 4 °C at 20,817 x g.

Resulting peptide mixture was analyzed by high resolution mass spectrometry in positive
ionization mode on Agilent 6530B QTOF. Samples were analyzed on AdvanceBio Peptide
Mapping C18 HPLC column (2.7 um, 2.1 x 100 mm, Agilent) on an Agilent 1290 UPLC.

For ACPpEpsmods, masses observed corresponded to [M+1H]" [M+2H]**, and [M+3H]*" of
peptide LGFDSLTAVGLR. [M+2H]?** is the most dominant ion and is counted as representative
of the protein population. Masses observed of ACPpessmods in various forms are as follows
(expected mass): apo-ACP (624.8510), holo-ACP (794.8939), oxo-NDK-ACP (850.9201), oxo-
HDK-ACP (843.9123), oxo-FDK-ACP (852.9076).

Steady-state kinetic characterization of ketoreduction activity. Assays were performed in
96-well microplate (black, polystyrene, p-clear, f-bottom, chimney well, med binding; Greiner
Bio-One) by monitoring NADPH fluorescence using a Synergy Mx microplate reader (Biotek; top
optical position at 8 mm read height, gain = 50). Reactions were monitored for 6 mins at 30 °C
using minimum interval setting between measurements.

Assay components were prepared in two solutions. Solution 1, 300 mM HEPES pH 7.5, 10%
(v/v) glycerol, 100 mM sodium chloride; solution 2 oxo-NDK-SNAC, oxo-FDK-SNAC, or oxo-
HDK-SNAC substrate at 5x final concentration on 25% (v/v) DMSO. Immediately before analysis
of each set of reactions, 9.9 uL of 20 mM NADPH and 19.8 pL of ketoreductase enzyme at 100x
final concentration were mixed with 1554.3 uL of Solution 1, and 160 pL of Solution 1 containing
NADPH and enzyme were transferred to each well. The reactions were then initiated with 40 uLL
of Solution 2.
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Final assay mixtures (200 pL) contained 235.5 mM HEPES, 7.85% v/v glycerol, 78.5 mM
sodium chloride, 100 uM NADPH, 5% v/v DMSO pH 7.5. The final concentrations of oxo-NDK-
SNAC, oxo-FDK-SNAC, and oxo-HDK-SNAC were 100, 50, 25, 12.5, 6.25, 3.13, 156, 0.78 mM.
The final concentrations of enzymes were as follows: 100 nM KRpiksmod1 for oxo-NDK-Snac, 500
nM KRpiksmod1 for oxo-HDK-Snac, 50 nM KRpiksmodi for oxo-FDK-Snac, 2 pM KRpgpsmodi for
ox0-NDK-Snac, 6.7 uM KRpessmodi for oxo-HDK-Snac, 200 nM KRpessmod1 for oxo-FDK-Snac,
I uM KRrtyLsmod1 for oxo-NDK-Snac, 200 nM KRryLsmod1 for oxo-HDK-Snac, 50 nM KRr1yrsmod1
for oxo-FDK-Snac.

Ketoreduction of oxo-NDK-SNAC and oxo-HDK-SNAC was monitored at Agx = 340 nm and
AEm = 450 nm, whereas ketoreduction of 0xo-FDK-SNAC was monitored at Agx = 360 nm and Agm
=450 nm to avoid absorbance at 340 nm by substrate or substrate contaminant. Fluorescence was
converted to concentration using external NADPH standard curves collected in the same assay
matrix at the same Agx and Aem. Initial velocities (vo) were defined as the linear portion of the
change of product concentration over time curve. Ketoreduction data were fit by non-linear curve
fitting to Michaelis-Menten equation modified with substrate inhibition:

vmax [S ]

S
K + (511 + 12y
i
where vo = initial velocity; vmax = maximum velocity, [S] = substrate concentration, Km =
Michaelis-Menten constant, and K; = inhibition constant. Fitting were performed using Origin 6.0
with initial values estimated by the Solver tool in Microsoft Excel.

170=

5.3 Results and discussion

Synthesis of fluorine-containing polyketide intermediate analogs. To be able to
characterize the effects of fluorine substitution on downstream enzymatic activities, fluorine-
containing polyketide intermediate analog that mimics the result of fluoromalonyl-CoA
incorporation is necessary. Thus, we set out to synthesize 2-fluoro-3-oxopentanoyl-SNAC (oxo-
FDK-SNAC) and 2-fluoro-3-oxopentanoyl-S-ACP substrates. Oxo-FDK-SNAC was successfully
synthesized following the same protocol previously described for synthesizing oxo-NDK-SNAC
(section 2.2).

To obtain 2-fluoro-3-oxopentanoyl-ACP (oxo-FDK-ACP), we planned to synthesize 2-fluoro-
3-oxopentanoyl-CoA (oxo-FDK-CoA) and conjugate it to the active site serine of apo-ACP using
Stp enzyme (Figure 5.1) [15]. We attempted to synthesize oxo-FDK-CoA with the same procedure
as previously described for oxo-NDK-CoA and oxo-HDK -CoA [14]. However, oxo-FDK-CoA
could not be obtained to satisfactory amount. We found that thiophenol, which is the intermediate
nucleophile used in the synthesis of 0xo-NDK-CoA and oxo-HDK-CoA causes thialysis of oxo-
FDK-CoA, leading to the formation of propionyl-CoA and fluoroacetyl-CoA by product. This
observation is consistent with expected increased nucleophilicity of the B-keto group of oxo-FDK-
CoA due to fluorine substitution at the a-position.

Thus, we set out to determine alternative synthetic route for the fluorinated diketide analog.
We experimented with other thiol nucleophiles including SNAC, B-mercaptoethanol,
dithiothreitol, and mercaptopropionic acid, but none of the reagents yielded the desired oxo-FDK-
CoA product. We also attempted direct CoA coupling using HATU as activating agent, but no
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product was obtained. We found that, however, shortening the reaction time and lowering the
reaction temperature from 4 h total of thiophenol coupling and 4 h total of coenzyme A exchange
to 20 min for each step at 0 °C yielded the desired oxo-FDK-CoA product. In addition, using N-
hydroxy succinimide as nucleophile instead of thiophenol yielded similar result through simpler
reaction set up. We found the short reaction time at 0 °C to minimize the degradation of oxo-FDK-
CoA to propionyl-CoA and fluoroacetyl-CoA.
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Figure 5.1. Phosphopantetheinylation reaction. Sfp transfers CoA (R=H) or acyl-CoA (R=acyl) substrate to the active
site Ser of apo-ACP protein to produce holo-ACP (R=H) or acyl-ACP (R=acyl).

In order to generate ACP-linked substrates, acyl-CoA substrate would be added to ligated to
apo-ACP by Sfp-mediated phosphopantetheination. Sfp protein was overexpressed and purified to
near homogeneity (Figure 5.2). To determine reaction condition, we initially tested
phosphopantetheination with apo-ACP and free coenzyme A. Sfp was able to transform apo-ACP
almost entirely to holo-ACP within 30min (Figure 5.3). The appearance of holo-ACP was
dependent on the presence of Sfp enzyme.

We then tested the activity of Sfp enzyme with diketide CoA substrates, namely oxo-NDK-
CoA, oxo-HDK-CoA, and oxo-FDK-CoA. Note that in this case, the starting ACP was a mixture
of apo-ACP and holo-ACP. Of three substrates tested, mass signals corresponding
to acyl-ACP loaded with oxo-NDK and oxo-HDM moiety were detected, 250
although signals corresponding to acyl-ACP loaded with oxo-FDK moiety was
not observed (Figure 5.4). However, in all three cases, signals corresponding to
apo-ACP decreased, suggesting that transformation of apo-ACP to other forms of
the protein occurred. Thus, the lack of observable acyl-ACP signals in reaction
including oxo-FDK-CoA was attributed to the degradation of oxo-FDK-ACP,
rather than a lack of conversation from apo-ACP to acyl-ACP. As oxo-FDK-
SNAC and oxo-FDK-CoA are sufficiently stable to be isolated, we hypothesize - :
that the observed hydrolysis of the fluorinated diketide from the ACP carrier may 15
be facilitated by Sfp, ACP, or the reaction condition. Further optimization is Figure 5.2 SDS-
required to determine the appropriate condition for loading oxo-FDK substrate l;;\)GE of purified
onto ACP and preventing degradation.
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Figure 5.3. In vitro phosphopantetheinylation of apo-ACP by Sfp. Integrated ion counts are shown for reactions
containing 20 uM ACP substrate and when used 20 uM coenzyme A and 0.2 uM Sfp. After 30 min incubation, reactions
were subjected to protease digestion by Glu-C and trypsin. Digestion reactions were quenched, and peptides were

analyzed by LC-QTOF.
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Figure 5.4. In vitro substrate loading of apo-ACP by Sfp. Integrated ion counts are shown for reactions containing 20
UM ACP substrate and when used 0.2 uM Sfp, and 20 uM coenzyme A, oxo-NDK-CoA, oxo-HDK-CoA, or oxo-FDK-
CoA. After 30 min incubation, reactions were subjected to protease digestion by Glu-C and trypsin. Digestion reactions

were quenched, and peptides were analyzed by LC-QTOF.
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Structure and functions of ketoredutase domains. A KR domain functions to reduce f-
keto group on polyketide intermediates to -hydroxy group and to epimerize a-methyl substitution,
determining two stereocenters of the polyketide molecule. KR domains are categorized based on
the stereochemical outcome of the product (Figure 5.54) [16]. A-type KR domains produce L-B-
hydroxy whereas B-type KR domains produce D- B-hydroxy. C-type KR domains are defective in
ketoreduction and produce B-keto product. KR type 1 maintains D-orientation of o-methyl
substitution as produced by the KS domain in Claisen condensation whereas KR type 2 performs
epimerization to create L-orientation of a-methyl substitution. Thus, each KR domain is designated
with a letter A, B, or C, and a number 1 or 2.

Structural evidence shows the stereochemical outcome at the B-position is determined by the
binding orientation of phosphopantetheine arm of the ACP domain [17]. A-type KRs possess a
tryptophan residue near the active site that interacts with the phosphopantetheine arm while B-type
KRs has the LDD motif that lets the phosphopantetheine arm to bind from the opposite site of the
lid helix [18]. These structural features allow KR domains to catalyze reduction reaction to
opposite faces of the substrate using one set of catalytic residues and NADPH binding motif.
Epimerase activity has been shown to utilize the same active side residues as reductase activity
[19] but is independent of NADPH co-factor [20].

Most studies on KR domains were carried out on a-methyl substrates which in most cases
resemble native substrates with respect to the substituting group. Some KRs have been shown to
maintain their stereoselectivity over substrates with non-native substitutions such as ethyl group
and proton at the a-position [21]. However, no investigation had been done for substrates with
altered electronic distribution such as those with fluorine substitution. Here, we aim to investigate
the activities of PKS KR domains on a-fluoro substrates in order to characterize interactions
between the incorporated fluorinated extender unit with downstream processing enzymes.

For this, we chose three representative KR domains that produce opposite stereochemistry of
a-substitution: type Bl KR domain from module 1 of tylosin synthase (KRrtyLsmod1), type B2 KR
domain from module 1 of 6-deoxyerythronolide B synthase (KRpepsmod1), and type B2 KR domain
from module 1 of pikromycin synthase (KRpixsmodr). All three enzymes have been characterized
in vitro and shown to maintain their stereochemical outcome on diketide-SNAC thioesters,
allowing for uncoupling the role of the carrier protein from the identity of substrate (Figure 5.5B)
[21-23]. We aim to assess kinetic parameters and stereochemical outcome of the three enzymes’
activities on native substrate as well as fluorinated acyl substrate analog carried by SNAC and
carrier protein.

Ketoreduction activity on fluorine-containing polyketide intermediate. In order to
determine effects of fluorine substitution on ketoreduction of polyketide intermediates, we set out
to carry out the steady-state kinetic characterization of three representative ketoreductase domains.
KRpiksmod1 and KRpegsmodi of type B2 and KRtyrsmod1 of type B1 were overexpressed and purified
to near homogeneity (Figure 5.6). We examined the activity of all three enzymes on oxo-FDK-
SNAC, a fluorine-containing racemic diketide analog, in comparison to their functions on methyl-
containing diketide mimic oxo-NDK-SNAC and unsubstituted diketide mimic oxo-HDK-SNAC.
Reduction was monitored by disappearance of NADPH as it is stoichiometrically consumed in the
reaction.
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Figure 5.5. Ketoreduction and epimerization activities of ketoreductase domains. (A) Activities of each type of PKS
ketoreductase domains on their native a-methyl-B-ketoacyl-ACP substrates. Claisen condensation reaction catalyzed
by KS domain produces a-D-substituted intermediate. This product may directly undergo reduction by type 1 KR (A1
and B1) domain. It may also undergo epimerization of a-position before reduction by type 2 KR (A2, B2, and C2). A-
type and B-type reductases produce products of L and D stereochemistry at 3-position respectively. (B) Reductases
maintain their intrinsic stereospecificity and stereoselectivity on racemic SNAC thioester surrogate of diketide
Substrates.

135



The dose-response curves for reduction reaction show evidence of inhibition at high substrate
concentration and were therefore fit with Michaelis-Menten equation modified for substrate
inhibition. We found that all three enzymes were active on the native substrate mimic oxo-NDK-
SNAC. Determined kinetic parameters for KRpessmod1 and KRrtyrsmod1 are comparable to those
previously determined for different constructs of the same enzyme domains [23]. We similarly
found that KRtyLsmod1 displays higher kcat and kca/Km than KRpessmodr. All three enzymes also
exhibit activity on oxo-HDK-SNAC. This result is consistent with previous report that showed
evidence of corresponding reactions by chiral chromatography [21]. As was previously shown, we
observed KRpepsmodi to be significantly slower than both KRpixsmod1 and KRrtyrsmod1 [21, 23].

In addition, we found that all three enzymes were able to turn over oxo-FDK-SNAC. In fact,
they display more efficient behavior (10-400 higher kca/Kwm) towards the fluorine-containing
substrate compared to methyl-substituted and unsubstituted substrates. The difference appears to
arise from both higher kca: and lower Kwm values. This result is consistent with the expected chemical
behavior of fluorine substitution as the fluorine atom is expected to withdraw electron from the
keto carbon, making it more susceptible for hydride attack. The lower Kwm values further suggest
that fluorine is accommodated in the substrate binding pocket. This may also reflect the altered
electronics of the keto group as the keto oxygen is bound by hydrogen bonding in the substrate-
binding pocket [24]. However, note that native substrates of KR domains are ACP-tethered
polyketide chain and binding interactions involve protein-protein interface and interactions
between KR and the phosphopantetheine prosthetic group of ACP.

Overall, the KR domains appear to display little discrimination against different substrate
analogs. This observation may reflect the role of the domain in its native context as part of a mega-
synthase. KR domain is typically presented with the product of the Claisen condensation reaction
catalyzed by the KS domain of the same module between the growing chain and an extender unit
selected by the AT domain, which usually displays strong discrimination against non-native
extender units [25].
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Figure 5.6. SDS-PAGE of purified proteins used in steady-state kinetic characterization. (lane 1) KRpriksmod1, (lane 2)
KRpessmod1, (lane 3) KRTyLsmod1
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Figure 5.7. Steady-state kinetic characterization of ketoreduction of oxo-diketide-SNAC by ketoreductases. (A) Assay
for measuring ketoreductase activity by NADPH fluorescence. (B) Michaelis-Menten curves for ketoreduction of oxo-
NDK-SNAC (black), oxo-HDK-SNAC (grey), and oxo-FDK-SNAC (red) by KRriksmod1 (left), KRpessmoa1 (middle),
KRrvismod1 (right). Data points are average * s.d. of technical replicates (n=3). (C) Table contains kcat, Ku, Kcat/Km, and
Ki calculated by non-linear curve fitting to the Michaelis-Menten equation with substrate inhibition. Error in Kca/Km is
obtained by propagation from the individual kinetics terms. Data are mean = s.e. of technical replicates (n=3).
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5.4 Conclusions

Methods for the generation of fluorine-containing polyketide intermediate analog, which
mimics the growing polyketide chain immediately after fluoromalonyl-CoA extender unit has been
incorporated have been optimized, leading to successful synthesis of oxo-FDK-SNAC and oxo-
FDK-CoA. Efforts to generate oxo-FDK-ACP from oxo-FDK-CoA and apo-ACP using Sfp
enzyme suggest that the fluorine-containing acyl-ACP molecule is subjected to significant
hydrolysis. As oxo-FDK-SNAC and oxo-FDK-CoA are sufficiently stable to be isolated, we
hypothesize that hydrolysis of oxo-FDK-ACP may be facilitated by Sfp, ACP, or the reaction
condition. Further optimization of the reaction is required to obtain ACP-tethered fluorine
containing polyketide intermediate.

Steady-state kinetic characterization of ketoreduction of oxo-FDK-SNAC showed that the
fluorine-substituted substrate analog could be turned over by the KR domain at rates faster than
those observed for methyl-substituted and unsubstituted substrates. The increased rate is attributed
to the increased reactivity of keto group adjacent to fluorine substitution. Similar analysis with
0x0-FDK-ACP could reveal the role of protein-protein interaction in ketoreduction reaction.

The next immediate goals for our investigation would be to determine the stereochemical
outcomes of the reduction of oxo-FDK-SNAC by different types of KR domains. Likely, the
combination of chiral chromatography and NMR analysis of large-scale ketoreduction reaction
would be useful for assigning the stereochemistry of the a-fluoro substitution as well as the (-
hydroxy group.
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Table 1. Plasmid constructs (A), and oligonucleotides (B) used in Chapter 2.

A
Name No. Primers Rest_rlctlon Backbone Method Description
sites source
CbR; DszAT from Wong, F.
T., et al., Biochemistry
pFW3 1186 2009, 49
(1) 95-102.
KmR; LDD from Lowry, B.,
et al. J Am Chem Soc
pBL12 3567 2013, 135 (45) 16809-
16812
CbR; Mod1pess from Lowry,
B., et al. J Am Chem Soc
pBL13 3568 2013, 135 (45) 16809-
16812
CbR; Mod2pess from Lowry,
B., etal. J Am Chem Soc
pBL36 3569 2013, 135 (45) 16809-
16812
CbR; DEBS2 from Lowry,
B., et al. J Am Chem Soc
pFW98 3570 2013, 135 (45) 16809-
16812
CbR; DEBS3 from Lowry,
B., etal. J Am Chem Soc
pFW100 3572 2013, 135 (45) 16809-
16812
. PreSACPG_FW . CbR, ACPDEBSModG with N-
ZECTPmb'H'S”PreS' 3602  d3/PresACP6.  Ndel/BamHi pET16b G'bs°t;‘| terminal Prescission-
DEBSMod6 Rev assemdly  ;leavable His tag
DszAT F190
F1/DszAT F190 Gibson
pFW3_F190V 2330 R1 and DszAT Xbal/Hindlll pFW3 assembly CbR; F190V DszAT
F190 F2/DszAT
F190 R2
CbR; Mod3ogas+ TE(ATY)
from Wong, F. T., et al,,
PAYC136 1150 Biochemistry 2009, 49
(1) 95-102.
Tt R. 0.
?&%%8525832 3571 n/a MauBI/Pf23Il pFWO8 Rj’izt;'tcigr?” 5332552')5832 (Mod6 AT
PACYC184_C
mOperon_pFW
100_M5_Fwd_
Pacl/
pACYC184_C
mOperon_pFW
100_M5_Rev_
Spel, then Sfil/Bsiwl, 2-step R. o.
E’,\;\c’)‘égogf'(?)EB% 3573 pFW100_MB5AT then oFW100 Gibson gg 4‘2[):’EBS3 (Mod5 AT
0_Sfil_F/pFW1 Pacl/Spel assembly
00_M5ATO_Sfil
_Rand
PFW100_M5AT
0_BsiWI_F/pF
W100_
M5ATO_BSiWI_
R.
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pFW100_DEBS3

(Mods ATY) 3551

pACYC184_C
mOperon_pBP
130_M6_Fwd_
Pacl/
pACYC184_C
mOperon_pBP
130_M6_Rev_
Spel, then
M6TE-SA-M6-
RP/M6TE-SA-
M6-FP and
M6TE-SA-130-
FP/M6TE-SA-
130-RP

BbvCl/Ajul,
then pFW100
Pacl/Spel

2-step
Gibson
assembly

CbR; DEBS3 (Mod6 AT®;
S2107A)

B

Name

Sequence

PresACP6_Fwd3

CATCTAGAAGTGCTTTTTCAGGGCCCGCATATGGCGGCCCCGGCGCG
GGAGATGACGTCGCAGGAGT

PresACP6_Rev

TCCTTTCGGGCTTTGTTAGCAGCCGGATCCTCAGAGCTGCTGTCCTAT
GTGGT

DszAT F190 F1

GCCGGTGATGCCGGCCACGATGCGTCCGGCGTAGAGGATCGAGATCT
CGATCCCGCGAAA

DszAT F190V R1

CGGTCGCATGAAGCGGGAATGAACAGCGGCGCTCACGCGCAGGACT
GTGTACTTCTTCGC

DszAT F190V F2

GCGAAGAAGTACACAGTCCTGCGCGTGAGCGCCGCTGTTCATTCCCG
CTTCATGCGACCG

DszAT F190 R2

GCCAACTCAGCTTCCTTTCGGGCTTTGTTAGCAGCCGGATCTCAGTGG
TGGTGGTGGTGG

pACYC184_CmOperon_pFW100_M5_Fwd_Pacl

CGGCCGGGTCGCCTACTGCCTGGGCCTGGA TTAATTAA
TTACGCCCCGCCCTGCCACT

pACYC184_CmOperon_pFW100_M5_Rev_Spel

AGTCGACCTCCACGCCCTGCGCGTAC ACTAGT
AACAGGAGGGACAGCTGATAGAAACAGA

pFW100_M5ATO_Sfil_F

TCGCCTACTGCCTGGGCCTGGA

pFW100_M5ATO_Sfil_R

ATCTCGCCCTG CGC GTGGCCGA

pFW100_M5ATO_BsiWI_F

TCGGCCAC GCG CAGGGCGAGAT

pFW100_M5ATO_Bsiwl_R

ACCTCCACGCCCTGCGCGTAC

pACYC184_CmOperon_pBP130_M6_Fwd_Pacl

CGGCGCGAGCCAGTACCGCT TTAATTAA
TTACGCCCCGCCCTGCCACT

pACYC184_CmOperon_pBP130_M6_Rev_Spel

ACCCGGCGCGTCCGAGCTGA ACTAGT
AACAGGAGGGACAGCTGATAGAAACAGA

MBTE-SA-M6-RP TCGGACACCTCCGGCGCGAG
M6TE-SA-M6-FP GGTGGAGGCGTCGGCGTTGC
M6TE-SA-130-FP AACCCAGCAGCACCGGGCCC
M6TE-SA-130-RP CTGGTGCTGCTGGGCAGGCG

Table 2. Plasmid constructs (A), and oligonucleotides (B) used in Chapter 3.

Name No. Primers Ressti';::on ngl:ll:g:e Method Description
DszATF1/
T7TerminatorR
1 and Gibson CmR; lacl; pT7 lacO DszAT
P15A-DszAT 3558 LacCasetteLacl Clal/Pacl PJA4MCS2 assembly  T7-term; p15A ori

/LacCasetteLac

0]
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S86AMutationF

. Gibson CmR; lacl; pT7 lacO S86A
p15A-DszATS86A 3560 /Dsz(A:_LI\)/llrJT:ant_ Ndel/Hindlll p15A-DszAT assembly  DszAT T7-term; p15A ori
F190VMutation . R. .
p15A-DszZATF190V 3559 F/DszATMutant  Ndel/Hindlll  p15A-DszAT G'bsog‘l gm A'Ta% pT7 '_ac%? 9oV
CTerm assembly SZ -term; p ori
MalACP_F1/ Gibson R. ;
pET21c-FabD 3561 MalACP R1 Ndel/EcoRI pET21c assembly Cb®; FabD from E. coli
CbR; Mod3pess+TE(AT?)
from Wong, F. T., et al.,
PAYC136 1150 Biochemistry 2009, 49
(1) 95-102.
CbR;
] Mod3pess+TE(ATPACP?)
ZEIA“é‘F’,?%EBS 1567 from Ad, O., et al., Proc Natl
Acad Sci 2017, 114 (5)
E660-D668.
CbR; Mod6pess+TE(AT?)
from Wong, F. T., et al,,
PAYC138 1045 Biochemistry 2009, 49
(1) 95-102.
SpR; lacl; AraC; pBAD33
mdcF rrnB T1 T2-term; pT7
lacO matB T7-term;
pFmal(MdcF) 1830 CloDF13 ori from Thuronyi
et al. Angew Chem Int Ed
2017, 56(44) 13637-13640.
SpR; lacl; AraC; pBAD33
matC rrnB T1 T2-term; pT7
lacO matB T7-term;
pFmal(MatC) 1549 CloDF13 ori from Thuronyi
et al. Angew Chem Int Ed
2017, 56(44) 13637-13640.
SpR; lacl; AraC; pBAD33
madLM rrmB T1 T2-term;
pT7 lacO matB T7-term;
pFmal(MadLM) 1547 CloDF13 ori from Thuronyi
et al. Angew Chem Int Ed
2017, 56(44) 13637-13640.
SpR; lacl; araC; pBAD33
madLM rrmB T1 T2-term;
stt?:LI;(t(MZ%)M 1929 CloDF13 ori from Thuronyi
et al. Angew Chem Int Ed
2017, 56(44) 13637-13640.
Name Sequence
DszATF1 ATTTTGTTTAACTTTAAGAAGGAGATATACATATGAAAGCATACATGTTTCCCGGGCAAG
T7TerminatorR1 CCCTGCAGCTTAAGTTAATTAACCCGGGGCAAAAAACCCCTCAAGACCCGTTTAGAG
LacCasetteLacl ATTCTCATGTTTGACAGCTTATCATCGATACTGCCCGCTTTCCAGTCGGG
LacCasetteLacO CCCTTGCCCGGGAAACATGTATGCTTTCATATGTATATCTCCTTCTTAAAGTTAAACAAA
S86AMutationR GAACTCGCCCAGAGCGTGGCCGGCCAG
S86AMutationF CTGGCCGGCCACGCTCTGGGCGAGTTC
F190VMutationR GAAGCGGGAATGAACAGCGGCGCTCAC
F190VMutationF GTGAGCGCCGCTGTTCATTCCCGCTTC
DszATMutant_CTerm TGGTGGTGGTGGTGCTCGAGT
MalACP-F1 TTTTGTTTAACTTTAAGAAGGAGATATACATATGACGCAATTTGCATTTGTGTTCCCTGG
MalACP-R1 GGTGGTGGTGCTCGAGTGCGGCCGCAAGCTTGTCGACGGAGCTCGAATTAAGCTCGAGCGC

CGCTGCCATCGCTGAAGG

PresACP6_Fwd3

CATCTAGAAGTGCTTTTTCAGGGCCCGCATATGGCGGCCCCGGCGCGGGAGATGACGTCGC
AGGAGT
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PresACP6_Rev

TCCTTTCGGGCTTTGTTAGCAGCCGGATCCTCAGAGCTGCTGTCCTATGTGGT

Table 3. Plasmid constructs (A), and oligonucleotides (B) gBlocks (C) and strains (D) used in

Chapter 4.
A

Name

No.

Backbone
source

Restriction

Primers .
sites

Method

Description

pBP130

3547,
3548

CbR; DEBS2 DEBS3; ColE1
ori from Pfeifer, B. A, et al.
Science 2001, 291 (5509)
1790-1792

pBP144

3549,
3550

KmR; DEBS1 pccAB; ColE1
ori from Pfeifer, B. A., et al.
Science 2001, 291 (5509)
1790-1792

pBPJW130

3544

AmR; DEBS2 DEBS3; ColE1
ori from Zhang, H., et al.
Chem Bio 2010, 17(11)
1168-1169

pBPJW144

3544

TcR; DEBS1 pccAB; ColE1
ori from Zhang, H., et al.
Chem Bio 2010, 17(11)
1168-1169

pDEBS

3554,
3555

KmR; E. coli codon-
optimized DEBS123,
groES/EL, pccAB, sfp from
Biotechnol Prog 2018, 34 (1)
271-276

pCK7

2066

ColE1 SCP2* CbR TsR pactl
actllORF4

DEBS123 from Kao, C. M.,
et al. Science

1994, 265(5171) 509-512

pCas

2636

For Cas9-mediated genome
editing in E. coli from Jiang,
Y., et. al., Appl Environ
Microbiol 2015, 58 (4) 161-
170

pTargetF

2637

For Cas9-mediated genome
editing in E. coli from Jiang,
Y., et. al., Appl Environ
Microbiol 2015, 58 (4) 161-
170

pCAPO1

3541

KmR; CEN6_ARS4; TRP1;
RP4 ori; attP; pUC ori from
Yamanaka, K. Proc Natl
Acad Sci 2014, 111(5) 1957-
1962

pCas_PPhe-
Bsal_NAT

2046

For Cas9-mediated genome
editing in S. cerevisiae from
Ryan, O. W., et al. Elife
2014, 3:e03703

pBP144_DEBS1

(Mod1 AT?)

3643

Cm-pT7-
PhaEC-F/Cm-
pT7-PhaEC-R,
then DEBS1-

1/DEBS1-2,
and DEBS1-
3/DEBS1-4.

BsiWI/BstBI pBP144

2-step
Gibson
assembly

KmR; DEBS1 S1181A
pccAB; ColE1 ori
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pACYC184_C

mOperon_
pBP130_M3_F
wd_Pacl/pACY 2-step
pBP130_DEBS2 C184_CmOper ) CbR; DEBS2 S653A DEBS3;
(Mod3 AT?) 3552 on_pBP130_M MauBl/Bael pBP130 Gibson ColE1 ori
assembly
3_Rev_Spel,
then pET21-
M3-RP/pET21-
M3-FP2
pBP130_DEBS3 . Restriction  Cb®; DEBS2 DEBS3 S642;
(Mod5 AT®) 3557 n/a BbvCI/Nsil pBP130 ligation ColE1 o
pBP130_DEBS3 . Restriction  Cb®; DEBS2 DEBS3
(Mod6 AT?) 3553 n/a AsiSI/BbvCl pBP130 Jigation S2107A; ColE1 ori
Xhol/Kpnl, DEBS123 from pCK7 on
pCAPO1.DEBS.Actp 3579 n/a BamHi pCAPO1 TAR bACPO1 backbone
Name Sequence

Cm-pT7-PhaEC-F

GGGCGCTGTTCGAGGCGTACG AACAGGAGGGACAGCTGATAGAAACAGA

Cm-pT7-PhaEC-R

CGGCGTTGCGGACGCGTTCGAA TTACGCCCCGCCCTGCCACT

DEBS1-1 GGGCGCTGTTCGAGGCGTACGGGCGCGACCGCGAGC
DEBS1-2 GGCGATCTCGCCCTGCGCGTGCCCGATGAC

DEBS1-3 GTCATCGGGCACGCGCAGGGCGAGATCGCC

DEBS1-4 CGGCGTTGCGGACGCGTTCGAACGGCCCCGTCGCGACG

pACYC184_CmOperon_pBP130_M3_Fwd_
Pacl

TGCACGAGCGGCCCCGCGCG TTAATTAA TTACGCCCCGCCCTGCCACT

pACYC184_CmOperon_pBP130_M3 Rev_
Spel

TGGCGCGGCTGCACCACCCC ACTAGT
AACAGGAGGGACAGCTGATAGAAACAGA

pET21-M3-RP CAGGCGACCGAGGTGCACGA

pET21-M3-FP2 CCGACCGGGGCTGGGACCTG

M5_BbvCl TCAGCTCCTCCCTCAGCTCG

M5 Nil CTGAGCATGCATGGGTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATA

TACATATGAGCGGTGACAACGGCAT

FadR_gibsonF

GTCCTAGGTATAATACTAGTCTGGATTACAACATATTCCGGTTTTAGAGCTA
GAAATAGC

FadR_gibsonR

GCTATTTCTAGCTCTAAAACCGGAATATGTTGTAATCCAGACTAGTATTATA
CCTAGGAC

FabD_GibsonF

GTCCTAGGTATAATACTAGTTTCATCAGCGCACAGTGAGAGTTTTAGAGCTA
GAAATAGC

FabD_GibsonR

GCTATTTCTAGCTCTAAAACTCTCACTGTGCGCTGATGAAACTAGTATTATA
CCTAGGAC

FadR_SOEF2

CCACCATAAACATCAGTAACAGCAAG

FadR_SOEmidR

GGGTTTGCTCTTTAAACGGAAGGGAAGTGAGATTTCCATAACACAGCAAA

FadR_SOEmidF

TTTGCTGTGTTATGGAAATCTCACTTCCCTTCCGTTTAAAGAGCAAACCC

FadR_SOER2

CCAACGGAAGAAGACAAATACTGGTT

FabDRO_1F

CGGCGAGCTATCCAATTGTCGAAG

FabDRO_2F_Phe

AGCGTACCGTTTCACTGTGCGC

FabDRO_2F Val

AGCGTACCGGTTCACTGTGCGC

FabDRO_1R_Ala

GCGCACAGTGAGCCGGTACGCT

FabDRO_1R_Phe

GCGCACAGTGAAACGGTACGCT

FabDRO_2F Ala

AGCGTACCGGCTCACTGTGCGC

FabDRO_1R_Val

GCGCACAGTGAACCGGTACGCT

FabDRO_2R

GGTCGGTCACATTCAACATCAGACCTTT

FabDRO_g1_Mutate_R

GCTGCTGGCTTCATGAGTGCACAGTG
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FabDRO_g1_Mutate_F CACTGTGCACTCATGAAGCCAGCAGC

pCAPO1ActpDEBS1F1 AGATCGACTAGTAACCTCGAGCCATGG
pCAPO1ActpDEBS1R1 ATTTTTCTAAATACAGGTACCCTATGAATTCCCTCCG
Name Sequence

CapActPDEBS1

AGATCGACTAGTAACCTCGAGCCATGGTCGTCATCGCCAAGGGCGCCTCGGCGGACCAGGTGCACGC
AGCTCTGGAGACCGTGCCCGGCGTCATCGAGGTCGCACCACCACAGGTGAAGGACGGCCTCGCCTAT
GTCGAGGCGACGCTCG

CapActPDEBS2

CGAGGATCACCGGAATGATCAGACCGCGGTCGCGGCTGGACGCCTCCCGCATGTCGTGCACGACGGC
GCTGCTGCCGCCCACCCGTGCCTGCGCACCGTCCAGCCGGGCGAGTGTCTCGCGGGCCGCGGTGAC
CGAACGCATGGCCGCCGGCGAGTCCGCCCCGGCGCCGAGCGTCGCCTCGACATAGG

CapActPDEBS3

GGTCTGATCATTCCGGTGATCCTCGCCGTGGTGTTCTGCATCCTCGCGCTGCTGCTGCGAGCACTGGT
GGCGCCGCTGCTGCTGATCGCGAGCGTGGTGCTGTCCTTCTTCACCGCGCTCGGCCTCGCCGCCCTC
TTCTTCAACCACGTCTTCGACTTCGCGGGAGCCGATTCGGCCTTCCCCCTGTGGGTCTTCGTCTTCCTG
GTCGCCCTGGGCGTCGACTACAACATCTTCCTCGTCACCCGGATCAAGGAGGAGAGCGACCGGCTCG
GCACCCGGCAGGGCGCGCTCAAGGGCCTCACCTCGACCGGTGGCGTGATCACCGCGGGGATCCGAG
CTGACCGCCACGCTGTTCGACCGCGAGACGGTGCGGATGGACGACACCAGGCTCACCGCCCTGGGC
GCCTACGACCGCCTCACCGGTCAGTGGCGACCCCGGGAAACCGGGCTGCCGACGCTGCTGGTCAGC
GCCGGCGAGCCGATGGGTCCGTGGCCCGACGACAGCTGGAAGCCGACGTGGCCCTTCGAGCACGAC
ACCGTCGCCGTCCCCGGCGACCACTTCACGATGGTGCAGGAACACGCCGACGCGATCGCGCGGCACA
TCGACGCCTGGCTGGGCGGAGGGAATTCATAGGGTACCTGTATTTAGAAAAAT

Name No. Genotype
BAP1 AfadR 3644 F-ompT hsdSg(rs— msg—) gal dcm (DE3) AprpRBCD (sfp) AfadR

BAP1 fabD S200V

3645 F-ompT hsdSg(rs— mg—) gal dcm (DE3) AprpRBCD (sfp) fabD (S200F)

BAP1 fabD S200F

3646 F-ompT hsdSg(rs— mg—) gal dcm (DE3) AprpRBCD (sfp) fabD (S200V)

Table 4. Plasmid constructs (A), and oligonucleotides (B) and gBlocks (C) used in Chapter 5.

Name No. Primers Rest_rlctlon Backbone Method Description
sites source
. Golden KmR; lacl, pT7 lacO codon
&ERTZSa-H|s6TEV- 3648 -I'-I'KKRR11FRVZ>?// Bsal PET%?:&\FSQQ)- gate optimized KRryLsvoat T7-
TYLSModt assembly  term; CoE1 ori
pET28a-His6TEV- 647  EVKRIFwd/ Bsal pET28a(gg)- GO;':” KmR: lacl, pT7 lacO
KRDEBSM0d1 EryKR1 Rev2 RFP asgembly KRDEBSMod1 T7-term; CoE1 ori

pET28a.HisN.PIKS-
KR1

KmR; lacl, pT7 lacO codon
1324 optimized KRPIKSM0d1 T7-
term; CoE1 ori

B
Name Sequence
TKR1Fwd CACACCA GGTCTC A TATG ATGAGCCCTACCGACGCATGG
TKR1Rev CACACCA GGTCTC A AAGC TCATTAGGCCGCCGTCAGC
EryKR1Fwd CACACCA GGTCTC A TATG TCCACCGAGGTCGACGAGGTTTCCG
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EryKR1Rev2

CACACCA GGTCTC A AAGC TCGTGG TTCGGCCGCCGCCT

C

Name

Sequence

Tylosin KR6698-
8168

ATGAGCCCTACCGACGCATGGCGCTATCGTGTTACTTGGAAGGCGCTTACCGAATCCTCACCGGTCCG
CCCGCATTCTATCGGCCGTTGCCTGCTGGTAGCTCCTCCAACGACCGATGGGGAGCTGCTGGACGGC
CTTACAACCGTCCTTTCCGAACGTGGGGCAAGCGTAGCGCGCTTAGAAGTACCGATTGGCGCACGCCG
GGCGGAAGTTGCCGAGTTACTGAAACCATCTATGGAATCAGCTGGTGAAGAAAATACGACCGTTGTCAG
TTTGCTCGGCCTGGTGCCCTCAACTGACGCTGTGCGTACGAGCATTGCGCTGCTGCAGGCCGTGAGTG
ACATTGGTGTACCGGCCGCCCGGGTTTGGGCGCTGACACGTCGTGCCGTCGCTGTCGTTCCAGGGGA
AACCCCGCAGGATGCGGGCGCTCAACTCTGGGGATTTGGCCGTGTAGCTGCGCTTGAATTGCCTGATA
TTTGGGGAGGACTGATTGATCTTCCTGAAACGGCGGAACTCACCCGTACCCCGGAGACAAGCCAGCCA
CCCCAGACCCCTGAGCGCTTGCCGCAGACGCCCAACCGTCGGGCACTGGAACTGGCGGCCGLGGTC
CTGGCGGGCCGCGATGGTGAGGATCAGGTTGCGGTTCGCGCATCGGGCATTTACGGGCGTCGTGTGT
CTCGCGCGGCGGCAGCGGGTGCAGCCTCTTGGCAACCGTCTGGTACCGTGCTGATTACTGGCGGTAT
GGGAGCCATCGGGCGCCGCTTGGCACGCCGCTTAGCGGCTGAGGGCGCTGAACGCTTGGTTTTGACC
AGTCGGCGTGGTCCGGAGGCCCCGGGCGCAGCTGAATTAGCTGAAGAATTGCGTGGCCACGGATGCG
AAGTTGTCCATGCTGCTTGCGATGTGGCCGAACGCGATGCCCTGGCGGCACTGGTGACCGCCTATCCA
CCCAATGCCGTATTTCACACCGCCGGCATTCTGGATGACGCGGTTATTGATACGCTTTCCCCAGAATCC
TTTGAAACCGTGCGTGGCGCCAAGGTTTGTGGCGCGGAGCTGCTGCACCAGCTCACCGCAGACATCAA
GGGCCTGGATGCCTTTGTCTTGTTTTCGTCGGTTACCGGTACGTGGGGCAATGCCGGCCAGGGCGCGT
ACGCCGCGGCCAACGCCGCATTAGACGCCTTGGCCGAGCGTCGGCGGGCTGCAGGCTTACCGGCAA
CATCTGTAGCTTGGGGTCTGTGGGGTGGTGGCGGGATGGCTGCTGGGGCCGGCGAAGAATCATTGAG
TCGCCGCGGCCTGCGCGCAATGGATCCAGATGCCGCGGTGGATGCCTTGTTAGGTGCTATGGGGCGC
AATGATGTTTGCGTGACGGTGGTAGACGTGGATTGGGAACGTTTCGCCCCGGCGACAAACGCTATCCG
TCCGGGACGTTTATTCGACACTGTCCCGGAGGCACGGGAAGCGCTGACGGCGGCCTAATGA
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