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Abstract
Biosynthesis and Heterologous Expression of Medicinally Active Natural Products
by
Joyce Liu
Joint Doctor of Philosophy with University of California, San Francisco
in Bioengineering
University of California, Berkeley
Professor Wenjun Zhang, Chair

Natural products have long been appreciated for their potent biological activities, and
their unique scaffolds and pharmacophores have served as inspiration for many
pharmaceuticals. As the structural complexity of these compounds can make their
production and diversification challenging for chemical synthesis, the study and
engineering of natural product biosynthetic pathways can facilitate more efficient and
sustainable production of natural products and their analogues. Here, we present our
findings from the biosynthetic studies of several medicinally active natural products
produced by Streptomyces, which reveal some unusual pathways and enzymes. In doing
this work, we also demonstrate how heterologous expression can be used to expediently
determine the necessity and function of individual biosynthetic enzymes, gain insight into
biosynthetic mechanisms, and produce new natural product analogues.

The compounds of focus here include the cholinesterase inhibitor physostigmine, the
peptidyl epoxyketone proteasome inhibitor eponemycin, and the family of antimycin-type
depsipeptides. The in vivo and in vitro characterization of physostigmine biosynthesis
revealed an unexpected pathway involving an acetylation-deacetylation-dependent
reaction cascade and a unique indole methyltransferase. Heterologous expression-based
investigations on the biosynthesis of eponemycin then revealed an unprecedented flavin-
dependent enzyme to be necessary and sufficient for the formation of the terminal
epoxyketone pharmacophore in addition to indicating the involvement of a
decarboxylation step. Further efforts to study the biosynthesis of antimycins likewise
resulted in the in vivo reconstitution of the 3-formamidosalicylate pharmacophore, and
studies on the related neoantimycins led to advances in the biosynthetic understanding
and heterologous expression of this ring-expanded class of antimycin-type depsipeptides.
Collectively, these biosynthetic insights not only enrich our enzymatic knowledge but can
also expand our ability to perform combinatorial biosynthesis.
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Chapter 1. Introduction

1.1 Significance of natural products

Natural products produced by plants and microorganisms are among some of the
most important pharmaceutical compounds in existence. Collectively, they have played
important roles in treating a vast variety human health conditions, including infectious,
neurological, cardiovascular, metabolic, and oncological diseases.! Examples of
particularly well-known natural products with clinical uses include the antibiotics,
penicillin and vancomycin; the antimalarial agent, artemisinin; the pain medication,
morphine; and the anticancer drugs, bleomycin and paclitaxel (Figure 1-1). Although not
all natural products can directly be used as pharmaceuticals, they are nonetheless an
abundant source of structurally diverse and biologically active compounds and can offer
novel scaffolds and pharmacophores that serve as the basis for the development of new
drugs.? It has been estimated that in the decades spanning 1981 - 2010, nearly 75% of all
approved small molecule antibiotics and nearly 50% of all approved small molecule
anticancer drugs were natural products or their derivatives.!
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Figure 1-1. Examples of pharmaceutically relevant natural products.

Natural products are often produced by organisms as secondary metabolites, and
they are generally believed to have evolved to promote the survival of the producing
organism, be it through chemical defense, symbiosis, metal transport, or differentiation.?
While the natural roles of these compounds confer them with some form of biological
activity, the use of natural products in the context of treating human disease does not
usually rely on the specific activity for which the metabolite was originally evolved. As
such, efforts to alter these compounds through combinatorial chemistry and biosynthetic
engineering approaches remain crucial for drug development.?* In addition to possessing
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a wide range of biological activities, secondary metabolites also possess extremely varied
structures, and they can be grouped into different classes based on their biosynthetic
origins. Some of the major classes include polyketides, phenylpropanoids, terpenoids,
alkaloids, and ribosomal and non-ribosomal peptides, and even within these classes, there
is substantial scaffold and functional group diversity.” Chapter 2 will discuss the
biosynthesis of a tryptophan-derived alkaloid known to be produced by a plant and a
Streptomyces species, while Chapters 3-5 will discuss the biosynthesis of three different
non-ribosomal peptide/polyketide hybrid compounds produced by Streptomyces.

1.2 Motivation for studying biosynthesis

As secondary metabolites are typically produced by their native producers in small
quantities, the development of alternative methods that enable desired compounds to be
produced at higher productivities and titers is extremely desirable. However, many
natural products have complex structures with multiple stereocenters, diverse functional
groups, and labile connectivities, which makes their total syntheses challenging.®
Moreover, these chemical synthetic efforts often require costly and environmentally
harmful reagents as well as numerous steps, which leads to reduced yields. Engineered
biosynthesis is thus an attractive and more sustainable approach for obtaining greater
quantities of natural products that can be used for further study, derivatization, or
treatment. Toward this end, the understanding and complete characterization of the
biosynthetic pathways of target compounds can facilitate the development and metabolic
engineering of higher producing native or heterologous strains.” As an example,
investigation into the biosynthesis of penicillin by Aspergillus nidulans revealed that the
aminoadipyl-cysteinylvaline synthetase was the rate limiting enzyme in the pathway, and
subsequent overexpression of the enzyme resulted in a 30-fold increase in penicillin
production.® Similarly, glycosylation was determined to be the rate-limiting step in
doxorubicin biosynthesis by Streptomyces peucetius, which prompted the overexpression
of the glycosyltransferase and sugar biosynthesis genes for a six-fold increase in
production.” An understanding of biosynthesis can also play a role in more efficient
production of natural product analogues with different activities, which can be achieved
through the deletion, insertion, or replacement of specific pathway genes as exemplified
by the genetic engineering of the doxorubicin producer to produce epirubicin, a drug with
fewer side-effects.!”

Finally, investigating the biosynthesis of natural products with unique functionalities
can shed light on new kinds of enzymes and their associated chemistries. Such
discoveries can not only enrich our ability to perform desired enzymatic transformations
but can also expand the potential to generate novel bioactive compounds through
engineered biosynthetic pathways. For instance, the characterization of spinosyn A
biosynthesis revealed the involvement of a novel “Diels-Alderase” enzyme capable of
catalyzing [4+2] cycloaddition (Figure 1-2A).!' Likewise, the elucidation of fosfomycin
biosynthesis revealed an unusual epoxidase that catalyzes dehydrogenation of a
secondary alcohol (Figure 1-2B),'> 1* and the study of echinomycin biosynthesis led to
the identification of a rare S-adenosylmethionine (SAM)-dependent methyltransferase
that transforms a disulfide bridge into a thioacetal bond (Figure 1-2C).!*
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Figure 1-2. Examples of reactions catalyzed by novel biosynthetic enzymes. (A) SpnF
catalyzes a [4 + 2] cycloaddition reaction in the biosynthesis of spinosyn A. (B) HppE
catalyzes an unusual dehydrogenation reaction to form an epoxide in the biosynthesis of
fosfomycin. (C) Ecm18 catalyzes the rare transformation of a disulfide bridge into a
thioacetal bridge in the biosynthesis of echinomycin.

1.3 Applications of heterologous expression

In addition to biosynthetic understanding, another important aspect of engineered
biosynthesis is the heterologous expression of biosynthetic pathways. Because the native
producers of many natural products may be difficult to genetically manipulate,
heterologous expression is becoming an increasingly popular way to both improve and
modify the biosynthesis of natural products. One instance of the use of heterologous
expression is the engineering of a Saccaharomyces cerevisiae strain for the production of
25 g/L of the artemisinin precursor, artemisinic acid, which represents a substantial
improvement over extracting artemisinin from the naturally producing plant.'>!” Notably,
the heterologous expression efforts in this case involved both host engineering through
the overexpression of all of the yeast mevalonate pathway enzymes and biosynthetic
pathway engineering through the incorporation of an artemisinic aldehyde dehydrogenase
and an artemisinic alcohol dehydrogenase.

Heterologous expression has also been demonstrated to be a valuable tool for
engineering the biosynthesis of natural product analogues. In particular, the heterologous
expression of the novobiocin biosynthetic gene cluster from Streptomyces spheroides in
the more easily manipulated Streptomyces coelicolor host enabled the deletion of a
methyltransferase and the introduction of a halogenase into the biosynthetic pathway to
yield a novel chlorinated novobiocin analogue.'® !” A similar strategy was also employed
to produce two new chlorinated coumermycin A1 analogues.’ Furthermore, the
successful expression of the erythromycin biosynthetic gene cluster from
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Saccharopolyspora erythraea in an Escherichia coli strain metabolically engineered to
support polyketide production enabled the relatively facile production of new
erythromycin analogues through modification of the polyketide synthase (PKS) modules
and the tailoring pathway enzymes (Figure 1-3A).2">2? In one study, the loading module
of 6-deoxyerythronolide B synthase (DEBS) was replaced with an alternative to enable
the incorporation of a completely different substrate into the 6-dEB scaffold.?! In another
study, 16 different deoxysugar tailoring pathways were introduced into E. coli to produce
an array of erythromycin analogues with different deoxysugar moieties, and some of
these analogues even exhibited activity against an erythromycin-resistant Bacillus subtilis
strain.?? Impressively, the production of erythromycin by the engineered E. coli system
involved the expression of over 50 kb of DNA and 26 genes. However, the titer of
erythromycin from E. coli was approximately 1000-fold less than that from S. erythraea
(~10 mg/L vs ~10 g/L),>" % indicating that there may be some limitations to heterologous
expression.

Figure 1-3. Erythromycin A and biosynthetic analogues. (A) Heterologously produced
erythromycin analogues resulting from the modification of the loading module of 6-
deoxyerythronolide B synthase (DEBS) and the addition of new deoxysugar tailoring
pathways. (B) Small subset of the 6-dEB combinatorial library resulting from domain and
module engineering of DEBS.

Nevertheless, heterologous expression also has promising applications for the
expression and refactoring of silent gene clusters. As the gene clusters for some
secondary metabolites may be highly regulated and not expressed under laboratory
cultivation conditions, the transfer and refactoring of these gene clusters in heterologous
hosts can provide the opportunity to reveal the production of new compounds.?* This
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approach has recently been demonstrated by the expression of the taromycin A and
spectinabilin gene clusters in Streptomyces coelicolor and Streptomyces lividans,
respectively.?> 26 These studies relied on yeast-based homologous recombination to
construct large shuttle vectors (some even upwards of 80 kb) containing biosynthetic
gene clusters of interest that were modified for activation via the deletion of regulatory
genes responsible for silencing the cluster or the addition of a strong promoter in front of
each gene. This work thus underscores the importance of using heterologous hosts for
which abundant genetic tools and regulatory elements are available such that large
biosynthetic gene clusters can be both easily introduced and expressed in the host.

For natural products originating from Actinobacteria, which is the focus here, E. coli
and model Streptomyces strains such as S. coelicolor and S. lividans are among some of
the most promising heterologous hosts for engineered biosynthesis.” 2> 28 Examples of
actinobacterial natural products that have been successfully heterologously expressed in
E. coli include echinomycin,'* erythromycin,?! and valinomcycin;?® and examples of
compounds that have been heterologously expressed in Streptomyces hosts include
daptomycin,*® meridamycin,’! and aureothin.> Although the titers resulting from
heterologous expression are often reduced compared to that from the native producers,?’
there are some cases in which the titers are comparable (e.g. valinomycin and novobiocin)
or even higher (e.g. tetracenomycins®®) than that from the native host. Furthermore, a
slight decrease in titers may be compensated if the heterologous host is easier to
ferment,?’ and the choice of heterologous host can also have a significant effect on
titers.'” 33 While Streptomyces hosts are advantageous because of their similarity to
native producers, the relevance of their precursor pools, and their ability to express
extremely large enzymes, E. coli is also a particularly attractive host due to its fast
growth rates, well-characterized metabolism, and the wide availability of genetic tools
and parts.?® **37 These traits make the engineering of both the host and imported
biosynthetic pathways significantly easier, and to address some of the corresponding
shortcomings of Streptomyces hosts, efforts have been made to engineer strains without
competing secondary metabolite gene clusters,*®° to characterize new promoters,*' and
to develop genetic tools like CRISPR/Cas that facilitate the genetic engineering of
Streptomyces.** Likewise, the engineering of E. coli to produce the precursor,
methylmalonyl-CoA, and to express the post-translational modification enzyme,
phosphopantetheinyl transferase, which resulted in the E. coli BAP1 strain, has greatly
expanded its capability as a heterologous host.>> ** The more recent finding that the
expression of Streptomyces chaperonins in E. coli could improve the solubility and
activity of megaenzymes** also has promise for furthering the development of E. coli as a
heterologous host for the expression of large biosynthetic gene clusters. Overall,
advances in heterologous host engineering are improving our ability to achieve the
heterologous expression of biosynthetic gene clusters and allowing us to exploit the many
applications of heterologous expression. In Chapters 3-5, we show how heterologous
expression in E. coli and Streptomyces can be used as a tool to probe the functions of
individual biosynthetic enzymes and better characterize biosynthetic pathways when the
native producer is not genetically tractable.



1.4 Outlook for combinatorial biosynthesis

With increased knowledge about the biosynthesis of natural products and the ability
to produce them in organisms that can be easily engineered, the ultimate goal is to apply
these tools to generate novel bioactive compounds through combinatorial biosynthesis.
Combinatorial biosynthesis can broadly be thought of as the use of genetic engineering to
modify biosynthetic pathways to produce altered compounds.* *® As evidenced by some
of the examples described in the previous sections, there has been considerable interest in
applying combinatorial biosynthesis to natural products synthesized by type I polyketide
synthases (PKSs) and non-ribosomal peptide synthetases (NRPSs) due to the collinearity,
modular nature, and diverse building block selectivity of these enzymes.**’ PKSs and
NRPSs operate in an assembly line-like fashion to join together acyl coenzyme A (CoA)
and amino acid building blocks, respectively.*> 46454 The core catalytic domains of type
I PKSs include the ketosynthase (KS) domain, which is responsible for catalyzing
decarboxylative Claisen condensations for chain extension; the acyltransferase (AT)
domain, which is responsible for building monomer selection and loading; and the acyl
carrier protein (ACP) domain, on which the polyketide chain is elongated (Figure 1-4A).
Similarly, the core catalytic domains of NRPS include the condensation (C) domain,
which is responsible for catalyzing peptide bond formation for chain extension; the
adenylation (A) domain, which is responsible for amino acid activation and loading; and
the thiolation (T) domain, which carries the growing peptide chain (Figure 1-4B).
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Figure 1-4. Scheme showing the core catalytic domains of PKSs (A) and NRPSs (B).

Additional enzymes that may either be part of the PKS/NRPS or standalone can also
modify the nascent PK/NRP chain during or after assembly, further contributing to the
diversity and complexity of these classes of natural products. Common optional domains
for PKSs include the ketoreductase (KR), dehydratase (DH), and enoylreductase (ER)
domains, which can modify the B-ketone, and many PKS/NRPS assembly lines also have
a terminal thioesterase (TE) domain that can catalyze macrocyclization.*® Post-tailoring
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enzymes, such as oxidoreductases, methyltransferases, and glycosyltransferases, are also
found in many PKS/NRPS biosynthetic gene clusters, providing another source of
structural variation. The diversity of the building blocks selected by the AT domains of
PKSs and the A domains of NRPSs is another contributor to PK and NRP structural
diversity. Recent studies have identified AT domains that select a number of different
extender units aside from the usual malonyl- and methylmalonyl-CoA; for example, an
AT domain from the FK506 PKS was shown to be capable of accepting ethylmalonyl-,
propylmalonyl-, and allylmalonyl-CoA® while an AT domain from the antimycin PKS
was able to accept linear, branched, cyclic, halogenated, and alkynoic alkylmalonyl-
CoAs.’1"? Likewise, many NRPS assembly lines have been shown to incorporate unusual
modified amino acids such as phenylglycines, and halogenated and B-hydroxy amino
acids.>* 3 Given all of these aspects, the potential to create new molecules by
engineering assembly lines composed of various modules and domains is vast.
Furthermore, many PK/NRP natural products are produced as congeners, implying that
these natural product assembly lines and tailoring enzymes have some degree of inherent
promiscuity.

However, attempts to produce new bioactive PK and NRP compounds through
combinatorial biosynthesis and specifically, module and domain swapping, have resulted
in mixed success. While groups have successfully used such strategies to produce
libraries of erythromycin®® (Figure 1-3B) and daptomycin®”3® analogues, in many cases,
engineered fusion assembly lines have resulted in non-functional recombinant lines,
extremely low product titers, and undesired hybrid products.* >° In fact, in a study that
generated 154 bimodular combinations of PKS modules, less than half of the
combinations resulted in the production of the expected triketide lactone, and less than 10%
resulted in product titers exceeding 10 mg/L.>° These simple mix-and-match experiments
generally fail because they do not account for the extensive and orthogonal protein-
protein interactions required for substrate channeling and catalysis in a complex pathway,
though efforts to more strategically dissect and re-form these enzymatic assembly lines
by studying and engineering interdomain and intermodular linkers,*” ®! PKS docking
domains, "% and NRPS communication-mediating domains® % are increasing.
Furthermore, the studies of most PKS and NRPS machineries have primarily focused on
their functions in isolated, native assembly-line settings rather than on understanding the
natural rules that promote successful assembly line modification. Thus, despite the
promising functional and chemical diversity offered by PKS and NRPS assembly lines,
combinatorial biosynthesis has not advanced as far as desired. Chapter 5 discusses the
potential of using a set of naturally combinatorial NRPS/PKS-hybrid gene clusters to gain
a better understanding of the general programming rules for recombining enzymatic
domains and modules. Such studies along with advances in synthetic biology and
improved structural knowledge of PKSs and NRPSs may facilitate future efforts to
generate new “unnatural” natural products via combinatorial biosynthesis.>® 67



Chapter 2. Elucidating the Biosynthesis of Physostigmine

Parts of this chapter have been adapted from the following with permission:

Liu, J., Ng, T., Rui, Z., Ad, O., Zhang, W. “Unusual acetylation-dependent reaction
cascade in the biosynthesis of the pyrroloindole drug physostigmine.” Angew. Chem. Int.
Ed. Engl. 53, 136-139 (2014).

2.1 Introduction

Physostigmine is a tryptophan-derived pyrroloindole alkaloid that reversibly inhibits
acetylcholinesterase through binding of the carbamate group to the active site serine of
the enzyme.® It is used clinically as a parasympathomimetic drug to treat a wide variety
of disorders, including Alzheimer’s disease, glaucoma, delayed gastric emptying, and
orthostatic hypertension. Furthermore, physostigmine can cross the blood-brain barrier
and is used to counteract the effects on the central nervous system of overdoses of
atropine, scopolamine, and other anticholinergic drugs.”!* > Because of its potent
biological activity and unique structure (Figure 2-1), physostigmine (1) has attracted
much interest from organic chemists.”>> However, the enzymatic machinery that directs
the biosynthesis of physostigmine has not been elucidated until now.

Streptomyces griseofuscus NRRL 5324 1 kb
Gene Deduced role
psmA SAM-dependent methyltransferase
psmB esterasellipase = Ny, NH2 —;. NH2 \ NHZ
psmC SAM-dependent methyltransferase FN
psmD SAM-dependent methyltransferase H
psmE carbamoyltransferase tryptophan
psmF N-acetyltransferase /— /““san
psmG hypothetical heme-bound protein PsmF
psmH PLP-dependent decarboxylase AMP+‘P\E’1E5m Eg/.em:' CoASH
y o HO
0 gu)"—‘"\f// 5?—\? N \f PsmA P it \f
AH AM 21 7 —C
5 SAH SAM 4
~ H
. \f o PsmC \_1/0 >§N oPsmB o Ny© NH PS’“C A 0‘[::\"\§ -
o T o N
SAM NH P
7 8 1 physostlgmlne

Figure 2-1. Physostigmine biosynthetic gene cluster and characterized biosynthetic
pathway. SAH=S-adenosylhomocysteine.

Physostigmine was initially isolated from the seeds of Physostigma venenosum.”
Several structurally related pyrroloindole alkaloids, such as eseramine and physovenine,
have also been isolated from this source (Figure 2-2).% ' In addition, many oligomeric
pyrroloindole alkaloids, including chimonanthines, hodgkinsines, and psychotridines,
have been isolated from other plants, and these compounds are of interest because of their
potent analgesic activities.””””’ Despite the prevalence of the pyrroloindole ring system in
natural products, little is known about the enzymes responsible for the synthesis of the
aforementioned alkaloids. Only two types of enzymes have previously been reported to
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promote the formation of the pyrroloindole ring by exploiting the nucleophilicity of the
indole C3 atom. These characterized enzymes include prenyltransferases and
monooxygenases, which respectively prenylate and hydroxylate the indole C3 atom in the
biosynthesis of pyrroloindole-containing peptide natural products, such as aszonalenin®
and himastatin.’! In contrast, physostigmine is methylated at the indole C3 atom,
prompting us to initially hypothesize that its biosynthesis proceeds by the
decarboxylation of tryptophan, followed by a rare C3-methylation of the indole ring and
cyclization by attack of the primary-amine moiety onto the iminium ion. Further
substitutions, including hydroxylation, carbamylation, and three N-methylation steps,
then presumably complete the modification of the pyrroloindole skeleton.

H N
T \_N__N | .0
0 ) [e) L=/ ]
o H H
eseramine physovenine chimonanthine
o H
()N
Mo o— '-.\__x
wH N .;

HH

hodgkinsine psychotridine

Figure 2-2. Molecular structures of related and oligomeric pyrroloindole alkaloids.

Here, we report the characterization of the gene cluster responsible for
physostigmine biosynthesis. In addition to the identification of the first indole C3-
methyltransferase, we show that the biosynthetic pathway to physostigmine involves an
unusual reaction cascade consisting of highly coordinated methylation steps and
acetylation/deacetylation reactions. We further demonstrate the ability to generate
physostigmine analogues using different combinations of biosynthetic enzymes and the
potential for producing physostigmine in a more genetically tractable heterologous host,
E. coli.

2.2 Results

2.2.1 Biosynthetic gene cluster identification and confirmation

Because secondary metabolite biosynthetic genes are typically clustered in microbial
hosts, the finding that physostigmine was also produced by the bacterium Streptomyces
griseofuscus NRRL 5324% provided us with the opportunity to quickly identify the genes
involved in physostigmine biosynthesis. The genome of S. griseofuscus was sequenced
and subjected to BLASTP analysis with a carbamoyltransferase as a probe. The
bioinformatics search identified one putative gene cluster (GenBank accession no.
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KF201694), which spans 8.5 kb and encodes eight open reading frames designated psmA-
H (Figure 2-1). The deduced roles of the gene cluster products did not align well with the
originally proposed biosynthetic pathway: The functions of PsmB, F, and G are unknown;
four methylation reactions are needed, but only three methyltransferases (PsmA, C, and
D) are encoded; and no typical hydroxylase is encoded.

To confirm the involvement of this DNA region in physostigmine biosynthesis, we
carried out heterologous expression of this cluster in non-physostigmine-producing
Streptomyces hosts. A fosmid library of §. griseofuscus was constructed, and three
different fosmids containing the putative gene cluster were identified by PCR screening.
The fosmids were then subcloned into an E. coli-Streptomyces shuttle vector and
introduced into S. albus R1 and S. lividans K4-114. Analysis of the culture extracts by
liquid chromatography-high resolution mass spectrometry (LC-HRMS) and comparison
with the physostigmine standard showed heterologous production of 1 with all three
fosmids in both Streptomyces hosts, thus verifying that the identified gene cluster is
directly involved in the biosynthesis of physostigmine (Figure 2-3). Interestingly, a
homologous gene cluster was also found in the published genome of Streptomyces
albulus CCRC 11814, a known poly-L-lysine producer,® although no physostigmine
production has been reported from this organism.

|
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Figure 2-3. Heterologous production of physostigmine in Streptomyces. Extracted ion
chromatograms showing (A) heterologous production of 1 in S. lividans, but not in (B) S.
lividans with an empty vector; (C) heterologous production of 1 in S. albus, but not in (D)
wild-type S. albus; (E) production of 1 by wild-type S. griseofuscus.

The functions of PsmA-H in physostigmine biosynthesis were further demonstrated
by in vitro reconstitution. A one-pot assay with all eight of the purified enzymes (Figure
2-4) and their possible cosubstrates (S-adenosylmethionine (SAM), carbamoyl phosphate,
adenosine 5-triphosphate (ATP), and acetyl coenzyme A (acetyl-CoA)) was performed.
We propose that tryptophan is initially hydroxylated by a tryptophan 5-hydroxylase,
which was confirmed to be encoded elsewhere on the genome by BLASTP analysis.
Indeed, when 5-hydroxytryptophan (2) was used as a substrate, 1 was successfully
produced in the one-pot assay, as demonstrated by LC-HRMS analysis. Individual
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enzymes were then systematically removed from the assay to determine their necessity
for physostigmine biosynthesis. Seven of the enzymes, PsmA-F, H, were determined to
be essential for the formation of 1 from 2 (Figure 2-5A).

kDa kDa
260
Protein Role Size . Size a
(aa) (kDa)
PsmA methyltransferase 336 41 140 140
PsmB deacetylase 310 38 100 E . 100
PsmC methyltransferase 262 34 70 r—w ‘L — —— 70
PsmD methyltransferase 268 35 0 - b 5o
PsmE carbamoyltransferase 556 62 0 po— 1\ 40
PsmF N-acetyltransferase 183 25 - | e —= H
N . . 35 | —-—— I -—— 35
PsmG hypothetical protein 402 46 25 e A u T T - T
PsmH decarboxylase 494 59 c D -
15 - - T - 15
10 — 10

Figure 2-4. Physostigmine biosynthetic enzymes purified from E. coli.
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Figure 2-5. Extracted ion chromatograms for the characterization of PsmA-F, H. The
calculated mass with a 10 ppm mass error tolerance was used. (A) Reaction of 2 under
the catalysis of PsmA-F, H to generate 1; (B) PsmH-catalyzed reaction of 2 to generate 3;
(C) PsmF-catalyzed reaction of 3 to generate 4; (D) PsmE/PsmA-catalyzed reaction of 4
to generate 5; (E) PsmD-catalyzed reaction of 5 to generate 6; (F)PsmC-catalyzed
reaction of 6 to generate 7; (G) PsmB-catalyzed reaction of 7 to generate 8; (H) PsmC-
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catalyzed reaction of 8 to generate 1. *Substrate and product have overlapping retention
times.

2.2.2 Biosynthetic pathway characterization

The timing of each enzymatic reaction was delineated by a series of in vitro and in
vivo studies. We first set out to determine the substrate (L-tryptophan or 2) for the
pyridoxal 5'-phosphate (PLP)-dependent decarboxylase, PsmH. Incubation of purified
PsmH with tryptophan and 2 resulted in the formation of tryptamine and 5-
hydroxytryptamine (3), respectively (Figure 2-5B). Comparison of the kinetic parameters
of PsmH showed that it clearly prefers the hydroxylated substrate: the kcat/Km value for 2
(8.6 £ 0.9 min ' mM™!) was 650-fold higher than that for tryptophan (0.013 + 0.002
min ' mM™!). This result is consistent with the one-pot assay in which 2 was efficiently
utilized as a substrate. We propose that 3 then undergoes N-acetylation catalyzed by
PsmF, an N-acetyltransferase homolog. The enzymatic reaction with PsmF, acetyl-CoA,
and 3 yielded the expected product 4 (Figures 2-1 and 2-5C), thus confirming the
function of PsmF as a 5-hydroxytryptamine N-acetyltransferase. These early pathway
intermediates, 3 and 4, also known as serotonin and normelatonin, respectively, are
common secondary metabolites produced by many other organisms as well. 3+

The subsequent enzymatic reaction on 4 could be either carbamylation catalyzed by
PsmE or C3-methylation catalyzed by one of the methyltransferases. The incubation of
PsmE, carbamoyl phosphate, ATP, and 4 resulted in the formation of carbamylated 4,
which could be further methylated by PsmA to yield 5, which showed a UV absorption
spectrum similar to that of 4 (Figure 2-1 and Appendix A). The production of 5 from 4
confirmed the roles of PsmE as a normelatonin O-carbamoyltransferase and PsmA as a
carbamoyl N-methyltransferase. Compound 5 also accumulated as one of the major
metabolites in the culture extracts of the ApsmD mutant of S. griseofuscus (Figure 2-6
and Table 2-1), thus indicating that carbamylation precedes the methylation catalyzed by
PsmD. Although PsmE was also capable of carbamylating 2, 3, and eseroline (9), further
kinetic characterization of the enzyme showed 4 to be the preferred substrate (Figure 2-7).

N
i
1
5 ; ”

9 11 13 15
Time (min)

Figure 2-6. HPLC-UV analysis of metabolites produced by wild-type and mutant S.
griseofuscus strains. (A) Wild-type S. griseofuscus (245 nm); (B) ApsmD (280 nm); (C)
ApsmC (245 nm); (D) ApsmB (245 nm).
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Table 2-1. NMR data for 5 in CDCls.

0
H 8—10
Ni305 23a (3 N1
15/14j% N, H 12
° Z7aly!

Position Jc ou (J in Hz) COSY HMBC
1-NH 8.16, s 2,3,3a,7,7a
2 123.64 7.02, s 3,3a,7a,8
3 113.44
3a 127.94
4 111.39 7.29,d (1.8) 3,5,6,7a
5 144.86
6 117.06 6.95, dd (9.0, 7 4,5,7,7a

1.8)
7 111.87 7.30,d (9.0) 6 3a,4,5
Ta 134.37
8 25.33 2.90,t(6.3) 9 2,3,3a,9
9 40.23 3.54,t(6.3) 8 3,8,11
11 171.26
12 23.39 1.94, s 11
13 156.68
15 28.08 2.91,d (4.5) 13
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Figure 2-7. Substrate specificity of PsmE. PsmE is capable of carbamylating 2, 3, 4, and
9 though kinetic parameters indicate a preference for 4.

We next probed the putative function of PsmD as a C3-methyltransferase by using
purified S as a substrate in vitro. C3-methylation would disrupt the conjugated indole ring
and lead to a significant change in the UV absorption spectrum of the product.
Accordingly, the enzymatic assay consisting of PsmD, SAM, and 5 resulted in the
formation of 6, which has a UV absorption spectrum distinct from that of § (Figures 2-1,
2-5E, and Appendix A. The molecular structure of 6 was confirmed by NMR
spectroscopic analysis (Table 2-2), and the production of 6 confirmed the role of PsmD
as a C3-methyltransferase. It is proposed that the C3-methylated product is highly
unstable and undergoes spontaneous cyclization by nucleophilic attack of the amine onto
the iminium ion to form the pyrroloindole skeleton (Figure 2-1). Similar cyclization
mechanisms have been observed in the biosynthesis of aszonalenin and himastatin,
whereby C3-prenylation and C3-hydroxylation, respectively, promote ring closure.?" 81-87
Notably, PsmD could also methylate 4, but it did not exhibit any activity toward 3, thus
indicating that N-acetylation is required for C-methylation.
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Table 2-2. NMR data for 6 in CDCls.

’ 143,
13/1'\'2\1[)]1/0 65 83a N19 0
Zrafen o
Position Oc ou (J in Hz) COSY HMBC
2 47.70 3.36, dt (12.6, 3 3,3a,8a,9
7.2)
3.66, ddd (12.6,
721.8)
3 36.96 2.17,dt (12.6, 2 2, 3a, 3b, 8a, 14
7.2)
2.36, ddd (12.6,
721.8)
3a 5291
3b 135.21
4 116.56 6.92,d (1.8) 33,5, 6,7, 7a
5 145.70
6 122.01 6.87,dd (9.0, 7 4,5,7a
1.8)
7 112.91 6.75,d (9.0) 6 3a, 3b, 4,5, 6,
Ta
Ta 142.71
8a 82.67 5.32,s 2,3, 3a, 3b, 7a,
9,14
9 172.84
10 21.55 2.13,s 2,9
11 156.54
13 2781 2.90, d (4.5) 11
14 23.87 1.45,s 3, 3a, 3b, 8a

To complete the biosynthesis of 1 from 6, one deacetylation and two N-methylation
reactions on the pyrroloindole skeleton are necessary. These reactions are presumably
catalyzed by PsmB, an esterase/lipase homolog, and PsmC, another methyltransferase
homolog, respectively. To examine the timing of these tailoring reactions, psmB and
psmC were individually deleted in frame by double cross-over in S. griseofuscus. Since 6
was observed to accumulate as the major metabolite in the ApsmC culture extracts
(Figure 2-6), we propose that methylation by PsmC directly follows methylation by
PsmD. Analysis of the culture extracts of the ApsmB mutant showed accumulation of a
new major metabolite, 7, which was revealed to be an N-methylated derivative of 6 by
NMR spectroscopic analysis (Figure 2-6 and Table 2-3). It is thus proposed that PsmC
first catalyzes one N-methylation on 6 to yield 7, which is subsequently deacetylated by
PsmB to yield 8. Final N-methylation on 8 then completes the biosynthesis of 1 (Figure
2-1).
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Table 2-3. NMR data for 7 in CDCls.

N.11o.s 4 KWt
13/12\g/ j(j%s@\ﬂg 0
Z7a8H
15
Position dc oun (Jin Hz) COSY HMBC

2 47.88 3.36, dt (12.6, 3 3a,3,8a,9

7.2)

3.63, ddd (12.6,

7.2,4.5)
3 39.21 1.97, dt (12.6, 2 2, 3a, 3b, 8a, 14

7.2)

2.18, ddd (12.6,

7.2,4.5)
3a 51.58
3b 134.97
4 116.32 6.79,d (1.8) 3a,5,6,7,7a
5 143.45
6 121.48 6.83,dd (9.0, 7 4,5, 7a

1.8)
7 106.59 6.34,d (9.0) 6 3a, 3b, 4,5, 7a
7a 148.18
8a 87.98 5.42,s 2,3, 3a, 3b, 7a,

9,14, 15

9 171.41
10 22.89 2.12,s 2,9
11 156.42
13 28.02 2.88,d (5.4) 11
14 24.70 1.40, s 3, 3a, 3b, 8a
15 34.50 297, s 7a, 8a

To confirm this tailoring-reaction cascade, we biochemically reconstituted each
transformation step (Figure 2-5). An enzymatic assay with PsmC, SAM, and 6 showed
the formation of 7 as a major product, thus confirming the function of PsmC as an N-
methyltransferase. Incubation of purified PsmB and 7 resulted in the formation of 8, thus
indicating that PsmB functions as a deacetylase on 7. Finally, we incubated the three
methyltransferases PsmA, C, and D individually with purified 8 and SAM to identify the
enzyme responsible for the last N-methylation step. Only the assay with PsmC yielded 1,
thus demonstrating that PsmC catalyzes methylation reactions both before and after
deacetylation. Although PsmB also exhibited activity toward 6 in vitro, the resulting
deacetylated product could not be methylated twice by PsmC to form 1. Instead, we only
observed the formation of a product with the same mass as 8. This result demonstrates
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that the N-methylation and deacetylation reactions occur in a very precise order for
physostigmine biosynthesis.

2.2.3 Evaluation of pathway flexibility and generation of analogues

We next explored the flexibility of the physostigmine biosynthetic pathway by
producing several analogs using in vitro biosynthesis. These analogs were generated
using a combination of PsmA-E with 4 as the starting substrate. The relaxed substrate
specificities of PsmB-D resulted in the formation of products without a carbamoyl group
(10) and its corresponding methyl group (9) as confirmed by LC-HRMS analysis and
comparison with the eseroline standard (Figure 2-8). The production of 11 and 12 further
showed that deacetylation by PsmB does not require N-methylations (Figure 2-8).
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Figure 2-8. Extracted ion chromatograms showing in vitro production of physostigmine
analogs from 4. The calculated mass with 10-ppm mass error tolerance was used.
Structures for 10, 11, and 12 are tentative. (A) Reaction with PsmB-E. A small amount of
10 was also observed to accumulate in the cultures of the ApsmA mutant. (B) Reaction
with PsmB-D; (C) Reaction with PsmA, B, D, and E. A small amount of 11 was also
observed to accumulate in the cultures of the ApsmC mutant. (D) Reaction with PsmB, D,
and E.

2.2.4 Physostigmine production in E. coli

Given the versatility of E. coli as a heterologous host, we also endeavored to
engineer a strain of E. coli capable of producing 1. An initial attempt to introduce the
entire physostigmine biosynthetic gene cluster as a single operon expressed under a T7
promoter failed to produce 1, and further analysis of this strain’s protein expression
indicated that not all of the biosynthetic enzymes were being expressed. One possible
reason for this may be the inability for E. coli to recognize the native ribosomal binding
sites (RBSs) in the gene cluster. Consequently, a refactoring approach in which PsmA-E
were individually expressed under T7 promoters across three different plasmids was
undertaken. The introduction of these five genes into E. coli BL21 Gold (DE3) and
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feeding of this strain with 4 then resulted in the production of 1 (Figure 2-9). Notably,
quite a bit of the intermediates, 6 and 7, was also observed to be produced by this strain,
suggesting that the PsmC and PsmB may be the bottleneck enzymes in this pilot E. coli
heterologous expression system.

1 4

8 9 10 11 12
Time (min)
Figure 2-9. HPLC chromatograms showing production of 1 from 4 in E. coli. (A) E. coli

expressing PsmA-E fed with 4 produces 1 (245 nm) while (B) no production of 1 is
observed without the feeding of 4.

2.3 Discussion

In summary, we have identified and dissected the seven enzymes and eight reaction
steps involved in the biosynthesis of the pyrroloindole drug physostigmine from 5-
hydroxytryptophan.®® Initial decarboxylation of 2, followed by acetylation of the amine,
results in the well-known intermediate normelatonin, which is modified at the C5
hydroxy group by carbamylation and methylation. C3-methylation of the indole ring
yields a highly reactive iminium ion, which is then attacked by the amine nucleophile to
form a pyrroloindole skeleton. Further reactions, including tandem N-methylation, N-
deacetylation, and N-methylation, complete the biosynthesis of physostigmine (Figure 2-
1). This biosynthetic logic is rather unusual in that it involves an acetylation and
subsequent deacetylation. We then showed that this unexpected acetylation-elimination is
due to the highly coordinated nature of the methylation and acetylation/deacetylation
reactions involved in physostigmine biosynthesis. Specifically, acetylation is necessary
for indole C3-methylation, whereas the two N-methylation reactions of the pyrroloindole
ring must occur in concert with deacetylation; no alternative route appears to result in
physostigmine formation.

This biosynthetic gene cluster also features two unique methyltransferases. To our
knowledge, PsmD is the first enzyme that has been characterized to catalyze indole C3-
methylation, and PsmA is the first enzyme that has been characterized to methylate a
carbamoyl group. Thus, this study not only provides some insight into the biosynthesis of
other structurally related pyrroloindole alkaloids, but it also expands the repertoire of
enzymes that can functionalize the indole C3 atom and the carbamoyl moiety.

18



Interestingly, an unusual hypothetical protein predicted to have a heme binding site was
also identified in the gene cluster. While attempts to generate a ApsmG mutant of S.
griseofuscus and to probe the activity of PsmG in vitro have thus far been unsuccessful,
we propose that PsmG may have a regulatory function in physostigmine biosynthesis.

Lastly, our in vitro studies using different combinations of the physostigmine
biosynthetic enzymes demonstrate the feasibility of generating new pyrroloindole
compounds related to physostigmine via biosynthesis. Such compounds could be further
derivatized enzymatically or through traditional chemical synthesis to produce new
analogues with different functional groups. Along these lines, our E. coli heterologous
expression system may also prove to be advantageous for combinatorial biosynthesis
approaches to generate new pyrroloindole compounds. Although the physostigmine
biosynthetic pathway still needs to be optimized in E. coli, particularly since bottleneck
enzymes have been identified, the relative ease with which precursor feeding experiments
and gene manipulation can be performed in E. coli makes it an attractive host for
combinatorial biosynthesis. Examples of approaches to extend the diversity of
physostigmine analogues using E. coli include the feeding of tryptophan analogues and
the introduction of tryptophan halogenases,® *® prenyltransferases,®” °! or the recently
reported cytochrome P450 enzymes capable of catalyzing the formation of dimeric
pyrroloindole compounds.®? %3

2.4 Materials and Methods
Construction and screening of the S. griseofuscus genomic DNA library

The S. griseofuscus fosmid library was prepared using the CopyControl HTP Fosmid
Library Production Kit (Epicentre) following standard protocols. The resulting library of
5,500 clones was screened by PCR using primers that bind to the end of psmE and the
beginning of psmH (Table 2-4). Clones with this region of DNA were then induced to
high-copy number following standard protocols and sequenced to ensure they contained
the entire putative biosynthetic gene cluster.

Table 2-4. Primers used in this study.

Primer Sequence (5°=23’) Description
Phy-CT-5 AACCACAAAGGCCGCGGTTT Used for fosmid
Decarb-R CAGCACGATCCGTTCGAGGT library
screening and
confirming the
uptake of the
heterologous
expression
vector
pSET152L-phy | TTCCTGGTGGGATCCTCTAGAGTCGACCTGCAGGC | Used for
fos-F ATGCAGCGATATCGAATTCGTAATC cloning fosmid
pSET152L-phy | TATTTTCTCCTTACGCATCTGTGCGGTATTTCACAC | inserts into
fos-R CGCAGGATCCTCTAGAGTCGACCT pSET152
Phy-MTI1-F GGTATTGAGGGTCGCATGGCCGCAAGTGCAACGC | Used for PsmA
G purification
Phy-MT1-R AGAGGAGAGTTAGAGCCTCAGGGGACCTGGGCCC
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GGC

Phy-TE- GGTATTGAGGGTCGCGTGCTCGAACCCCGCATCA | Used for PsmB

PET30F purification

Phy-TE- AGAGGAGAGTTAGAGCCTCAGGCGAACGCGGTGG

PET30R TCA

Phy-MT2-F GGTATTGAGGGTCGCATGGCAGACGACGCGCACG | Used for PsmC
C purification

Phy-MT2-R AGAGGAGAGTTAGAGCCTCAGGCGCGGGTCAGGA
CCC

Phy-MT3-F GGTATTGAGGGTCGCATGATGCAGGGACAGCCGC | Used for PsmD
A purification

Phy-MT3-R AGAGGAGAGTTAGAGCCTCAGCGCTCGTCTCGGG
TGA

CarbT-PET24F | AAACATATG CTGATCTGCGGACTGAA Used for PsmE

CarbT-PET24R | AAACTCGAG TGCGCGGCGGTAGAGGCGGC purification

Phy-NAT-F GGTATTGAGGGTCGCATGAACACCTTCCGGACCG | Used for PsmF
C purification

Phy-NAT-R AGAGGAGAGTTAGAGCCTCAGTCGGAGTGGTCAT
GGATCG

Ndel-TDO-F AAACATATGACCACTCCGACTGAGCG Used for PsmG

HindlII-TDO-R | TATAAGCTTTCACAGGAGTGGCTCCTCAA purification

Decarb-PET30F | GGTATTGAGGGTCGCGTGAAGCCCGCTGAGGCGA | Used for PsmH
A purification

DeCarb- AGAGGAGAGTTAGAGCCCTACCCGTTCAGCGCGT

PET30R CAG

specR-F GGCTTCCATGTCGGCAGAATGCTTAATGAATTACA | Used for
ACAGTGTAGCTTGCAGTGGGCTTAC cloning aadA

specR-R CCTTAAAAAAATTACGCCCCGCCCTGCCACTCATC | into fosmid
GCAGTTTATTTGCCGACTACCTTGG

Phy MT1 KO-F | GAATTGCAACGCCTGTACTTCCACGGAAGGGACG | Used for ApsmA
GCATGATTCCGGGGATCCGTCGACC mutant

Phy MT1 KO-R | CTGGAGCCGGCCTCGTACGGCGTGCCGGCCTGGC | construction
GCTCATGTAGGCTGGAGCTGCTTC

Phy TE KO-F TCTCCTGCGGCTCCCAAGGAAAGGTCCTTCACCTC | Used for ApsmB
CGTGATTCCGGGGATCCGTCGACC mutant

Phy TE KO-R CATGCCAGGTCCTCTCTGTCTGGAACAGGGTCTGG | construction
ATCATGTAGGCTGGAGCTGCTTC

Phy MT2 KO-F | TGATCCAGACCCTGTTCCAGACAGAGAGGACCTG | Used for ApsmC
GCATGATTCCGGGGATCCGTCGACC mutant

Phy MT2 KO-R | GTGCGGCTGTCCCTGCATCATGCTCGGTTTCCCTC | construction
CTCATGTAGGCTGGAGCTGCTTC

MT1-Duet-F AAACTGCAGATGGCCGCAAGTGCAACGCG Used for PsmA

MT1-Duet-R TATAAGCTTTCAGGGGACCTGGGCCCGGC expression

CarbT-Duet-R | AAACTCGAG TCATGCGCGGCGGTAGAGGC Used with

CarbT-PET24F
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for PsmE

expression
MT2-Duet-F AAACTGCAGATGGCAGACGACGCGCACGC Used for PsmC
MT2-Duet-R TATAAGCTTTCAGGCGCGGGTCAGGACCC expression
TE-Duet-F AAACTGCAGGTGCTCGAACCCCGCATCAA Used for PsmB
TE-Duet-R TATAAGCTTTCAGGCGAACGCGGTGGTCA expression
MT3-Duet-F AAACATATGATGCAGGGACAGCCGCA Used for PsmD
MT3-Duet-R AAACTCGAGTCAGCGCTCGTCTCGGGTGA expression

*restriction endonuclease sites are bolded

Heterologous expression of the physostigmine gene cluster in Streptomyces

Fosmids containing the physostigmine gene cluster were digested, and the fragment
with the gene cluster was purified and ligated to pSET152 following standard protocols.
For heterologous expression in S. albus R1, the resulting construct was transformed into
E. coli WM6026 (a diaminopimelic acid auxotroph) for conjugation with S. albus
following standard protocols.”* For heterologous expression in S. lividans K4-114, the
construct was introduced into S. lividans by PEG-assisted protoplast transformation.*
Successful transformants were selected by apramycin resistance and confirmed by PCR
using the primers used for library screening (Table 2-4). The production, isolation, and
analysis of physostigmine from these heterologous hosts is described below.

Gene disruption in S. griseofuscus

In vivo generation of targeted mutations in S. griseofuscus was achieved by
conjugative transfer of disruption plasmids from E. coli WM6026 to S. griseofuscus
according to standard protocols.”* The knockout cassettes were constructed using the
ReDirect technology.” In summary, the aad4 gene from plJ778 was cloned into fosmid
pEI2F containing the entire physostigmine gene cluster, and the resulting plasmid was
introduced into E. coli BW25113/plJ790 by electroporation. The mnptll-oriT cassette
amplified by PCR from pCR-Blunt and plJ778 was then introduced to replace the entire
gene of interest (psmA, psmB, psmC, or psmD) using PCR targeting and A-red-mediated
recombination. The resulting knockout cassette was transformed into E. coli WM6026 for
conjugation with S. griseofuscus. The double-crossover strain was obtained from
antibiotic selection (kan® spec®) and confirmed by PCR. Mutant analysis was carried out
following the procedures detailed below.

Small-scale production and isolation of physostigmine and physostigmine biosynthetic
intermediates

Wild-type S. griseofuscus was grown side by side as a control with the heterologous
expression and mutant strains. To screen for physostigmine production, starter cultures in
TSB medium with the appropriate antibiotic were inoculated with mycelia and grown at
30°C, 200 rpm for 48 h. 1 mL of the starter culture was then inoculated into production
medium (25 mL; 20 g/L soy flour and 20 g/L mannitol) with the appropriate antibiotic,
and the cultures were grown at 30°C, 200 rpm for 5 days. For S. lividans cultures, RS
medium® with apramycin (50 ug/mL) was used for both starter and production cultures.
Physostigmine and its biosynthetic intermediates were extracted from the cell-free
supernatant (25 mL) using ethyl acetate (two volumes). The solvent was removed by
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rotary evaporation and the residue was redissolved in methanol (1 mL) and analyzed by
LC-HRMS (2 pL injection) and LC-UV-MS (10 pL injection). For mutant cultures, 1 mL
of supernatant was also lyophilized and redissolved in methanol (1 mL) for LC-UV-MS
analysis (10 pL injection). LC-HRMS analysis was performed on an Agilent
Technologies 6520 Accurate-Mass Q-TOF LC-MS instrument, and LC-UV-MS analysis
was performed on an Agilent Technologies 6120 Quadrupole LC-MS (with DAD)
instrument with an Agilent Eclipse Plus C18 column (4.6 x 100 mm). A linear gradient of
2-50% CH3CN (vol/vol) over 15 min in H20 with 0.1% formic acid (vol/vol) at a flow
rate of 0.5 mL/min was used.

Large-scale production, purification, and characterization of physostigmine biosynthetic
intermediates

For large-scale production, 5 mL starter cultures of S. griseofuscus ApsmB, ApsmC,
and ApsmD in TSB medium with kanamycin (200 pg/mL) were inoculated with spores
and incubated at 30°C, 200 rpm for 48 h. 1 mL of the starter culture was inoculated into
25 mL seed culture in TSB with kanamycin and incubated at 30°C, 200 rpm for 48 h. 1
mL of the seed culture was then inoculated into production medium (16 x 50 mL; 20 g/L
soy flour and 20 g/L mannitol) with kanamycin, and the cultures were grown at 30°C, 200
rpm for 5 days. Phyostigmine biosynthetic intermediates were extracted from the cell-free
supernatant using two volumes of ethyl acetate. The solvent was removed by rotary
evaporation and the residue was redissolved in methanol (5 mL).

Compound 4 from S. griseofuscus ApsmD, 5 from S. griseofuscus ApsmC, and 6
from S. griseofuscus ApsmB were purified by reverse-phase high-performance liquid
chromatography (RP-HPLC, Agilent 1260 HPLC with DAD) on a semi-preparative C18
column (10 x 250 mm, Vydac) with a linear gradient of 10-50% CH3CN (vol/vol) over
13 min and 95% CH3CN (vol/vol) for a further 5 min in H2O with 0.025% (vol/vol)
trifluoroacetic acid (TFA) at a flow rate of 3 mL/min. Fractions containing physostigmine
biosynthetic intermediates were collected manually and concentrated under vacuum.
These fractions were further purified by RP-HPLC with an Inertsil ODS-4 column (4.6 X
250 mm, GL Sciences Inc.) using an isocratic program of 35% CH3CN (vol/vol) in H20
with 0.025% TFA (vol/vol) at a flow rate of 1 mL/min. The resulting purified compounds
5, 6, and 7 (~20 mg/L culture) were dried and analyzed by LC-HRMS and NMR. NMR
spectra (1D: 'H, *C and 2D: HSQC, COSY, HMBC) were recorded on a Bruker Biospin
900 MHz spectrometer with a cryoprobe in chloroform-d (CDCIl3; Cambridge Isotope
Laboratories).

Cloning, overexpression, and purification of proteins

The cloning, expression, and purification of PsmA-F, and H were carried out as
follows: psmA, B, C, D, E, F, and H were PCR amplified from genomic DNA extracted
from S. griseofuscus NRRL 5324. Purified PCR products were ligated to pET-24b (psmE)
or cloned into pET-30 Xa/LIC (psmA, B, C, D, F, and H) (Novagen) following standard
protocols and confirmed by DNA sequencing (Quintara Biosciences). The resulting
expression constructs were transformed into E. coli BL21 Gold (DE3) for protein
expression. Expression and purification for all proteins with a Hises-tag followed the same
general procedure and is detailed as follows: in 0.7 L of liquid culture, cells were grown
at 37°C in LB medium with kanamycin (50 pg/mL) to an ODesoo of 0.4. The cells were
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cooled on ice for 10 min and then induced with 0.12 mM isopropyl-B-D-
thiogalactopyranoside (IPTG) for 16 h at 16°C. The cells were harvested by
centrifugation (6371 X g, 15 min, 4°C), resuspended in 30 mL lysis buffer (25 mM
HEPES, pH 7.5, 0.5 M NaCl, 5 mM imidazole), and lysed by homogenization on ice.
Cellular debris was removed by centrifugation (27216 x g, 1 h, 4°C). Ni-NTA agarose
resin was added to the supernatant (2 mL/L of culture) and the solution was nutated at
4°C for 1 h. The protein-resin mixture was loaded onto a gravity flow column, and
proteins were eluted with increasing concentrations of imidazole in Buffer A1 (20 mM
HEPES, pH 7.5, 1 mM EDTA). Purified proteins were concentrated and buffer
exchanged into Buffer A1 + 10% glycerol using Amicon Ultra filters. The final proteins
were flash-frozen in liquid nitrogen and stored at -80°C. The approximate protein yields
were 3 mg/L for PsmA (41.1 kDa), 14.6 mg/L for PsmB (37.5 kDa), 37.0 mg/L PsmC
(34.1 kDa), 46.2 mg/L. PsmD (34.6 kDa), 44.5 mg/L PsmE (61.7 kDa), 8.0 mg/L PsmF
(25.2 kDa), 7.4 mg/L PsmH (58.9 kDa).

The cloning, expression, and purification of PsmG was carried out similarly with the
following differences: Purified psmG PCR product was ligated to pCWOri-HisN (M.
Chang lab, UC Berkeley) to add a Hisio-tag. The culture was induced with IPTG (0.5
mM), and d-aminolevulinic acid (65 pg/mL) was also added at this time. The cells were
resuspended in 30 mL lysis buffer (50 mM NaH:POs4, pH 7.5, 0.3 M NaCl, 10 mM
imidazole, 4% glycerol), and proteins were eluted with increasing concentrations of
imidazole in Buffer A2 (50 mM NaH2POs4, pH 7.5, 0.3 M NaCl, 4% glycerol). Purified
proteins were concentrated and buffer exchanged into Buffer A2 + 10% glycerol. The
approximate protein yield for PsmG (45.9 kDa) was 5.7 mg/L.

In vitro assays for pathway characterization and analogue generation

Assays were performed in 50 pL of 10 mM Tris (pH 8.0) containing 2 mM TCEP
(for assays with PsmA, C-F, H), 0.1 mM PLP (for assays with PsmH), 2 mM ATP (for
assays with PsmE), 2 mM MgCl: (for assays with PsmE), 2 mM carbamoyl phosphate
(for assays with PsmE), 1 mM acetyl CoA (for assays with PsmB), 2 mM SAM (for
assays with PsmA, C, and D), 2 mM substrate (2, 3, 4, 5, 6, 7, or 8), and 0-100 uM
PsmA-H. Reactions were incubated for 2 h at 22°C and quenched with two volumes of
methanol. Precipitated proteins were removed by centrifugation, and the supernatant was
analyzed by LC-HRMS and LC-UV-MS. Standard compounds 1, 2, 3, 4, and 9 were
obtained from Sigma and used for comparison with the products of the enzymatic assays.
LC-HRMS analysis was performed on an Agilent Technologies 6520 Accurate-Mass Q-
TOF LC-MS instrument, and LC-UV-MS analysis was performed on an Agilent
Technologies 6120 Quadruopole LC-MS (with DAD) instrument with an Agilent Eclipse
Plus C18 column (4.6 x 100 mm). A linear gradient of 2-50% CH3CN (vol/vol) over 15
min in H2O with 0.1% formic acid (vol/vol) at a flow rate of 0.5 mL/min was used.

Kinetic studies of PsmH and PsmE

For kinetic studies of PsmH, a typical assay contained, in a total volume of 250 pL,
50 mM HEPES (pH 7.5), 1 mM TCEP, 0.1 mM PLP, and 0.02 mM 2 or 0.2 mM L-
tryptophan. Reactions were initiated by the addition of enzyme (2 uM PsmH). At regular
time intervals (0, 5, 10, 15, 20 min for assays with 2 and 0, 30, 60, 90, 120 min for assays
with L-tryptophan), 50 pL aliquots were quenched with 100 pL methanol. Precipitated
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proteins were removed by centrifugation, and the supernatant was analyzed by LC-
HRMS.

For kinetic studies of PsmE, a typical assay contained, in a total volume of 250 pL,
10 mM Tris (pH 8), | mM TCEP, 1 mM ATP, 1| mM MgClz, 1 mM carbamoyl phosphate,
and 0.02 mM 2, 3, 4, or 9. Reactions were initiated by the addition of enzyme (2 uM
PsmE). At regular time intervals (0, 5, 10, 20, 30 min), 50 uL aliquots were quenched
with 100 pL methanol. Precipitated proteins were removed by centrifugation, and the
supernatant was analyzed by LC-HRMS.

Values for keat/Km were estimated by calculating the initial rate of product formation
and fitting it to the Michaelis-Menten equation. Only data points within the linear range
were used to calculate the initial product formation rates. Values reported are the average
and standard deviation from at least three independently performed experiments.

Plasmid construction for physostigmine production in E. coli

Primers used in this study are listed in Table 2-4. S. griseofuscus genomic DNA was
used to PCR amplify psmA, B, C, D, and E. The psmA, psmB, and psm(C genes were
digested with Pstl/HindIIl (Thermo Scientific) and ligated into multiple cloning site 1
(MCS1) of pETDuet-1, pCDFDuet-1, and pACYCDuet-1 (Novagen), respectively, using
Quick T4 DNA ligase (New England Biolabs). The resulting plasmids with psmA and
psmB were then digested with Ndel/Xhol for the ligation of psmE and psmD into MCS2,
respectively. Plasmids were isolated using a QIAprep Spin Miniprep Kit (Qiagen) and
confirmed by DNA sequencing (UC Berkeley DNA Sequencing Facility).

Production of physostigmine in E. coli

The plasmids, pETDuet-psmA-psmE, pCDFDuet-psmB-psmD, and pACYCDuet-
psmC, were electroporated into E. coli BL21 Gold (DE3), and transformants were
selected on LB agar plates with carbenicillin (100 pg/mL), spectinomycin (50 pg/mL),
and chloramphenicol (34 pg/mL). Single colonies were inoculated into 3 mL of LB with
antibiotics and grown overnight at 37°C as a seed culture, of which 0.25 mL was used to
inoculate 25 mL of fresh LB medium with antibiotics. The cultures were then grown at
37°C to ODs0o = 0.4 — 0.6 before induction with 0.16 mM IPTG and the addition of 4 at a
final concentration of 0.1 mM. After induction, the temperature was dropped to 20 °C,
and compound production was allowed to proceed for approximately 2 days. Compound
extraction and analysis was performed as described above.
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Chapter 3. Understanding the Biosynthesis of Epoxyketone
Proteasome Inhibitors

Parts of this chapter have been adapted from the following with permission:
Liu, J., Zhu, X., Zhang, W. “Identifying the minimal enzymes required for biosynthesis
of epoxyketone proteasome inhibitors.” Chembiochem 16, 2585-2589 (2014).

3.1 Introduction

Peptidyl epoxyketones are a class of proteasome inhibitors consisting of a short
peptide core and a terminal epoxyketone moiety. Over the past few decades, a variety of
these natural products, including eponemycin (13), epoxomicin (14), and other related
compounds, have been isolated from a wide range of bacterial sources (Figure 3-1).7%
More recently, several additional epoxyketone proteasome inhibitors, specifically the
clarepoxins, landepoxins, and macyranone A, were discovered through metagenome
mining'® and NMR screening approaches.'®! Although these naturally-occurring peptidyl
epoxyketones exhibit great structural diversity in the length and composition of their
peptide core and can also differ in the substitution on the epoxide ring, all of them
possess a common terminal epoxyketone pharmacophore, which is responsible for their
high efficacy and specificity as proteasome inhibitors. In particular, the strongly
electrophilic carbonyl and epoxide groups are highly susceptible to a double nucleophilic
attack by the N-terminal threonine of the 20S proteasome, leading to the irreversible
formation of a morpholino ring.!>!% Consequently, these natural products have inspired
the current development of anticancer, anti-inflammatory, and antiparasitic drugs with a
terminal epoxyketone warhead.'®>'%” One such example is the synthetic epoxomicin
analogue, carfilzomib (Figure 3-1), which has been used as a treatment for relapsed and
refractory multiple myeloma.!%% 10

Given the potency and unique structure of these peptidyl epoxyketone natural
products, there has been great interest in the biosynthetic origins of these compounds. In
particular, the genetic basis for the biosynthesis of epoxomicin and eponemycin was
recently identified from Goodfellowiella coeruleoviolacea and Streptomyces
hygroscopicus, respectively (Figure 3-2).!1 Moreover, gene clusters responsible for the
biosynthesis of clarepoxins and landepoxins were recently identified in soil metagenomic
libraries,'™ and the gene cluster responsible for the biosynthesis of macyranones was
identified in the genome of Cystobacter fuscus MCy9118.!°! However, the specific
enzymes and chemical logic governing the formation of the terminal epoxyketone
pharmacophore have not yet been fully elucidated. Nonetheless, bioinformatics analysis
has shown four genes to be conserved across the epoxomicin and eponemycin gene
clusters, and these genes encode a non-ribosomal peptide synthetase (NRPS):
EpnG/EpxD; a polyketide synthase (PKS): EpnH/EpxE; an acyl-CoA dehydrogenase
(ACAD) homolog: EpnF/EpxF; and a cytochrome P450 monooxygenase: Epnl/EpxC.
Based on this analysis, a biosynthetic pathway in which a hybrid NRPS-PKS assembly
line generates a carboxylic acid that is subsequently modified by the ACAD and
cytochrome P450 to form the terminal epoxyketone moiety was previously proposed.!!®
Notably, however, the recently identified gene cluster for macyranone biosynthesis lacks
a gene encoding a cytochrome P450, which led to an alternative acyl-carrier-bound
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proposed mechanism for epoxyketone formation involving the ACAD homolog, MynC,
and possibly the type II thioesterase, MynH.'*!
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Figure 3-1. Structures of peptidyl epoxyketone proteasome inhibitors.

26



epn - —— ) W Sureptomyces
K hygroscopicus

F G H [ _
epx -...- HEE I S - Soodrelowlella
coeruleoviolacea
c D E F

ACAD HE NRPS [l Pks MM CytochromeP450 1kb
EpnH/EpxE

~5CoA 5\/ 5\_/?: o

NH
(@]
:g--ll/OH
8 EpnF HN
(0]
9 ACAD
73
13 N1 10 <«
N\)]\ \/\/\/\H/N 0 N 54 1

0 125y

Figure 3-2. Schematic of eponemycin (epn) and epoxomicin (epx) gene clusters and the
proposed biosynthetic pathway in E. coli.

In this work, we build upon the previous study of the biosynthesis of eponemycin
and epoxomicin by turning to reconstitution in E. coli as a means to quickly and
systematically identify the enzymes necessary for the generation of the terminal
epoxyketone moiety. Due to its genetic tractability, fast growth rate, and well-
characterized metabolism, E. coli is a particularly attractive host for studying the
biosynthesis of natural products.?> 3 ! Furthermore, the reconstitution of NRP-PKS
activity in E. coli provides a superior platform for the overproduction and diversification
of their products.!!'> '3 The production of peptidyl epoxyketones in E. coli described here
thus not only provides us with additional insight into the mechanism of terminal
epoxyketone biosynthesis but also advances the engineered biosynthesis of novel
epoxyketone proteasome inhibitors in E. coli.

3.2 Results

3.2.1 Biosynthesis of peptidyl epoxyketones in E. coli

To determine the enzymes required for the biosynthesis of the terminal epoxyketone
pharmacophore, we co-expressed the four genes from the eponemycin gene cluster
(epnF'GHI) proposed to be involved in E. coli on three plasmids. The plasmids were co-
transformed into E.coli BAPI1, which contains a chromosomal copy of the
phosphopantetheinyl transferase gene, sfp,* to generate the strain JL6. A negative control
strain transformed with empty vectors was also constructed. Although the natural fatty
acyl moiety in eponemycin is derived from 6-methyl heptanoic acid, which is uncommon
in bacterial primary metabolism!'* and is presumably generated by dedicated enzymes
encoded in the eponemycin biosynthetic gene cluster,''” we reasoned that EpnG-activated
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serine could possibly be condensed with hexanoyl- or octanoyl-CoA produced
endogenously by E. coli (Figure 3-2). Consequently, cultures of JL6 were supplemented
with 1 mm hexanoic acid or octanoic acid at the time of induction to promote the
incorporation of these alternative fatty acyl groups into the assembly line. The culture
extracts of JL6 and the control strain were analyzed by LC-HRMS-based comparative
metabolomics,''> and two new compounds (15 and 16) with masses consistent with
molecular formula of CisH32N20s5 and C20H36N20s, respectively, were detected in high
abundance in the extracts of JL6 but were absent from the extracts of the control strain
(Figure 3-3). Further HRMS/MS analysis confirmed 15 and 16 to be consistent with a Ce
or Cs fatty acyl group condensed with serine, leucine, and malonate, but it did not give
insight into the structure of the terminal moiety resulting from modifications on the
malonate (Appendix B).
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Figure 3-3. Biosynthesis of peptidyl epoxyketones in E. coli. Extracted ion
chromatograms (15: m/z 357.2384 [M+H]", 16: m/z 385.2697 [M+H]") showing the
presence and absence of 15 and 16, resulting from the heterologous expression of
different combinations of EpnF, EpnG, EpnH/EpxE, and Epnl in E. coli. The calculated
mass with a 10 ppm mass error tolerance was used.

To reveal the exact molecular structure of the new compounds, we then scaled up the
production cultures and purified ~2 mg of the major product, 16, for NMR spectroscopic
analysis. Compound 16 was purified by following the fractions using LC-MS to give a
yield of ~0.2 mgL™!. Analysis of the 1 D ('H, '*C) and 2D (HSQC, COSY, HMBC)
NMR spectra of purified 16 confirmed the presence of an acylated peptide composed of
an eight-carbon fatty acyl chain, serine, and leucine connected to a methyl-substituted
epoxyketone (Figure 3-2 and Table 3-1). Notably, the proton and carbon shifts of the
methyl-substituted epoxyketone and leucine residue are in strong agreement with those
reported for a standard of 2, which has these same functionalities.”” Moreover, the
methyl-substituted quaternary epoxide ring was supported by HMBC correlations from
the C3 methyl protons (du= 1.52) to both the quaternary carbon C2 (dc = 59.5) and the
oxygenated methylene carbon C1 (dc = 52.7) and by HMBC correlations from the C1
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protons (du = 2.91 and 3.28) to C2 and C3 (dc = 16.9; Table 3-1). HMBC correlations
from the C1 and C3 protons to the ketone carbon C4 (6c=208.8) also confirmed the
connectivity of the epoxide (Table 3-1). Thus, based on our HRMS and NMR analyses,
we determined 16 to be a new terminal epoxyketone compound.

Table 3-1. NMR data for 16 in CDCls.

18 16

14 H
1
19 17 15

20

Position on (Jin Hz) Jc COSY HMBC

1 2.91,d (4.5) 52.7 1 2,3,4
3.28,d (4.5)

2 59.5

3 1.52, s 16.9 1,2,4

4 208.8

5 4.50, m 51.3 5-NH, 6 4,6,7,10

5-NH 6.87,d (5.4) 5 5,6,10

6 1.29, m 39.4 5,6,7 5,7,8,9
1.57, m

7 1.64, m 25.4 6,8,9 5,6,9

8 0.93,d (7.2)* 21.1* 7 6,7,9

9 0.94,d (7.2)* 23.5% 7 6,7,8

10 171.6

11 4.45, m 53.4 11-NH, 12 10, 12,13

11-NH 6.46,d (4.5) 11 10,11, 12,13

12 3.54, m 62.8 11,12 10, 11
4.05, m

13 174.0

14 2.21,t(6.3) 36.6 15 13,15, 16

15 1.60, m 25.8 14, 16 13, 14,16, 17

16 1.28, m 29.1 15,17 17,18

17 1.25, m 29.3 16, 18 16, 19

18 1.24, m 31.8 17,19 16,17, 19, 20

19 1.27, m 22.7 18, 20 17,18, 20

20 0.87,t(7.2) 14.2 19 18, 19

*may be interchanged
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3.2.2 Identification of the enzymes necessary for epoxyketone biosynthesis

To probe the necessity of individual enzymes in the formation of 15 and 16, we
systematically removed each of the four genes from JL6 and compared the product
profiles of the resulting strains. Analysis of the culture extracts of these strains by LC-
HRMS showed that the production of 15 and 16 was abolished in JL7, JL8, and JL9,
which lack epnG, epnH, and epnF’, respectively, but was maintained in JL10, which lacks
epnl (Figure 3-3). Moreover, LC-HRMS-based comparative metabolomics did not show
any differences between the extracts of JL6 and JL10, and the titers of 15 and 16 were
comparable in both strains, confirming that Epnl is not necessary for the formation of 16
in E. coli, though its function remains unclear. These results demonstrate that the NRPS,
PKS, and ACAD are sufficient for the biosynthesis of peptidyl epoxyketones in E. coli,
and epoxide formation does not necessarily require a cytochrome P450 monooxygenase.
In addition, the titers of 15 and 16 from JL11 in which epnH is replaced by epxE
appeared to be slightly greater than those from JL10, demonstrating the
interchangeability of EpnH and its homolog, EpxE (similarity/identity: 55 %/44 %),
which is encoded in the epoxomicin biosynthetic gene cluster. Interestingly, no apparent
carboxylic acid intermediates could be detected by LC-HRMS analysis of the culture
extracts of a strain expressing only the NRPS and PKS together, suggesting that the
ACAD might act on the assembly line.

3.2.3 Biochemical studies of eponemycin biosynthetic enzymes

To complement the in vivo studies of EpnF, G, H, and I, we also attempted to
perform in vitro characterization of these enzymes, beginning with their purification.
EpnG, the dimodule NRPS that has a domain organization of C1-A1-T1-C2-A2-T2 (C:
condensation, A: adenylation, T: thiolation), was purified from E. coli BAP1 though
SDS-PAGE analysis indicated some possible protein degradation (Figures 3-2 and 3-4).
The A domain substrate specificities of EpnG were then tested by using the well-
established ATP-[*?P]PP; exchange assay.''® As expected, EpnG demonstrated a strong
preference for L-serine and L-leucine, though it was also able to activate L-cysteine, L-
alanine, and L-threonine to some extent (Figure 3-5). We next attempted to purify EpnH,
a single module PKS with a domain organization of KS-AT-cMT-ACP-TE (KS:
ketosynthase; AT: acyltransferase, cMT: C-methyltransferase; ACP: acyl carrier protein,
TE: thioesterase), from E. coli BAP1. However, despite numerous tries using different
tags as well as different Streptomyces hosts, we could not obtain a sufficient amount of
soluble and active EpnH (Figure 3-4). We likewise tested the EpnH homolog, EpxE, but
we were also unable to obtain a sufficient amount of soluble and active EpxE (Figure 3-
4). We suspect that this PKS enzyme may have a short half-life in E. coli and degrades
quickly upon expression, since attempts to reconstitute the production of 15 and 16 using
the lysate of JL10 or JL11 and to radioactively label the PKS using a sensitive [2-
4Clmalonyl-CoA or S-[methyl-'*C]adenosylmethionine assay were both unsuccessful.
Nevertheless, the overexpression and purification of EpnF and Epnl from E. coli BL21
Gold (DE3) both yielded soluble proteins that visually appeared to be bound to the
correct cofactors, and purified EpnF was confirmed to contain FAD (Figure 3-6).
However, without the ability to reconstitute the PKS activity in vitro, we were unable to
further investigate the biochemical functions of these modification enzymes. Future
efforts to obtain PKS enzymes that are functional in vitro may include the screening of
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additional PKS homologs such as those encoded by the clarepoxin and landepoxin
biosynthetic gene clusters or the utilization of dissected EpnH/EpxE domains to
overcome the problem of PKS megasynthase instability.
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Figure 3-4. Eponemycin and epoxomicin biosynthetic enzymes purified from E. coli.
Only a very small amount of the PKS megasynthases, EpnH and EpxE, could be purified
from E. coli BAP1 as shown here.
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Figure 3-5. Characterization of the A domain activities of EpnG. Error bars represent
standard deviations from three replicates. A relative activity of 100 % corresponds to 39 k
cpm.
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Figure 3-6. Cofactor analysis of EpnF. Extracted ion chromatograms (FAD: m/z
784.1499 [M-H]", FMN: m/z 455.0973 [M-H]) showing that the cofactor released from
EpnF is FAD. The calculated mass with a 10 ppm mass error tolerance was used.

3.2.4 Isotope-labeled precursor incorporation into peptidyl epoxyketones produced

by E. coli

To better elucidate the biosynthetic mechanism for terminal epoxyketone formation,
we took advantage of our E. coli heterologous expression system and used it to perform
13C-labeled precursor feeding studies. Two possible mechanisms (pathways A and B) for
terminal epoxyketone formation have been previously proposed (Figure 3-7).''° Pathway
A postulates the introduction of a single methyl group at C2, followed by the reduction of
the carboxylic acid to an olefin that can then undergo epoxidation, whereas pathway B
proposes dimethylation at C2, followed by decarboxylation of the carboxylic acid and
subsequent epoxide installation.'!? To distinguish between these two possibilities, we fed
[1,2-3C]sodium acetate to cultures of JL11, the highest producing strain, and compared
the resulting '*C incorporation to that from unlabeled and [1-'*C]sodium acetate feeding
(Figures 3-7, 3-8, and 3-9). Although the titers of labeled 15 and 16 were insufficient for
NMR analysis, LC-HRMS analysis of 15 and 16 from the extracts of cultures fed with
[1,2-13C]sodium acetate showed a significant increase in the ratio of the M+1 peak
intensity to the M+ peak intensity compared to that of cultures fed with unlabeled and [1-
3C]sodium acetate (Figures 3-8 and 3-9). Further HRMS/MS analyses and examination
of the isotope distribution of fragments with and without the epoxyketone group indicated
that this increase is the result of a single '*C atom from doubly labeled acetate being
incorporated as the C2 carbon of 15 and 16 after decarboxylation (Figures 3-7, 3-8, and
3-9).
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Figure 3-7. Two proposed pathways for terminal epoxyketone formation. Our '*C-
labeled precursor feeding results support pathway B.

To evaluate the occurrence of dimethylation, we then separately fed [methyl->C] L-
methionine to cultures of JL11, as methionine is the precursor of the predicted methyl
group donor, S-adenosylmethionine (SAM). This feeding experiment resulted in a
significant increase in the ratio of the M+2 peak to the M+ peak for both 15 and 16,
which is indicative of the incorporation of two '*C atoms, and additional HRMS/MS
analyses showed that these '3C atoms were incorporated into the epoxyketone-containing
fragment of 15 and 16 (Figures 3-7, 3-8, and 3-9). These feeding results thus support
pathway B, in which C2 is dimethylated by the cMT domain of the PKS and, either
following or in concert with the activity of the ACAD, decarboxylation of a terminal
carboxylic acid takes place.
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Figure 3-8. Isotopic peak analysis of 15 from '*C-labeled precursor feeding studies.
Isotopic peak patterns of 15 (A), a fragment of 15 with the terminal epoxyketone group
(B), and a fragment of 15 without the epoxyketone group (C) from cultures fed with
unlabeled sodium acetate or unlabeled L-methionine (row 1), [1-'3C] sodium acetate (row
2), [1,2-13C] sodium acetate (row 3), and [methyl-'*C] L-methionine (row 4) are shown.
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Figure 3-9. Isotopic peak analysis of 16 from '3C-labeled precursor feeding studies.
Isotopic peak patterns of 16 (A), a fragment of 16 with the terminal epoxyketone group
(B), and a fragment of 16 without the epoxyketone group (C) from cultures fed with
unlabeled sodium acetate or unlabeled L-methionine (row 1), [1-*C] sodium acetate (row
2), [1,2-13C] sodium acetate (row 3), and [methyl-'*C] L-methionine (row 4) are shown.

3.3 Discussion

Epoxyketone proteasome inhibitors have emerged as promising compounds for the
treatment of cancer, and the unique structure of their terminal epoxyketone
pharmacophore has raised intriguing questions about the biosynthesis of peptidyl
epoxyketone natural products. To advance the understanding of the biosynthesis of these
compounds, we took advantage of the convenience and flexibility offered by E. coli as a
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heterologous host and reconstituted the activities of enzymes from the eponemycin
biosynthetic gene cluster that were necessary and sufficient for the formation of two
novel peptidyl epoxyketone products (Figure 3-2). Through the systematic expression of
different combinations of eponemycin biosynthetic genes in E. coli, we established that
this minimal set of enzymes includes an NRPS, a PKS, and an ACAD homolog.
Interestingly, the cytochrome P450 that is conserved between the epoxomicin and
eponemycin gene clusters (Epnl/EpxC; similarity/identity: 62%/47%) appeared to be
unnecessary for terminal epoxyketone formation, and this result is consistent with the
recent study on macyranone biosynthesis in which the reported gene cluster did not
contain any genes encoding for a cytochrome P450 nor could a close homolog of
Epnl/EpxC be identified elsewhere on the Cystobacter fuscus MCy9118 genome.'"!
However, as we did not identify any new metabolites unique to the culture extracts of JL6,
we were unable to confirm the precise function of Epnl/EpxC.

In addition to identifying the enzymes required for terminal epoxyketone
biosynthesis, our '*C-labeled sodium acetate and methionine feeding studies provided
evidence that formation of the epoxyketone pharmacophore involves a dimethylation and
subsequent decarboxylation reaction. Shortly after the publication of our work,'"” two
other groups also published similar findings about epoxyketone biosynthesis.!'® 11° In
particular, Zettler et al. fed [methyl-'>C] L-methionine to the native producers of
eponemycin and epoxomicin and likewise observed the incorporation of two *C atoms
into the epoxyketone warhead by MS and C NMR.'"" In accordance with our
conclusions that only an ACAD and not a cytochrome P450 is needed for epoxyketone
formation, they also found that the deletion of the epnl homolog, epxC, in a Streptomyces
strain heterologously expressing the epoxomicin gene cluster did not affect the
production of 14,8

More recently, Zabala et al. also fed [methyl-">C] L-methionine to the native
producer of TMC-86A (Figure 3-1) and arrived at the conclusion that the cMT domain
catalyzes dimethylation.!'" Importantly, this group was also able to provide the first
biochemical evidence for the function of EpnF by chemically synthesizing an isopropyl
ketone and an unstable a-dimethyl-B-keto acid to be tested as substrates.!!” Although
much of the synthesized acid was converted to the ketone through spontaneous
decarboxylation, EpnF was shown to catalyze epoxyketone formation from the acid but
not from the ketone. Accordingly, we were able to observe some of the putative isopropyl
ketone compound but not any of the carboxylic acid intermediate in the culture extracts
of E. coli expressing only EpnH/EpxE and EpnG. Unlike typical ACADs, which catalyze
the FAD-dependent oxidation of fatty acid acyl-CoA substrates,'?* 12! the function of
EpnF in epoxyketone biosynthesis appears to be quite unusual in its catalysis of a FAD-
dependent decarboxylation-dehydrogenation-monoxygenation cascade. A proposed
mechanism for this enzyme is shown in Figure 3-10, and it involves decarboxylation of
the acid and hydride transfer to FAD, resulting in an o,B-unsaturated ketone that can be
converted to an epoxyketone by a flavin hydroperoxide species.!!” Zabala et al. further
showed in vitro that the Epnl homolog, Tmcl, is responsible for hydroxylating the methyl
group on the epoxyketone moiety of TMC-86A.'" As we did not observe a hydroxylated
version of 15 or 16 in the culture extracts of JL6, we reason that Epnl may be inactive in
E. coli despite its apparent solubility (Figure 3-4). However, the function of the
homologous cytochrome P450, EpxC, still remains somewhat unclear since the
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epoxyketone group of 14 lacks hydroxylation. Based on further comparison of the gene
clusters encoding peptidyl epoxyketone compounds, it was also proposed that the second
cytochrome P450 encoded in the eponemycin biosynthetic gene cluster (EpnK; Figure 3-
2) may be involved in the formation of the dehydroleucine moiety found in 13 though
this has yet to be experimentally confirmed.'"
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Figure 3-10. Proposed mechanism for the reaction catalyzed by EpnF.

Notably, our expression of the peptidyl epoxyketone biosynthetic machinery in E.
coli also demonstrates the potential for using engineered biosynthesis to generate
additional new epoxyketone proteasome inhibitors. The production of two novel
compounds with C6 and C8 acyl groups as an alternative to the natural 6-methyl
heptanoic acyl moiety and the ability of EpxE to complement EpnH show some degree of
flexibility in the biosynthetic machinery. Furthermore, ATP-[*’P]PPi exchange assays
showed that the A domains of EpnG were able to adenylate a few other amino acids
besides the expected L-serine and L-leucine (Figure 3-5). These findings coupled with the
recent identification of many related biosynthetic gene clusters provide the unique
opportunity to expediently perform combinatorial biosynthesis in E. coli to produce novel
peptidyl epoxyketone analogues.

3.4 Materials and Methods
Bacterial strains and growth conditions

Genomic DNA from S. hygroscopicus subsp. hygroscopicus ATCC 53709 was used
to PCR amplify epnF, epnG, epnH, and epnl, and genomic DNA from G.
coeruleoviolacea ATCC 53904 was used to PCR amplify epxE. E. coli XL1-Blue was
used for all cloning procedures and E. coli BAP1 and E. coli BL21 Gold (DE3) were used
for protein expression. LB was used for the propagation of E. coli at 37°C unless
specified otherwise. Growth media was supplemented with antibiotics as required at the
following concentrations: kanamycin (50 pg/mL), chloramphenicol (25 pg/mL), and
spectinomycin (50 pg/mL).

37



Construction of plasmids for protein expression in E. coli

Plasmids and primers used in this study are listed in Table 3-2 and 3-3, respectively.
Individual genes were PCR amplified from genomic DNA and cloned into pET24b,
pACYCDuet-1, or pCDFDuet-1 by restriction enzyme digestion (Thermo Scientific) and
ligation with Quick T4 DNA ligase (New England Biolabs). To construct pCDFDuet-
epnG-epnl, pPCDFDuet-epnG was digested with Ndel/Kpnl and epnl was cloned into the
second MCS. For the overexpression and purification of Epnl, epnl was cloned into
pET30 using the pET30 Xa/LIC Vector Kit (Novagen) to introduce an N-terminal Hise-
tag. Plasmids were isolated using a QIAprep Spin Miniprep Kit (Qiagen) and confirmed
by DNA Sequencing (UC Berkeley DNA Sequencing Facility).

Table 3-2. Plasmids used in this study.

Plasmid Derived from Function

pACYCDuet-epnF pACYCDuet-1 | Expression of EpnF in E. coli
pET24b-epnH pET24b Expression of EpnH in E. coli
pCDFDuet-epnG pCDFDuet-1 Expression of EpnG in E. coli
pCDFDuet-epnG-epnl | pPCDFDuet-1 Co-expression of EpnG and Epnl in E. coli
pCDFDuet-epnl pCDFDuet-1 Expression of Epnl in E. coli
pET24b-epxE pET24b Expression of EpxE in E. coli

pET30-epnl pET30-Xa/LIC | Expression of Epnl in E. coli

Table 3-3. Primers used in this study.

Primer Sequence (5’ > 3°) Description
epnF-Duet-F aaaCTGCAGgtgagtgacagcaaatcggt Expression of
epnF-Duet-R tatAAGCTTtcatcgcttccccgggtgag EpnF
Ndel-epnH-F aaaCATATGacgtcgaatcaacagat Expression of
Xhol-epnH-R | 2aaCTCGA Ggtgattctctttctgcgata EpnH
epnG-Duet-F aaaCTGCAGatgaacaaggaaaaggaccg Expression of
epnG-Duet-R | tatAAGCTTtcatgagttgcggttcctee EpnG
epnl-Duet-F aaaCATATGgtgacgatcgacccgaa Expression of Epnl
epnl-Duet-R aaaGGTACCtcaggcatggacgttctctc

epxE-Duet-F aaaCATATGgttgacgagaccgecgt Expression of
HindIlI-epxE- | tatAAGCTTctgggtaaacctccgcecttt EpxE

R

pET30-epnl-F | GGTATTGAGGGTCGCatggtgacgatcgacccgaa Expression of Epnl
pET30-epnl-R | AGAGGAGAGTTAGAGCCtcaggcatggacgttctcte

*restriction endonuclease sites are bolded

Biosynthesis of peptidyl epoxyketones in E. coli

The plasmids, pACYCDuet-epnF, pCDFDuet-epnG-epnl, and pET24b-epnH, were
electroporated into E. coli BAP1 to form strain JL6, and transformants were selected on
LB agar plates supplemented with the appropriate antibiotics. Single colonies were
inoculated into 3 mL of LB with antibiotics and grown overnight at 37°C as a seed
culture, of which 0.25 mL was used to inoculate 25 mL of fresh LB with antibiotics. The
cultures were then grown at 37°C to ODeoo = 0.4 — 0.6 before induction with 0.5 mM
IPTG and the addition of hexanoic or octanoic acid at a final concentration of 1 mM.
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After induction, the temperature was dropped to 20°C, and compound production was
allowed to proceed for approximately 2 days. For the generation of strains JL7, 8, 9, 10,
and 11, different combinations of the plasmids listed in Table 3-2 were electroporated
into E. coli BAP1.

LC-HRMS analysis of peptidyl epoxyketones produced by E. coli

E. coli cultures were pelleted by centrifugation (4000 x g for 10 min), and the
supernatant was extracted with two volumes of ethyl acetate. The solvent was removed
by rotary evaporation, and the residue was redissolved in methanol (500 pL) for LC-
HRMS and HRMS/MS analysis (10 pL injection). LC-HRMS analysis was performed on
an Agilent Technologies 6520 Accurate-Mass Q-TOF LC-MS instrument with an Agilent
Eclipse Plus C18 column (4.6 x 100 mm). A linear gradient of 2-95% CH3CN (vol/vol)
over 40 min in H20O with 0.1% formic acid (vol/vol) at a flow rate of 0.5 mL/min was
used. For HRMS/MS experiments with 15 and 16, a linear gradient of 40-80% CH3CN
(vol/vol) over 14 min in H2O with 0.1% formic acid (vol/vol) at a flow rate of 0.5
mL/min and a collision energy of 10 V was used.

Large-scale production, purification, and characterization of 16

A total of 12-L (12 x 1 L) of strain JL11 (E. coli BAP1 co-transformed with
pET24b-epxE, pACYCDuet-epnF, and pCDFDuet-epnG) was cultured in LB with
antibiotics. The cultures were inoculated with 10 mL of a seed culture and grown at 37°C
to ODeoo = 0.4 — 0.6 before induction with 0.5 mM IPTG and the addition of octanoic
acid to a final concentration of 1 mM. After induction, the temperature was dropped to
20°C, and compound production was allowed to proceed for approximately 2 days.
Compound 16 was extracted from the cell-free supernatant using two volumes of ethyl
acetate. The solvent was removed by rotary evaporation, and the combined residue was
redissolved in dichloromethane (3 mL). The residue was chromatographed on a silica gel
column and eluted with dichloromethane-methanol (95:5, vol/vol). Fractions containing
16 were determined by LC-MS (a linear gradient of 60-70% CH3CN (vol/vol) over 10
min in H20 with 0.1% formic acid (vol/vol) at a flow rate of 0.5 mL/min was used) and
were combined for further purification by RP-HPLC (Agilent 1260 HPLC) with an
Inertsil ODS-4 column (4.6 x 250 mm, GL Sciences Inc.) using an isocratic program of
50% CH3CN (vol/vol) in H20 at a flow rate of 0.5 mL/min. The resulting 2 mg of
purified 16 was dried and analyzed by LC-HRMS and NMR. NMR spectra (1D: 'H, 13C
and 2D: HSQC, COSY, HMBC) were recorded on a Bruker Biospin 900 MHz
spectrometer with a cryoprobe in chloroform-d (CDCls; Cambridge Isotope Laboratories).

Overexpression and purification of proteins

The plasmids, pET24b-epnH, pET24b-epxE, and pCDFDuet-epnG, were
transformed into E. coli BAP1, and the plasmids, pACYCDuet-epnF and pET30-epnl,
were transformed into E. coli BL21 Gold (DE3) for protein expression. Expression and
purification for all proteins with a Hise-tag followed the same general procedure and is
detailed as follows: cells were grown at 37°C in 700 mL of LB with the appropriate
antibiotic to an ODeoo of 0.5. The cells were then cooled on ice for 10 min and induced
with 0.12 mM IPTG for 16 h at 16°C. Subsequently, cells were harvested by
centrifugation (6371 X g, 15 min, 4°C), resuspended in 30 mL lysis buffer (25 mM
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HEPES, pH 8, 0.5 M NaCl, 5 mM imidazole), and lysed by homogenization on ice.
Cellular debris was removed by centrifugation (27216 x g, 1 h, 4°C). Ni-NTA agarose
resin was added to the supernatant (3 mL/L of culture), and the solution was nutated at
4°C for 1 h. The protein-resin mixture was loaded onto a gravity flow column, and
proteins were eluted with increasing concentrations of imidazole in Buffer A (20 mM
HEPES, pH 8.0, 1 mM DTT). Purified proteins were concentrated and buffer exchanged
into Buffer A + 10% glycerol using Vivaspin centrifugal concentrators.

ATP-[*’P]PP; exchange assays

Assays were performed in 100 pL of reaction buffer (50 mM Tris-HCI, pH 8, 2 mM
MgCl2) containing 5 mM ATP, 1 mM Naa[**P]-pyrophosphate (PP;) (~3 x 10° cpm/mL),
1 mM TCEP, 5 mM substrate, and 5 uM enzyme. Reactions were incubated at 25°C for 2
h, then quenched by the addition of a charcoal suspension (1.6% w/v activated charcoal,
0.1 M NasPPi, 3.5% HCIlO4). Free [*?P]PP;i was removed by centrifugation of the sample
followed by washing twice with wash solution (0.1 M Na4PPi and 3.5% HCIOa4).
Charcoal-bound radioactivity was measured on a Beckman LS 6500 scintillation counter.

LC-HRMS analysis of FAD-bound EpnF

Ten nanomoles of EpnF were denatured by the addition of methanol to release any
bound cofactor. After centrifugation, the supernatant was analyzed with LC-HRMS using
a linear gradient from 5-95% CH3CN (vol/vol) over 20 min in H20 with 0.1% formic
acid (vol/vol) at a flow rate of 0.5 mL/min. The released flavin was detected in negative
mode, and 200 pmol of authentic FAD and FMN were used as standards.

I3C-labeled precursor feeding experiments

Strain JL11 was cultured for the production of 15 and 16 as described above, and at
the time of IPTG induction and the addition of octanoic acid, either unlabeled sodium
acetate, [1-'C] sodium acetate, [1,2-'>C] sodium acetate, unlabeled r-methionine, or
[methyl-'*C] L-methionine was added to cultures to a final concentration of 1 g/L.
Compound extraction and LC-HRMS and HRMS/MS analyses were performed as
described above.
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Chapter 4. Reconstituting the Biosynthesis of the 3-
Formamidosalicylate Pharmacophore of Antimycins

Parts of this chapter have been adapted from the following with permission:

1. Liu, J, Zhu, X., Seipke, R. F., Zhang, W. “Biosynthesis of antimycins with a
reconstituted 3-formamdosalicylate pharmacophore in Escherichia coli” ACS Synth.
Biol. 4, 559-565 (2014).

2. Liu, J., Zhu, X., Kim, S., Zhang, W. “Antimycin-type depsipeptides: discovery,
biosynthesis, chemical synthesis, and bioactivties.” Nat. Prod. Rep. DOI:
10.1039/c6np00004e (2016).

4.1 Introduction

Antimycins are a family of depsipeptides consisting of a nine-membered dilactone
ring substituted with one alkyl (C-7), one acyloxy (C-8), two methyl moieties (C-4 and
C-9), and an amide linkage (C-3) connecting to a 3-formamidosalicylic acid (Figure 4-1).
They are produced by various Streptomyces species, and over the past few years, a
growing number of natural (>40) and modified (>350) antimycin-type compounds
varying in the alkyl and acyl chains have been reported.’> 22128 Additionally, several
related antimycin-type depsipeptides with 12-, 15-, and 18-membered macrolactone rings
were also recently isolated and characterized (Figure 4-1).'2°132 Notably, all of these
compounds possess a common 3-formamidosalicylate unit, which previous studies have
demonstrated to be essential for the antifungal, insecticidal, nematocidal, and piscicidal
properties of antimycins.!2> 124 126, 133, 134 \Whjle these bioactivities arise from the ability
of antimycins to inhibit cytochrome c oxidoreductase in the mitochondrial electron
transport chain,'*>!*7 other work has also shown antimycin-type compounds to be
promising candidates for treating a variety of diseases, including cancer,!?> !38-140
asthma,'” and neurodegenerative disorders.!’® #11¥* Understanding the enzymatic
machinery and engineering efficient systems for antimycin biosynthesis can therefore
expand the production of antimycin analogues with improved pharmaceutical properties.

The antimycin biosynthetic gene cluster was initially identified in several
Streptomyces species by Seipke et al.,'** 1% and it was recently dissected by both genetic
and enzymatic studies.’! Specifically, Sandy et al. identified the minimum set of enzymes
(AntCDEFGM) needed for the generation of the antimycin dilactone scaffold, which is
built through a hybrid NRPS-PKS assembly line-based mechanism from four distinct
monomers: an aminobenzoate, a natural amino acid, an a-keto acid, and an acylmalonyl
moiety (Figure 4-2).°! The biosynthesis of antimycins is proposed to begin with the
catabolism of tryptophan to anthranilate, which proceeds through three enzymatic steps:
(1) AntN, a tryptophan-2,3-dioxygenase, opens the indole ring of L-tryptophan to
generate N-formyl-L-kynurenine; (2) AntO, a lipase homolog, deformylates N-formyl-L-
kynurenine to L-kynurenine; and (3) AntP, which is present in some but not all antimycin
gene clusters, or another kynureninase converts L-kynurenine to anthranilate (Figure 4-
2).146.147 Anthranilate was demonstrated to be activated by the acyl-CoA ligase homolog,
AntF, and loaded onto the acyl carrier protein (ACP), AntG, and the resulting
anthraniloyl-S-AntG is proposed to be converted to 3-aminosalicyloyl-S-AntG by the
multicomponent oxygenase, AntHIJKL, through epoxidation to a 6-amino-1,2-
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epoxycyclohexa-3,5-dienecarboxylic acid moiety followed by a 1,2-shift of the thioester
group (Figure 4-2)°" ¥ We hypothesize that AntO may subsequently catalyze N-
formylation of the 3-aminosalicylate moiety to yield 3-formamidosalicyloyl-S-AntG,
which is presented to the dimodule NRPS, AntC.

OH
G\( 12
antimycin

A,: R, = CH(CH;)CH,CH,, R, = (CH,),CH,4 JBIR-06: R, = CH,4
R, = CH(CH,),, R, = (CH,),CH, JBIR-52: R, = H
A;: R, = CH(CH;)CH,CH;, R, = (CH,),CH,4

A, Ry = CH(CH3),, R, = (CH,),CHj;

te

R, O
neoantimycin respirantin
A: R, = CH(CH,),, R, = CH(CH,)(CH,CH,) R, = CH,CH(CH,),
F: R, = CH(CH,),, R, = CH(CH,), R, = CH(CH,),

SW163-A: R, = CH3, R, = CH(CH3)(CH,CH,)
SW163-B: R, = CH3, R, = CH(CH;),

Figure 4-1. Structures of antimycin-type depsipeptides. Only a few of the naturally-
occuring antimycin and neoantimycin variants are shown here.
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Figure 4-2. Biosynthetic gene cluster and proposed biosynthetic pathway of antimycins.

AntC has a domain organization of C1-A1-T1-C2-A2-KR-T2 (C: condensation, A:
adenylation, T: thiolation, KR: ketoreduction). The Al domain activates and loads
threonine onto T1, which is condensed with 3-formamidosalicylate by C1, and the A2
domain activates and loads pyruvate onto T2, which is stereoselectively reduced by the
KR domain and then condensed with threonine by C2. The downstream PKS, AntD, has
a domain organization of KS-AT-ACP-TE (KS: ketosynthase, AT: acyltransferase, TE:
thioesterase). The AT domain transfers a 2-carboxylated acyl moiety from CoA to the
ACP, and it has been demonstrated to select atypical extender units such as butylmalonyl-
CoA, which is generated from reductive carboxylation of 2E-hexenoyl-CoA by AntE, a
crotonyl-CoA reductase (CCR) enzyme.’!: 5% 149150 The KS domain then catalyzes the
decarboxylative condensation between the aminoacyl-S-T2 domain of AntC and the 2-
carboxy-acyl-S-ACP domain of AntD, and following stereoselective reduction of the f3-
keto functionality by AntM, a 3-oxoacyl-ACP reductase, AntD-TE catalyzes
regiospecific macrolactone cyclization and release of the nine-membered dilactone
product. Finally, AntB, a promiscuous tailoring acyltransferase, catalyzes
transesterification on the C8 hydroxyl group, and it has been shown to be capable of
using a wide variety of acyl substrates.’? 1!

While the enzymatic synthesis of the dilactone scaffold of antimycin has been
achieved,’! the biosynthetic pathway toward 3-formamidosalicylic acid, the putative
starter unit conserved in all antimycin-type depsipeptides but not found in any other
natural products (Figure 4-1), was not fully elucidated. In addition, the production of
antimycins has thus far been limited to slow-growing Streptomyces organisms that can be
challenging to genetically manipulate. As an alternative, E. coli has emerged as a
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powerful microorganism for studying the biosynthesis of some natural products because
of its fast growth rate, genetic tractability, and well-studied primary metabolism.?% 34 11!
The reconstitution of NRPS-PKS activity in E. coli also provides immense opportunities
for the biochemical understanding and protein engineering of these modular assembly
lines in natural product synthesis and diversification.

In this work, we reconstituted the complete biosynthesis of antimycins in the
heterologous host, E. coli. Using this heterologous expression system in combination
with performing a mutagenesis study in Streptomyces, we systematically confirmed the
roles of two previously proposed modification enzymes, AntHIJKL and AntO, in the
generation of the 3-formamidosalicylate moiety of antimycins from an anthranilate
precursor (Figure 4-2).3! 128198 Down the line, our flexible and robust E. coli expression
system can be used to facilitate the rapid generation of novel antimycin analogues
through combinatorial biosynthesis as well as to increase the yield of target antimycin
analogues through metabolic engineering.

4.2 Results

4.2.1 Production of the antimycin dilactone scaffold in E. coli

To produce the dilactone scaffold of antimycins in E. coli, we coexpressed six
enzymes, AntCDEFGM, from either the S. albus J1074 or S. ambofaciens antimycin gene
clusters" '** on three Duet vectors. Specifically, the dimodule NRPS-encoding antC and
the crotonyl-CoA carboxylase/reductase homolog-encoding antE were cloned into
pETDuet-1; the PKS-encoding antD and an operon consisting of antGF, which encodes a
carrier protein and an acyl-ACP ligase homolog, respectively, were cloned into
pCDFDuet-1; and the 3-oxoacyl-ACP reductase homolog-encoding antM was cloned into
pCOLADuet-1. The three plasmids were cotransformed into the BAP1 strain of E. coli,
which contains a chromosomal copy of the phosphopantetheinyl transferase gene, sfp, to
ensure the posttranslational modification of AntC, D, and G to their pantetheinylated
forms.** Upon coexpression of antCDEFGM in this E. coli strain (JL1), trace amounts of
antimycin-type compounds could be detected in the culture extracts by LC-HRMS and
HRMS/MS analysis (Figures 4-3, 4-4, and Appendix C). Despite the relaxed substrate
specificities of AntE and AntD,’" % 17, which is derived from the substrate octenoyl-
CoA, was the major observed product, indicating that E. coli has a different endogenous
pool of fatty acyl-CoA intermediates compared to Streptomyces by which a suite of
antimycins varying at the C-7 position are typically produced.’® As expected, the
production of 17 was not observed in the extracts of cultures missing one or more of the
six genes such as those of the E. coli strain JLS (Figure 4-4).

When anthranilic acid and octanoic acid were both fed at a final concentration of 1
mM to JL1 cultures at the time of protein induction, the titer of 17 was increased by
approximately 140-fold to ~0.2 mg/L. These precursors were thus included in all
subsequent experiments. Since previous mutagenesis studies in Streptomyces showed that
a starter unit other than 3-formamidosalicylate decreased the efficiency of NRPS-PKS
assembly line by more than 1000-fold (deoxy-isoantimycins were produced at ~10
ug/L),>! the current production titer of 17 by JL1 suggests that this heterologous
expression system is more robust than the native Streptomyces system in generating the
active modular assembly line for antimycin synthesis.
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Figure 4-3. Proposed biosynthetic and shunt pathways for antimycin-type compounds.

Strain Genes Major products Minor products
JL1 antCDEFGM 17 -
JL2  antCDEFGHIJKLMNO 17,18 -
JL3  antCDEFGMO 17 -
JL4  antCDEFGHIJKLM 17 19

JL5  antCDEFGHIJKLNO - -

[}

18 :

JL1 ! !
|
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Figure 4-4. Biosynthesis of antimycins in E. coli. Table and extracted ion
chromatograms (17: m/z 421.2333 [M+H]", 18: m/z 465.2231 [M+H]", 19: m/z 437.2282
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[M+H]") showing compounds resulting from the heterologous expression of different
combinations of antimycin biosynthetic genes in E. coli. Compound 19 was produced at
~100-fold less than 17 and could thus not be detected at this scale. The calculated mass
with a 10 ppm mass error tolerance was used.

4.2.2 Elucidation of 3-formamidosalicylate biosynthesis

With the ability to generate the antimycin core scaffold in E. coli, we next sought to
use this highly tractable system to dissect the formation of the conserved 3-
formamidosalicylate pharmacophore. To this end, we introduced the remaining genes
from the antimycin biosynthetic gene cluster presumed to be important for the synthesis
of this moiety into the strain JL1 to yield the new strain, JL2 (Figure 4-4). The newly
coexpressed genes included antHIJKL, which encodes a multicomponent oxygenase
homologue; antN, which encodes a putative tryptophan 2,3-dioxygenase; and antO,
which encodes a lipase homologue (Figure 4-2). Although previous gene disruption
experiments have demonstrated antHIJKL to be important for the biosynthesis of
antimycins,’ 18 the possible roles of antN and antO in antimycin biosynthesis have
never been studied before. Analysis of the culture extracts of JL2 by HPLC and LC-
HRMS showed that the coexpression of antCDEFGHIJKLMNO not only resulted in the
formation of 17, but it also resulted in the formation of a product, 18, in comparable yield
(Figure 4-4 and Appendix D). HRMS/MS analysis suggested 18 to be the antimycin-type
compound, kitamycin A, with a completely reconstituted 3-formamidosalicylate moiety
(Figure 4-4 and Appendix C).'*

To further confirm the identity of this compound, we purified 18 from E. coli culture
extracts and incubated it with isobutyryl-CoA and AntB, the acyltransferase that
catalyzes the C-8 acyloxy formation of antimycins.'”! This enzymatic assay resulted in
the conversion of 18 into antimycin A2 with a retention time, UV spectrum, and mass
fragmentation patterns precisely matching those of the standard, thus supporting the
successful reconstitution of 3-formamidosalicylate biosynthesis in E. coli (Figure 4-5 and
Appendices C and D).

After fully reconstituting the biosynthesis of antimycins in E. coli, we set out to
delineate the functions of the individual enzymes in the generation of the 3-
formamidosalicylate group by systematically expressing different combinations of
antHIJKL, antN, and antO in JL1. A strain containing all of the genes, except antN, was
first constructed. LC-HRMS analysis of the extracts of this culture showed a profile very
similar to that of JL2 with the production of both 17 and 18 (Figure 4-6), demonstrating
that AntN is not required for the formation of the 3-formamidosalicylate moiety from
anthranilate. Rather, it is known that anthranilate can be derived from tryptophan under
the tandem action of a tryptophan 2,3-dioxygenase, kynureninase, and deformylase, and
an operon containing these three genes is widespread in Streptomyces, including those
that do not produce antimycins.!*” An additional copy of a tryptophan 2,3-dioxygenase
encoded by antN in the antimycin biosynthetic gene cluster might therefore increase the
flux in generating anthranilate from tryptophan, and similar strategies to increase
substrate availability have been observed in biosynthesis of other natural products.!> 134
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Figure 4-5. In vitro generation of antimycin Az from 18 and isobutyryl-CoA. Extracted
ion chromatograms (18: m/z 465.2231 [M+H]", antimycin A2: m/z 535.2650 [M+H]")
showing the product from the AntB-catalyzed reaction (A) and the antimycin A2 standard
(B). The calculated mass with a 10 ppm mass error tolerance was used.
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Figure 4-6. Extracted ion chromatograms showing that AntN is not required for the
production of 18. Production of 18 (m/z 465.2231 [M+H]") was observed from both (A) E.
coli expressing AntCDEFGHIJKLMO and (B) E. coli strain JL2 expressing
AntCDEFGHIJKLMNO. The calculated mass with a 10 ppm mass error tolerance was
used.

Subsequently, strains lacking either antHIJKL (JL3) or antO (JL4) were constructed.
LC-HRMS analysis of the culture extracts showed that the production of 18 was
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completely abolished in both of these strains (Figure 4-4), confirming the essential roles
of AntHIJKL and AntO in the synthesis of the 3-formamidosalicylate moiety. Careful
analysis of the product profile of JL3 and JL4 provided additional insight into the
reaction timing of these two enzymes. Analysis of the culture extracts of JL4 showed the
formation of 17 as well as trace amounts of 19, an antimycin-type compound proposed to
contain a 3-aminosalicylate moiety resulting from the action of AntHIJKL (Figure 4-3
and Appendix C). AntHIJKL has high sequence similarity to PaaABCDE, a
multicomponent oxygenase that catalyzes the epoxidation of the aromatic ring of
phenylacetyl-CoA.!>>157 AntHIJKL presumably catalyzes the formation of the 3-
aminosalicyloyl-S-AntG from anthraniloyl-S-AntG by an epoxidation and a 1,2-shift of
the thioester group, which has been suggested by feeding experiments with isotope- and
fluorine-labeled precursors and gene disruption experiments in Streptomyces.> 8 We
here have reconstituted the oxidation activity of AntHIJKL in E. coli for the first time.
Analysis of the culture extracts of JL3 then showed the formation of 17 as the major
product without the presence of any deoxy-isoantimycin analogues, suggesting that
oxygenation by AntHIJKL likely precedes the N-formylation by AntO (Figure 4-3). It is
further proposed that N-formylation of the 3-aminosalicyloyl moiety occurs on the
assembly line, as no N-formylated antimycin-type compounds were detected upon the
feeding of 17 and 19 to E. coli cultures overexpressing antO or upon the incubation of 17
and 19 with the cell lysate of these cultures (Figure 4-7).

kDa

N 260
Ko CM
- 140 HN
= “ 100
e N 70 Structure of pmposed product
—_— p i with m/z 449.2272 [M+H]*
50

LNH OH

- 9
@Qi@w“’ oy
0
130

E

15
10

B
It

Figure 4-7. Formylation studies of 17 and 18 with E. coli overexpressing AntO. (A)
SDS-PAGE analysis of lysate from E. coli expressing AntO (lane 1) and AntO with an N-
terminal hexahistidine tag purified from E. coli (lane 2). (B) The proposed formylated
product was not observed in the extracts of E. coli cultures expressing AntO fed with 17
or in the cell lysate incubated with 17. (C) Compound 18 was not observed in the extracts
of E. coli cultures expressing AntO fed with 19 or in the cell lysate incubated with 19.

4.2.3 Fed-batch fermentation for antimycin production

To demonstrate the potential scalability of this heterologous antimycin production
system, we then performed a fed-batch fermentation of the antimycin-producing JL2
strain in F1 medium supplemented with 1 mM anthranilic acid, octanoic acid, and
threonine. Upon the coexpression of the 13 ant genes, an antimycin titer of approximately
2 mg/L was achieved when the ODsoo plateaued at ~13 (Figure 4-8). It is anticipated that
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this titer can be further increased by the manipulation of protein expression levels and
cultivation conditions. As JL2 produced comparable amounts of 17 and 18, we reasoned
that the activity of AntHIJKL in E. coli might be the limiting aspect of the biosynthetic
pathway.
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Figure 4-8. Fed-batch fermentation production of antimycins by E. coli expressing

AntCDEFGHIJKLMNO. (A) HPLC analysis (330 nm) showing the production of 17 and

18. (B) The maximum titer achieved was ~2 mg/L at OD600 = 13, 30 h after IPTG
induction.

4.2.4 Comparison of AntHIJKL homologs

We thus tested two additional AntHIJKL homologs from the antimycin biosynthetic
gene cluster in S. ambofaciens'** and the neoantimycin biosynthetic gene cluster in S.
orinoci'® 138 in our E. coli expression system. The subunits of these homologs share
upwards of 50-80% sequence identity with AntHIJKL from S. albus J1074, and the
coexpression of both homologs with AntCDEFGMNO resulted in the production of 18.
However, comparison of the ratio of the peak areas of 18 to 17 among the extracts of
strains with different AntHIJKL homologs showed AntHIJKL from S. albus to be the
most active followed by the homologs from S. ambofaciens and S. orinoci (Figure 4-9).
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Figure 4-9. Comparison of the production of 18 in E. coli using AntHIJKL from
different sources. The greatest relative production of 18 resulted from expressing S.
albus AntHIJKL followed by the S. ambofaciens and S. orinoci AntHIJKL homologs.
The values of the ratios of the peak areas may be underestimated here because 17 is likely
to be more easily detected than 18 by mass spectrometry. Error bars represent standard
deviations from three replicates.

4.2.5 Characterization of S. albus J1074 AantO

To further probe the function of AntO in antimycin biosynthesis, we also carried out
a gene disruption experiment in the antimycin-producing organism, S. albus J1074. An S.
albus J1074 AantO mutant strain was constructed using the recently reported
CRISPR/Cas system for Streptomyces.*> HPLC and LC-HRMS analysis of the culture
extracts of this strain showed antimycin production to be abolished (Figure 4-10). While
the production of deformylated antimycins was too low to be detected by HPLC, further
analysis by LC-HRMS revealed the production of small amounts of putative
deformylated antimycins (Figure 4-11). This observation is consistent with the
aforementioned proposal that N-formylation of the 3-aminosalicylate moiety occurs on
the assembly line, likely in the early stage as shown in Figure 4-2, and the disruption of
N-formylation significantly impairs the NRPS-PKS assembly line. Because AntO also
shows homology to the deformylase involved in the conversion of tryptophan to
anthranilate, this possible role of AntO was further assessed by feeding anthranilic acid to
the cultures of a AantO mutant.'” However, the titer of the putative deformylated
antimycins did not increase upon the exogenous addition of anthranilic acid, eliminating
the possibility that the low product titer is due to a limited supply of anthranilate
precursors being generated through the additional function of AntO in antimycin
biosynthesis. !>’
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Figure 4-10. HPLC-UV analysis of antimycins produced by wild-type S. albus J1074 and
S. albus J1074 AantO. Traces (330 nm) show the production of antimycins Ai-A4 by S.
albus J1074 (A) but not by S. albus J1074 AantO (B). a/b represents different isomers of
antimycins Ai-Aa4, the structures of which are shown in Figure 4-1.
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Figure 4-11. Extracted ion chromatograms showing the production of deformylated
antimycins by S. albus J1074 AantO. The calculated mass with a 10 ppm mass error
tolerance was used.

4.3 Discussion

In summary, we have established a versatile system for the biosynthesis of
antimycins in E. coli.'® The heterologous expression and mutagenesis studies reported
here have led to a working hypothesis for the biosynthetic pathway of the 3-
formamidosalicylate pharmacophore conserved in all antimycin-type depsipeptides. In
particular, the substrate, anthranilic acid, is first activated by AntF and loaded onto AntG.
The resulting anthraniloyl-S-AntG is then subjected to oxidation and rearrangement
reactions catalyzed by AntHIJKL and a formylation reaction catalyzed by AntO to
generate the 3-formamidosalicylate starter unit for the hybrid NRPS-PKS assembly line
(Figure 4-2). Unexpectedly, the E. coli production titer of 18, which contains the natural
starter unit, was not significantly increased compared to that of 17, which is generated
from a disrupted modular assembly line with an unnatural starter unit (Figure 4-8A).
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Since the overexpression of antO in E. coli yielded more than 15 mg/L of soluble protein
(Figure 4-7A), the low titer of 18 in this heterologous host is possibly due to the low
activity of the multicomponent oxygenase, AntHIJKL, and the reconstitution of
oxygenase activity in vitro using purified proteins from E. coli has not yet been
successful. Screening additional genes homologous to antHIJKL from the dozens of other
gene clusters identified for antimycin-type depsipeptides may yield new enzyme
candidates with improved efficiency in E. coli and lead to much higher titers of
antimycins.'?% 12% 144 Nonetheless, our work not only shows additional promise in using E.
coli as a heterologous host for the production of natural products synthesized through
NRPS/PKS enzymes, but it also paves the way for the rapid generation of new antimycin
analogues through combinatorial biosynthesis. As an example, this antimycin expression
system was recently used in combination with genes encoding terminal alkyne
biosynthetic machinery to result in the production of a novel terminal alkyne-bearing
antimycin analogue.>?

4.4 Materials and Methods
Bacterial strains, plasmids, and growth conditions

Bacterial strains and plasmids used in this study are described in Tables 4-1 and 4-2,
respectively. LB was used for the propagation of E. coli strains at 37°C unless otherwise
specified. Mannitol-soy flour (MS) medium (20 g/L soy flour and 20 g/L. mannitol) was
used to maintain S. albus J1074. Growth media was supplemented with antibiotics as
required at the following concentrations unless otherwise indicated: carbenicillin (100
pg/mL), kanamycin (50 pg/mL), spectinomycin (50 pg/mL), and apramycin (50 pg/mL).

Table 4-1. Bacterial strains used in this study.

Strain Function
E. coli XL1-Blue Cloning using standard molecular biology
procedures
E. coli BL21 Gold(DE3) Overexpression of the individual proteins,
AntB and AntO
E. coli BAP1 Heterologous expression of antimycins
S. albus J1074 Construction of AantO mutant

Table 4-2. Plasmids used in this study.

Plasmid Derived from Function

pETDuet-antC-antE pETDuet-1 Co-expression of AntC and AntE in E.
coli

pCDFDuet-antD-antGF pCDFDuet-1 Co-expression of AntD and AntFG in
E. coli

pCOLA-antM pCOLADuet-1 Expression of AntM in E. coli

pCOLA-antMO pCOLADuet-1 Co-expression of AntM and AntO in E.
coli

pCOLA-antHIJKL-antM | pCOLADuet-1 Co-expression of AntHIJKL and AntM
in E. coli

pCOLA-antHIJKL-antMO | pCOLADuet-1 Co-expression of AntHIJKL and
AntMO in E. coli

52




pCOLA-antHIJKL- pCOLADuet-1 Co-expression of AntHIJKL and

antMNO AntMNO in E. coli

pCOLA-antHIJKL-antNO | pCOLADuet-1 Co-expression of AntHIJKL and
AntNO in E. coli

pET30-antB pET30-Xa/LIC Expression of AntB in E. coli

pET30-antO pET30-Xa/LIC Expression of AntO in E. coli

pCOLA-Samb_antHIJKL- | pCOLADuet-1 Co-expression of AntHIJKL (homolog

antMNO from S. ambofaciens) and AntMNO in
E. coli

pCOLA-natHIJKL- pCOLADuet-1 Co-expression of NatHIJKL and

antMNO AntMNO in E. coli

pCRISPomyces2- pCRISPomyces-2 | Construction of S. albus J1074 AantO

dantOgRNA-2kb mutant using CRISPR/Cas

Construction of plasmids used for heterologous expression of antimycins

Primers used in this study are listed in Table 4-3. S. albus J1074 genomic DNA was
used to PCR amplity antC, D, GF, HIJKL, and M/MNO/MO, and S. ambofaciens
genomic DNA was used to PCR amplify antE. The antC gene was digested from pET30-
antC' using Ndel/Xhol (Thermo Scientific) and ligated into MCS1 of pETDuet-1
(Novagen) using Quick T4 DNA ligase (New England Biolabs). The resulting plasmid
was then digested with Pstl/HindIII for the ligation of antE (PCR product generated using
antEam-Duet-F/R primers) into MCS2 to yield the final pETDuet-antC-antE construct.
The antD gene (PCR product generated using antD-Duet-F/R primers) was cloned into
MCSI1 of pCDFDuet-1 using the EcoRI/HindIIl restriction sites, and antGF (PCR
product generated using AntG_Ndel/antGF-Duet-R primers) was subsequently cloned
into MCS?2 of the resulting plasmid using the Ndel/Xhol restriction sites to yield the final
pCDFDuet-antD-antGF construct. The antM, MNO, or MO genes (PCR products
generated using antM-Duet-F/R, antM-Duet-F/antNO-Duet-R, or antM-Duet-F/antMO-
F2 + antMO-F2/antNO-Duet-R primers, respectively) were cloned into MCS2 of
pCOLADuet-1 using the Ndel/Xhol restriction sites to form pCOLADuet-
antM/MNO/MO. These plasmids were then further digested with Pstl/HindIIl for the
introduction of antHIJKL (PCR product generated using antHIJKL-Duet-F/R primers)
into MCS1 to form pCOLADuet-antHIJKL-antM/MNO/MO. Plasmids were isolated
using a QIAprep Spin Miniprep Kit (Qiagen) and confirmed by DNA sequencing (UC
Berkeley DNA Sequencing Facility).

For the evaluation of AntHIJKL homologs, antHIJKL was also amplified from S.
ambofaciens and S. orinoci genomic DNA and cloned into pCOLADuet-antMNO as
described above.

Table 4-3. Primers used in this study.

Primer Sequence (5’ -> 3°)* Description
antEam-Duet-F aaaCTGCAGatgagagcgacccaagacctc Expression of AntE
antEam-Duet-R tatAAGCTTtcacatccggtcceegactc

antD-Duet-F aaaGAATTCGatggatgacccgcaggeect Expression of AntD
antD-Duet-R tatAAGCTTtcagecggaggecgggegea

AntG Ndel aaaCATATGagcaccatcagggagtt Expression of
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antGF-Duet-R aaaCTCGAGtcaggcgecgeagegecttet AntFG
antM-Duet-F aaacatATGaccaccacccageggea Expression of
antM-Duet-R aaaCTCGAGtcacagaccgaggccgacac AntM

antMO-R2 ggagatgaccctagagcgeatcggggctcctagggaca Expression of
antMO-F2 tgtccctaggageccegatgegetetagggteatctee AntMO
antNO-Duet-F aaacatATGaacgacggccecgteege Expression of
antNO-Duet-R aaaCTCGAGtcatgcgegggccateegec AntNO
antHIJKL-Duet-F | aaaCTGCA Gatgaccggctcaccggegeg Expression of
antHIJKL-Duet-R | tatAAGCTTtcaggcegtcgaagtcgageg AntHIJKL

AntB PET30F GGTATTGAGGGTCGCatgcgacgcgegcetgtgtce Expression of AntB
AntB PET30R AGAGGAGAGTTAGAGCCtcagecggegetggeegg

AntO PET30F GGTATTGAGGGTCGCatgcgctctagggtcatctce Expression of AntO

AntO PET30R

AGAGGAGAGTTAGAGCCtcatgcgegggecatcegee

antH-Samb-Duet-F

aaaCTGCAGatgagcgcgecgaccctege

antL-Samb-Duet-R

tatAAGCTtcaggtgtcgaagtcgaggg

Expression of
AntHIJKL
(homolog from
S.ambofaciens)

natHIJKL-Duet-F

aaaCTGCAGatggatgacgagggagtggt

Expression of

natHIJKL-Duet-R | tatAAGCTTacacatcgaagtcgaggc NatHIJKL

antO-gRNA-F ACGCgggagcgtggaggtgtgcca Construction of S.

antO-gRNA-R AAACtggcacacctccacgcetcce albus J1074 AantO

antO-up-F tcggttgccgecgggegttttttatctaga gacggtecgetccacgeteg | mutant using

antO-up-R agacatctggcgggeggtea caccgegtgecteccacage CRISPR/Cas

antO-down-F getgtgggaggcacgeggtg tgaccgeccgecagatgtct

antO-down-R geggcectttttacggticctggectetaga cgettggegacctecteggg

dantO-F cttcaccgegctgtacgtge Confirmation of S.

dantO-R gccaggceacaggtgctgttc albus J1074 AantO
mutant

*restriction endonuclease sites are bolded

Biosynthesis of antimycins in E. coli

The plasmids, pETDuet-antC-antE, pCDFDuet-antD-antGF, and pCOLADuet-
(antHIJKL)-antM(N)(O), were electroporated into E. coli BAP1, and transformants were
selected on LB agar plates supplemented with the appropriate antibiotics. Single colonies
were inoculated into 3 mL of LB with antibiotics and grown overnight at 37°C as a seed
culture, of which 0.25 mL was used to inoculate 25 mL of fresh LB medium with
antibiotics. The cultures were then grown at 37°C to ODeoo =~ 0.4 — 0.6 before induction
with 0.12 mM IPTG and the addition of anthranilic acid and octanoic acid at a final
concentration of 1 mM. After induction, the temperature was dropped to 20°C, and
compound production was allowed to proceed for approximately 2 days.

The F1 fed-batch fermentation was conducted with a DASGIP Parallel Bioreactor
System, and methods for the fermentation and medium composition were adopted from
methods described previously.'! %0 A starter culture was grown overnight at 37°C in 3
mL of LB medium supplemented with the appropriate antibiotics, and 1 mL of this
culture was used to inoculate 50 mL of LB medium with antibiotics. The culture was then
grown overnight at 30°C before being centrifuged and resuspended in 20 mL of F1
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medium, of which 8 mL was used to inoculate a 1 L vessel containing 800 mL of F1
medium supplemented with 150 ug/mL carbenicillin, 100 ug/mL spectinomycin, and 75
png/mL kanamycin. The fermentation was started at 37°C, and the pH was maintained at
7.0 throughout the experiment with concentrated HCl and half-concentrated NH4OH.
Aeration was controlled at 0.2 L/min, and agitation was maintained at 600 rpm. When the
ODeoo reached ~4 — 5, the temperature of the fermentation was reduced to 20°C, followed
by the addition of 0.5 mM IPTG, 1 mM anthranilic acid, 1 mM octanoic acid, and 1 mM
threonine. At the same time, 0.1 mL/min of feed medium began to be delivered to the
fermenter. At each time point, a 1 mL aliquot was removed from the culture for
compound extraction and analysis.

HPLC and LC-MS analysis of antimycin production

E. coli culture samples were pelleted by centrifugation (4000 x g for 10 min), and the
supernatant was extracted with two volumes of ethyl acetate. The solvent was removed
by rotary evaporation (or centrifugal evaporation for 1 mL samples), and the residue was
redissolved in methanol (400 uL for 25 mL cultures and 100 pL for 1 mL samples) for
LC-HRMS, HRMS/MS, and HPLC analysis (20 pL injection). LC-HRMS analysis was
performed on an Agilent Technologies 6520 Accurate-Mass Q-TOF LC-MS instrument
with an Agilent Eclipse Plus C18 column (4.6 x 100 mm). A linear gradient of 25-95%
CH3CN (v/v) over 20 min followed by an additional 10 min of 95% CH3CN (v/v) in H20
with 0.1% formic acid (v/v) at a flow rate of 0.5 mL/min was used. A collision energy of
20 V was used for all HRMS/MS experiments. Antimycins were quantified by generating
a standard curve with antimycin standards and using the Agilent MassHunter Qualitative
Analysis software to determine the extracted ion chromatogram peak areas. HPLC
analysis was performed on an Agilent Technologies 1260 LC system with DAD using the
same column and program as described above but with trifluoroacetic acid in place of
formic acid.

Enzymatic synthesis of antimycin A2

AntB was expressed and purified as described previously.'”! Compound 18 was
purified by RP-HPLC (Agilent 1260 HPLC with DAD) using an Agilent Eclipse Plus
C18 column (4.6 x 100 mm) with a linear gradient of 25-95% CH3CN (v/v) in H20 over
20 min at a flow rate of 0.5 mL/min. Fractions containing antimycins were collected
manually and concentrated under vacuum. Assays were then performed in 100 puL of 50
mM HEPES (pH 8.0) containing 18, 2 mM isobutyryl CoA, and 20 uM AntB. Aftera2 h
incubation period at room temperature, the reactions were extracted with two volumes of
ethyl acetate, and the organic layer was dried under vacuum. The residue was then
redissolved in methanol (50 pL) for HPLC, LC-HRMS, and HRMS/MS analysis as
described above. The antimycin A: standard was obtained from Sigma and used for
comparison with the product of the enzymatic assay.

Formylation studies with E. coli overexpressing AntO

The antO gene was PCR amplified from S. albus J1074 genomic DNA using primers
AntO PET30F/R and cloned into pET-30 XA/LIC (Novagen) following standard
protocols. The resulting pET30-antO plasmid was transformed into BL21 Gold (DE3),
and single colonies were inoculated into 3 mL of LB with kanamycin and grown
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overnight at 37°C as a seed culture, of which 0.25 mL was used to inoculate 25 mL of
fresh LB with kanamycin. The cultures were then grown at 37°C to ODeoo =~ 0.4 — 0.6 and
induced with 0.12 mM IPTG. AntO was expressed at 20°C for 2 h after which
compounds 17 and 19, which were partially purified by running the culture extracts of
250 mL of JL5 through Sep-Pak C18 Plus cartridges (Waters) and eluting with 95%
CH3CN, were added to the cultures. Expression of AntO at 20°C was resumed for
approximately 2 days before extraction and product analysis as described above. For
assays with E. coli lysate, AntO was expressed in BL21 Gold (DE3) for 16-20 h after
which the cells from 350 mL of culture were pelleted by centrifugation (6000 % g for 15
min), resuspended in 20 mL of lysis buffer (20 mM HEPES, pH 8, 0.5 M NacCl), and
lysed by homogenization on ice. Cellular debris was removed by centrifugation (15000 X
g for 1 h), and the soluble fraction was incubated with 17 and 19 purified from an
equivalent amount of culture. After overnight incubation at room temperature, the lysate
was subjected to extraction and product analysis as described above.

Construction and analysis of S. albus J1074 AantO

The S. albus 11047 AantO mutant strain was constructed using the CRISPR/Cas
system engineered for Streptomyces.*> The sequence for the synthetic guide RNA was
first cloned into pCRISPomyces-2 by Golden Gate assembly, and a 4 kb editing template
consisting of two 2 kb arms homologous to the sequence up and downstream of antO was
introduced into the resulting plasmid by Gibson assembly. The final pCRISPomyces2-
dantOgRNA-2kb plasmid was transformed into E. coli WM6026 for conjugation with S.
albus J1074. Successful transformants were selected by apramycin resistance, and
deletion of AantO was confirmed by PCR with the dantO-F/R primers. Clearance of the
plasmid was performed as described by previously*? with the exception that the strains
were cultured in TSB medium.

To check for the production of deformylated antimycins, starter cultures of the
confirmed S. albus J1047 AantO mutant strains were inoculated with mycelia and
cultured in TSB for 2 days. 0.5 mL of the starter culture was then inoculated into 25 mL
of MS, and the cultures were grown at 30°C, 250 rpm for 5 days. Antimycins were
extracted from the cell-free supernatant (25 mL) using ethyl acetate (two volumes). The
solvent was removed by rotary evaporation and the residue was redissolved in methanol
(0.5 mL) and analyzed by LC-HRMS (10 pL injection) and HPLC (20 pL injection) as
described above.
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Chapter 5. Expanding on the Biosynthesis of Neoantimycins

Parts of this chapter have been adapted from the following with permission:

Liu, J., Zhu, X., Kim, S., Zhang, W. “Antimycin-type depsipeptides: discovery,
biosynthesis, chemical synthesis, and bioactivties.” Nat. Prod. Rep. DOLI:
10.1039/c6np00004¢ (2016).

5.1 Introduction

While the most well-studied group of antimycin-type depsipeptides are the
antimycins with a 9-membered dilactone ring, antimycin-type depsipeptides possessing
12-, 15-, and 18-membered macrocyclic rings have also been reported (Figure 4-1).12% 12
132, 141 Tike the 9-membered ring antimycins, these ring-expanded antimycins also
possess a 3-formamidosalicylate moiety, but their biological activities appear to extend
beyond the function of this pharmacophore. Specifically, several of the 12- and 15-
membered antimycin-type depsipeptides have been shown to downregulate GRP-78,13%
141, 143, 161 and some of the 15-membered ring neoantimycins have also shown
immunosuppressive activity.!®> Moreover, some of the 18-membered ring antimycin-type
depsipeptides have exhibited nanomolar inhibition of cancer cell growth though their
mechanism of action is currently unknown. 3% 163

The biosynthetic gene clusters responsible for the formation of the ring-expanded
antimycin-type depsipeptides were recently reported by the Magarvey group (Figure 5-
1).129: 158,163 A5 expected, all of these clusters feature a hybrid NRPS-PKS assembly line
and encode homologs to the antimycin biosynthetic enzymes involved in starter unit
formation: AntF, AntG, AntHIJKL, AntN, and AntO. However, the number of modules
in the NRPS-PKS assembly line of each of the four classes of antimycin-type
depsipeptides differs depending on the size of the macrolactone ring. Specifically, the ant,
sml, nat, and ksn gene clusters which produce antimycins, JBIR-06/JBIR-52,
neoantimycins, and respirantins have a total of 4, 5, 6, and 7 modules, respectively
(Figure 5-1). This set of naturally combinatorial gene clusters thus represents a unique
system that can be used to study the underlying programming rules for combinatorial
biosynthesis, and different domain and module swapping experiments among these
naturally combinatorial enzymatic assembly lines can provide new insight into the
effective engineering of NRPS-PKS assembly lines. In particular, this system can be used
to determine the factors that control ring expansion of these NRPS-PKS hybrid molecules
especially with regards to the necessary intermodular protein-protein interactions and the
role of the off-loading thioesterase. Moreover, these related but different gene clusters
can also be used to elucidate the rules that govern atypical PKS monomer selection, since
all antimycin-type depsipeptide gene clusters encode a single module PKS, but the PKS
from the antimycin biosynthetic gene cluster is unlike the others in that it uses alkyl-chain
monomers rather than the more commonly used malonate or methylmalonate substrates.

Here, we describe our initial efforts toward understanding and reconstituting the
biosynthesis of neoantimycins both in vivo and in vitro, which is imperative for
developing an advanced platform that can be used to study the programming rules of this
naturally combinatorial system. We begin with a revision of the previously reported
neoantimyin gene cluster and discuss our efforts to produce neoantimycins in a more
genetically tractable heterologous host. We further show the use of our heterologous
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expression system in elucidating the functions of some of the freestanding enzymes
encoded by the gene cluster. Finally, we describe work that has been done toward the
biochemical characterization of the neoantimycin NRPS-PKS assembly line. These
results along with our comprehensive knowledge about the biosynthesis of antimycins
with a 9-membered dilactone ring can potentially enable us to further our understanding
about the approaches needed to achieve successful combinatorial biosynthesis.
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Figure 5-1. Biosynthetic gene clusters for the four classes of antimycin-type
depsipeptides. Although not shown here, all clusters also have genes homologous to
antHIJKLNO(P) for formation of the 3-formamidosalicyloyl moiety as well as a gene
encoding an RNA polymerase sigma factor for regulation. With the exception of some
antimycin gene clusters, all clusters also have a gene encoding a 4'-phosphopantetheinyl
transferase for the post-translational modification of the T and ACP domains.

5.2 Results

5.2.1 Analysis of the neoantimycin biosynthetic gene cluster

The biosynthetic gene cluster that was initially reported for neoantimycin showed the
presence of a three-module NRPS with the first module of NatB being an L-threonine-
loading unit that is highly conserved among the ant, sml, and ksn clusters (Figure 5-1).1%%
158 Based on the natural structural variation of the neoantimycins reported to be produced
by S. orinoci (Figure 5-2), the second module of NatB is then expected to select and
activate 2-oxo-3-methylbutanoic acid or pyruvate, while the third is expected to select
and activate phenylpyruvic acid (Figure 5-1). The downstream PKS, NatC, was proposed
to have a domain organization of KS-AT-KR-MT-ACP and load either malonyl- or
methylmalonyl-CoA, and the last module of the assembly line was proposed to be a
single NRPS module capable of using both 2-oxo-3-methylpentanoic and 2-oxo-3-
methylbutanoic acid as substrates (Figures 5-1 and 5-2). The unusual A-KR-T-TE
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domain organization of this last NRPS module and the fact that it was encoded across
two genes prompted further investigation of this gene cluster through additional
sequencing and annotation. Specifically, a cosmid spanning from nat4, which encodes an
RNA polymerase sigma factor for regulation, to the beginning of natF' was obtained from
Dr. Ryan F. Seipke (University of Leeds), and the region between natC and natF on this
cosmid was sequenced by primer walking (Figure 5-3). These results revealed the last
module in the neoantimycin gene cluster to be encoded by a single gene, natD, and
further analysis of this NRPS showed that it has a domain organization of C-A-KR-T-TE,
which is similar to the last module of the respirantin gene cluster (Figures 5-1 and 5-3).
Closer analysis of the PKS, NatC, also indicated the lack of a KR domain, making it
more closely resemble the PKS in the respirantin gene cluster as well. Furthermore,
additional annotation of the neoantimycin gene cluster using RAST!6> 166 revealed a
small gene, natE, located between natD and natF (Figure 5-3). This gene is predicted to
encode an MbtH-like protein, and such proteins have previously been shown to be
involved in activating the A domains of NRPSs,!¢7-16?
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Figure 5-2. Neoantimycins produced by S. orinoci.
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Figure 5-3. Revised neoantimycin biosynthetic gene cluster and proposed biosynthetic
pathway to 20.

5.2.2 Neoantimycin production in S. albus J1074

As the native producer of neoantimycins, S. orinoci, has been proven to be
genetically intractable, the expression of the neoantiymcin biosynthetic gene cluster in a
heterologous host can facilitate the further study and manipulation of this NRPS-PKS
assembly line. Toward this end, the antimycin producer, S. albus J1074, is an ideal host
for several reasons: 1) compared to most Streptomyces, it is relatively easy to genetically
manipulate and culture, and genome editing by CRISPR/Cas has been successfully
demonstrated in this strain;* 2) given its production of antimycins, it is likely to have all
of the necessary precursors for neoantimycin biosynthesis; and 3) it possesses the genes
responsible for the formation of the 3-formamidosalicylate starter unit, which are missing
from the available cosmid. The cosmid encoding natA-E was then subcloned into an E.
coli-Streptomyces shuttle vector that additionally had natFG cloned under a constitutive
PermE* promoter, and the resulting plasmid was introduced into S. albus J1074 by
conjugative transfer. Analysis of the culture extracts of this strain by LC-HRMS and
showed the heterologous production of all six of the neoantimycins that have previously
been isolated from S. orinoci (20-25),'"® and the titers of these compounds were
comparable to those from the native producer (Figures 5-2 and 5-4). The production of
neoantimycins by S. albus J1074 heterologously expressing natABCDEFG also indicates
that NatB can recognize AntG in lieu of NatG’ (Figure 5-3).

In addition, we also expressed this set of neoantimycin biosynthetic genes in several
S. albus J1074 mutants that were generated using CRISPR/Cas.*> Heterologous
expression of neoantimycins in the S. albus J1074 AantC mutant strain enabled
neoantimycin production with a cleaner metabolite background without antimycins, while
the expression of neoantimycins in the S. albus J1074 AantO mutant strain resulted in an
approximately ten-fold increase in the production of deformylated neoantimycins, 23-25
(Figure 5-5). The selective and increased production of these deformylated
neoantimycins can facilitate their purification for more extensive bioassays, since little is
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currently known about the mechanism of action of neoantimycins and whether the 3-
formamidosalicylate moiety is responsible for their reported anticancer activities.
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Figure 5-4. Extracted ion chromatograms showing the production of neoantimycins by S.
albus J1074 (A) and S. orinoci (B). The relative amounts of each of the neoantimycins
may not be reflected by their peak areas here, since compounds 23-25 may be more easily

detected by mass spectrometry than compounds 20-22. The calculated mass with a 10
ppm mass error tolerance was used.
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Figure 5-5. Extracted ion chromatograms showing the production of deformylated

neoantimycins by S. albus J1074 AantC (A) and S. albus J1074 AantO (B). The
calculated mass with a 10 ppm mass error tolerance was used.

5.2.3 Investigation into the functions of NatF and NatG

Two freestanding domains: a ketoreductase encoded by natF and a thioesterase
encoded by natG are also found in the neoantimycin biosynthetic gene cluster, and
although they were initially included for heterologous expression, their precise roles in
neoantimycin biosynthesis were unclear. To elucidate the functions of these domains, we
constructed two additional heterologous expression plasmids with natABCDEF and
natABCDEG. These plasmids were likewise introduced into S. albus J1074, and the
culture extracts of the resulting strains were analyzed by LC-UV-MS and compared to
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the extracts of S. albus J1074 heterologously expressing natABCDEFG. Neoantimycins
were still produced by the strain lacking natG albeit at reduced titers (Figure 5-6), leading
us to conclude that NatG is not required for neoantimycin biosynthesis and may have an
editing role. Similar type II thioesterases have been found in other PKS and NRPS gene
clusters and have been shown to hydrolyze incorrect substrates and aberrant
intermediates that may block the megaenzyme, leading to increased compound
production.'’®17? Conversely, the S. albus J1074 strain lacking NatF did not appear to
produce neoantimycins and instead showed a suite of compounds with UV absorption
spectra identical to those of neoantimycins but with shifted retention times (Figure 5-6).
Further analysis of these compounds by HRMS then indicated them to be oxidized
variants of 20-25, suggesting that NatF is likely responsible for reducing the C11 keto
group to a hydroxyl (Figures 5-2 and 5-6). The production of these oxidized
neoantimycins is also consistent with previous reports characterizing similar compounds
such as prunustatin A'** 1! and neoantimycin H (Figure 5-6).!"
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Figure 5-6. HPLC-UV analysis of neoantimycins produced by S. albus J1074 expressing
different combinations of NatF and NatG. Traces (320 nm) show neoantimycin (20-23)
production by S. albus J1074 expressing natABCDEFG (A) and reduced neoantimycin
production by S. albus J1074 expressing natABCDEF (B). The production of oxidized
neoantimycins by S. albus J1074 expressing natABCDEG (C) and their putative
structures are also shown (D). Compounds 24 and 25 cannot be clearly seen here because
of their low abundance but can be detected by LC-HRMS.

5.2.4 Investigation into the substrate specificity of the neoantimycin PKS

Although bioinformatics analysis has shown high sequence similarity among the AT
domains of all four PKSs,'” AntD-AT incorporates alkyl extender units into the
macrocycle while the AT domains of the other three PKSs likely select malonate or
methylmalonate, which then undergoes methylation by the MT domain. To distinguish
between the use of malonate and methylmalonate by NatC via the number of
methylations catalyzed by its MT domain, we fed [methyl-d3] L-methionine to
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neoantimycin-producing S. albus J1074 AantC cultures, since methionine is the precursor
of the predicted methyl group donor, S-adenosylmethionine (SAM). Malonyl-CoA
loading followed by dimethylation would result in an increase in the M+6 peak whereas
methylmalonyl-CoA loading followed by a single methylation would only result in an
increase in the M+3 peak. The results of this feeding experiment showed a significant
increase in the M+6 peak for both 20 and 23, suggesting that NatC uses malonate as a
substrate and its MT domain catalyzes dimethylation (Figure 5-7). Although a large
increase in the M+3 peak for 20 and 23 was also observed, this can potentially be
attributed to dimethylation using one ds-labeled SAM molecule and one unlabeled SAM
molecule.
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Figure 5-7. Evidence supporting the use of malonate by NatC. (A) Isotopic peak patterns
of 20 and 23 (B) from neoantimycin-producing S. albus J1074 AantC cultures fed with
unlabeled r-methionine (row 1) and [methyl-d3] I-methionine. (C) MC gel
autoradiography assay showing the labeling of NatC by [2-'*C]malonyl-CoA.

To further confirm this finding, we also purified NatC from E. coli BAP1 (Figure 5-8)
and performed a *C gel autoradiography assay to determine if [2-'*C]malonyl-CoA
could be loaded onto the PKS. The results of this assay showed successful transfer of the
radiolabel to NatC, indicating that the NatC-AT domain is functional and capable of
recognizing malonyl-CoA (Figure 5-7C).

5.2.5 Attempted in vitro reconstitution of neoantimycin

We next attempted to reconstitute the biosynthesis of the neoantimycin scaffold in
vitro. Toward this end, we overexpressed and purified all of the neoantimycin
biosynthetic enzymes (NatBCDFEFG) from E. coli (Figure 5-8). For the purification of
the three-module NRPS, NatB, the megasynthetase was expressed as two separate
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proteins with the first half encoding the first two modules of NatB and the second half
encoding the third module. Additionally, NatD was purified from an E. coli strain
coexpressing NatE, since NatE may be involved in A domain activation. As all of the
proteins appeared to be soluble to some extent, we incubated NatB, C, D, E, and F along
with AntF, AntG, and their corresponding substrates and cofactors (Table 5-1). NatG was
intentionally excluded since it was shown to be unnecessary for neoantimycin production
in vivo, and its putative function as an editing thioesterase might preclude product
formation using anthranilate as the starter unit. Unfortunately, no potential neoantimycin
products could be detected from this assay, which may be due to low titers resulting from
an impaired assembly line using a modified starter unit. Alternatively, the low solubility
and decreased activity of NatB resulting from its dissection may be the issue, and efforts
to better purify the first two modules of NatB and to assess the success of substrate
transfer from the first two modules to the third module are underway.

NatB NatB

(Mod 1&2)(Mod 3 NatD N
Vool -

Protein Size (kDa)
NatB (Mod 1&2) 296
NatB (Mod 3) 196

-
=

NatC 156
NatD 253
NatE 12
NatF 41
NatG 33

Figure 5-8. Neoantimycin biosynthetic enzymes purified from E. coli. The first two
modules of NatB appear to have some degradation.

Table 5-1. Assay components for neoantimycin reconstitution.

Enzymes Substrates Cofactors
AntF anthranilate ATP, MgCl»
AntG
NatB-Mod 1&2 L-threonine, 2-0x0-3- ATP, MgCl2, NADPH
methylbutanoic acid
NatB-Mod 3 phenylpyruvic acid ATP, MgCla, NADPH
NatC malonyl- SAM
CoA/methylmalonyl-CoA
NatD 2-ox0-3-methylpentanoic ATP, MgCl2, NADPH
acid
NatE
NatF NADPH
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5.2.6 Forays into modified antimycin-type depsipeptide assembly lines

As we are ultimately interested in using the set of naturally combinatorial antimycin-
type depsipeptide assembly lines to better understand the underlying programming rules
of NRPS-PKS assembly lines, we have also performed some preliminary studies
generating mixed assembly lines composed of both antimycin and neoantimycin
biosynthetic machinery. In particular, using CRISPR/Cas, we developed a mutant S.
albus J1074 AantC::natB strain to determine if any antimycin-type depsipeptides with a
12-membered macrocyclic ring could be produced by this modified assembly line.
Although we were unable to detect the presence of such compounds in the culture
extracts of this strain, this result is not unexpected, and some of the possible reasons for it
include: 1) poor interactions between NatB and AntD due to the lack of compatible
docking domains; 2) poor recognition of the non-native substrate by AntD; and 3)
inability of the AntD-TE to catalyze the cyclization of antimycin-type depsipeptides with
larger macrolactone rings. Further work that can be done to evaluate and address these
possible issues is discussed in more detail in the next section

Furthermore, we also attempted to test the in vitro activity of the NatD-TE in the
context of the antimycin assembly line. Enzymatic synthesis of an antimycin analogue
was performed using AntC, D, E, F, G, and M as described previously,’' and the same
compound was produced when using a dissected AntD module, albeit at a titer of nearly
two-fold less (Figure 5-9). However, the use of NatD-TE in place of AntD-TE did not
result in any detectable antimycin production (Figure 5-9C), suggesting that the TEs of
these assembly lines may not be very promiscuous. The reconstitution of the other
assembly lines followed by the testing of all four of the TEs can help to further validate
this hypothesis, and this work is ongoing.
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Figure 5-9. In vitro reconstitution of an antimycin analogue using different TE domains.
Extracted ion chromatograms showing the production of an antimycin analogue with a
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benzoate starter unit when using AntD as a single (A) and dissected (B) module but not
when using NatD-TE in place of AntD-TE (C). The calculated mass with a 10 ppm mass
error tolerance was used.

5.3 Discussion and Future Work

Although neoantimycins are much less well-studied than the antimycins, these
compounds are gaining increasing interest because of their promising anticancer
properties. Moreover, the unique relationship between the neoantimycin and antimycin
biosynthetic gene clusters provides an intriguing system for the study of how these
NRPS-PKS assembly lines have evolved to be naturally combinatorial. To advance these
studies, we have made progress toward the reconstitution of neoantimycin biosynthesis
and have successfully produced neoantimycins in a more convenient heterologous host
(Figure 5-4). Our expression of neoantimycins in S. al/bus J1074 not only enabled us to
dissect the functions of the two freestanding domains whose roles were previously
unknown, but it also allowed us to probe the substrate specificity of the neoantimycin
PKS. More recently, we have also developed a more streamlined neoantimycin-producing
S. albus J1074 strain that will enable us to use CRISPR/Cas to rapidly modify the
neoantimycin gene cluster, be it through gene deletion, insertion, or replacement.

In parallel, we are also working towards the reconstitution of neoantimycins in vitro,
which will provide another platform that can be used for the systematic study of the
combinatorial nature of antimycin-type depsipeptide enzymatic assembly lines. While
most of the neoantimycin biosynthetic enzymes appear to be somewhat soluble when
purified from E. coli (Figure 5-8), our initial attempts to produce neoantimycins in vitro
were unsuccessful. Consequently, we plan to biochemically characterize the individual
enzymes and particularly, the intact and dissected NRPS modules. The in vitro activities
and substrate specificities of these enzymes can be assessed using ATP-[**P]PP; exchange
assays as well as '*C gel autoradiography assays, which can enable the visualization of
substrate transfer to downstream modules as in the case of determining whether the
dissection of NatB has disrupted the intermodular interactions between its second and
third modules. Furthermore, the recent advances in mass spectrometry techniques can
also facilitate the examination of carrier protein-bound biosynthetic intermediates,!’*!7¢
and allow us to pinpoint which part of the NRPS-PKS assembly line may be impaired.

Upon developing a platform that can be used to study the programming rules of this
set of naturally combinatorial NRPS-PKS assembly lines, we plan to use this system to
answer two key questions. First, we seek to elucidate the factors that are integral for
engendering NRP-PK ring expansion. Successful macrolactone ring expansion requires
both efficient module addition and macrolactone cyclization with the modified ring size,
and we hypothesize that the former is governed by intermodular protein-protein
interactions, while the latter is controlled by the off-loading TE. To evaluate this
hypothesis, we aim to engineer modified assembly lines through the sequential addition
of neoantimycin NRPS modules to the antimycin assembly line. As our preliminary
attempts to do this via the generation of S. albus J1074 AantC::natB did not result in
production of antimycin-type depsipeptides with a 12-membered macrolactone ring, the
protein-protein interactions between NatB and AntD will be more thoroughly
investigated. Specifically, the docking domains (DDs) responsible for the natural
interactions between AntC and AntD can first be analyzed using structural modeling (to
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determine the residues critical for interaction), size exclusion chromatography (to
determine if the DDs can result in copurification of their respective attached domains),
and isothermal titration calorimetry (to determine the dissociation constants of these
complexes).!”” These strategies will then be used to study the association between the C-
terminal DD of NatB and the N-terminal DD of AntD, and if necessary, the DD of NatB
may be replaced with that of AntC. In addition, substrate transfer among the modules of
these modified assembly lines can be assessed using '“C gel autoradiography and mass
spectrometry, which will aid us in determining if intermediate transfer to AntD is limited
by its substrate specificity. Because the TE may also be involved in controlling
macrolactone ring size, the swapping of this domain may further be necessary for the
products from these modified assembly lines to be properly off-loaded and cyclized. The
TEs encoded in the four antimycin-type depsipeptide gene clusters have sequence
similarities ranging from 50-60%, and testing all of them on the engineered assembly
lines will go toward determining whether the TE from each cluster is specific for one ring
size. As our preliminary in vitro assays showed some loss of activity upon separating the
TE from the rest of the PKS module (Figure 5-9), these TE swapping experiments may be
performed in cis though the solubility of the resulting hybrid modules will need to be
examined.

A second area of investigation that can be pursued using the set of naturally
combinatorial NRPS-PKS assembly lines is the determination of the rules that govern
atypical PKS building block selection. Although the NRPS-PKS hybrid assembly lines
for all antimycin-type depsipeptides have a PKS module, only the 9-membered antimycin
assembly line incorporates alkyl-chain monomers while the others use the more
commonly used malonate or methylmalonate substrates. As a result, we are interested in
elucidating the factors responsible for this difference, and notably, the AT domains from
these gene clusters have highly conserved active site residues and sequence similarities
ranging from 60-70%. Toward this goal, we can use the reconstituted antimycin and
neoantimycin assembly lines to systematically study the effects of AT domain
modification, including the mutation of residues implicated in substrate selection, the
swapping of the entire AT domain, and the swapping of the KS-AT didomain.!”® 17 In
performing this work, we can also shed light on the critical intramodular protein-protein
interactions between the AT and its adjacent domains and evaluate whether the substrate
specificity of the KS domain may lead to the impaired function of modified assembly
lines. Ultimately, the knowledge garnered from the combinatorial studies of these related
NRPS-PKS assembly lines may provide us with insight that can guide future efforts to
perform combinatorial biosynthesis in other NRPS and PKS systems.

5.4 Materials and Methods
Construction of S. albus J1074 mutants

The S. albus 11074 AantC and S. albus J1074 AantC::natB mutant strains were
constructed using the previously reported CRISPR/Cas system engineered for
Streptomyces.** Plasmids encoding Cas9, two synthetic guide RNAs targeting antC, and a
4 kb editing template consisting of two 2 kb arms homologous to the sequence up and
downstream of antC with and without natB between them, are listed in Table 5-2 and
were cloned as previously described.*?. The resulting pCRISPomyces2-dantCgRNA-2kb
and pCRISPomyces2-dantCgRNA-2kb-natB plasmids were transformed into E. coli
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WM6026 for conjugation with S. albus J1074. Successful transformants were selected by
apramycin resistance, and deletion of AantC was confirmed by PCR of the extracted
genomic DNA with the dantC-F2/R2 primers (Table 5-3). Similarly, the replacement of
AantC by natB was confirmed by PCR with the dantC-F2/dantC-B-R2 primers. Clearance
of the plasmid was performed as described by previously** with the exception that the
strains were cultured in TSB medium. Further culturing and product analysis of these
strains is described below.

Table 5-2. Plasmids used in this study.

Plasmid Derived from Function
pCRISPomyces2- pCRISPomyces-2 | Construction of S. albus 11074 AantC
dantCgRNA-2kb mutant
pCRISPomyces2- pCRISPomyces-2 | Construction of S. albus J1074
dantCgRNA-2kb-natB AantC::natB mutant
pET30-natB-mod1 &2 pET30 Purification of NatB (Mod 1&2) from
E. coli
pET30-natB-mod3 pET30 Purification of NatB (Mod 3) from E.
coli
pET30-natC pET30 Purification of NatC from E. coli
pET24b-natD pET24 Purification of NatD from E. coli
pCDF-natE pCDFDuet-1 Purification of NatD from E. coli
pET30-natE pET30 Purification of NatE from E. coli
pET30-natF pET30 Purification of NatF from E. coli
pET30-natG pET30 Purification of NatG from £. coli
pET30-antD- pET30 Purification of AntD-KS AT ACP
KS AT ACP from E. coli
pET30-antD-TE pET30 Purification of AntD-TE from E. coli
pET30-natD-TE pET30 Purification of NatD-TE from E. coli
cos813-pIB139-natF G SuperCos1/pIB139 | Heterologous expression of
neoantimycins in S. albus J1074
cos813-pIB139-natF SuperCos1/pIB139 | Heterologous expression of
neoantimycins in S. albus J1074
cos813-pIB139-natG SuperCos1/pIB139 | Heterologous expression of
neoantimycins in S. albus J1074

Table 5-3. Primers used in this study.

Primer Sequence (5’ -> 3’) Description

supercos1-seq- initial

F2 GCCACCTGACGTCTAAGAAA sequencing
primers for

supercosl-seq-R | GAATGAACAATGGAAGTCAA primer walking

antC-up-R cgteggtecttectetgetg ccgacgategteetegttge Cloning of
pCRISPomyces
2-dantCgRNA-

antC-down-F gcaacgaggacgatcgtcgg cagcagaggaaggaccgacg 2kb

antC-up-F tcggtteccgecgggcgttttttatctaga caggtegttcatcgeetget | Cloning of
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geggcctttttacggttcctggectctaga

pCRISPomyces
2-dantCgRNA-

antC-down-R agcgggaggacggtgtcgac 2kb-(natB)
antC-natB-up-R | agtgcgccccggatttccat gacaccaaccctcggttgcg Cloning of
antC-natB-F cgcaaccgagggttggtgtc atggaaatccggggcgeact pCRISPomyces
cgtcggtecttectetgetg 2-dantCgRNA-
antC-natB-R TCAGCCATGGTGAGAGGTGT 2kb-natB
antC-natB- ACACCTCTCACCATGGCTGA
down-F cagcagaggaaggaccgacg
natB-R2 cctegacctectccaccacg Cloning of
natB-F3 cagccatgagatagaggecg pCRISPomyces
natB-R4 gtacggggcagggtggagac 2-dantCgRNA-
2kb-natB and
expression of
natB-F5 caggccgtactggtctccac NatB-Mod 1&2
dantC-F2 gttcgtggcgcgagtecace Confirmation of
dantC-R2 ctgaccggecgtacggactc the S. albus
J1074 AantC
and AantC::natB
dantC-B-R2 cagaactcccggtegegctc mutants
GTTGGTAGGATCCA CATATG Cloning of
AGAAGGGAG CGGACATAC natF/G/FG into
pIB-natF-F atgaaactcctgatcatcgg pIB139
natF-int-F cctgaccagacaggccgaactg
natF-int-R cttccaggacgctcagttcg
pIB-natG-R gattacgaattcgatatcgc tcagggcagecgggegecgg
pIB-natF-R gattacgaattcgatatcgc tcactgeggcetgctttcect
GTTGGTAGGATCCA CATATG
AGAAGGGAG CGGACATAC
pIB-natG-F gtgagcaccaccgacctgat
pSET152L-apr- | CTCCCCAGCAGGCAGAAGTATGCAAAGCA | Cloning of
cos-F TGCAT agatccttttggttcatgtg pIB139-
GGCGGGACTATGGTTGCTGACTAATTGAGA | natF/G/FG mto
pIB-cos-R TGCAT gattacgaattcgatatcge cos813
Confirmation of
uptake of the
heterologous
expression
natE-Duet-F tatAGATCTcgtgctggaccggcacceg vectors
atcaccatcatcaccacagccaggatce gaattc t Expression of
natB-F1b atgtctgttcacgaggccge NatB-Mod 1&2
natB-R3 cgtccageageacacaggtg
natB-F4 acatggtgcccagcacctgt
tttctgttcgacttaagcattat gcggeege aagcetta
natB-R5b ccggacggegggeaccageg

natC-pET30-F

GGT ATT GAG GGT CGC atggctgageccaccgecca

Expression of
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AGA GGA GAG TTA GAG CC

NatC

natC-pET30-R tcagccgegeegggegetge
gtttaactttaagaaggagatataCATATG Expression of
natDE-pET24-F | CCAACCCCCGTAGGCCG NatD
atctcagtggtggtegtgetegteCTCGAG
natDE-pET24-R | cgcgggggttccttccaggg

Duet-Mbth-F

AAA CATAtgacatccaccagteectte

Duet-Mbth-R

TAT AGATCTcatgccacggecteeggg

Coexpression of
NatE with NatD

mbth-pET30-F

GGT ATT GAG GGT CGC gtgacatccaccagtcecttc

Expression of

AGA GGA GAG TTA GAG CC NatE
mbth-pET30-R | tcatgccacggectececggg
natF-pET30-F GGT ATT GAG GGT CGC atgaaactcctgatcatcgg | Expression of
AGA GGA GAG TTA GAG CC NatF
natF-pET30-R tcactgcggctgcetttcect
natG-pET30-F GGT ATT GAG GGT CGC gtgagcaccaccgacctgat | Expression of
AGA GGA GAG TTA GAG CC NatG
natG-pET30-R | tcagggcagcecgggegcee

dantC-gRNA
construct

gagacatctttgaagacaaacgcCCCTCCTGTGCCCCG
GAAAGgttttagagctagaaatagcaagttaaaataaggcetagtcc
gttatcaacttgaaaaagtggcaccgagtcggtgcttttttagcataacc
ccttggggcectctaaacgggtcttgaggggttttttggctgctectticggt
cggacgtgegtctacgggeaccttaccgeageegteggetgtgcgac
acggacggatcgggcgaactggecgatgetgggagaagegegetg
ctgtacggcgegeaccgggtgcggageeccteggegageggtatga
aacttctgtgaatggcctgttcggttgcetttttttatacggcetgeccagataa
ggcettgcageatetgggeggetaccgetatgatcggggegttcetgea
attcttagtgcgagtatctgaaaggggatacgc TCGGTCCTTC
CTCTGCTGCGgtttaagtcttcetttcacgtgge

*restriction endonuclease sites are bolded and spacer sequences are underlined

Heterologous expression of neoantimycins in wild-type and mutant S. albus J1074 strains

S. orinoci genomic DNA was used to PCR amplify natF/G/FG, and the genes were
cloned into pIB139'% using Gibson assembly. The resulting plasmid was then amplified
by PCR and further cloned into the Nsil/CIP-digested cosmid encoding nat4-E (cos813)
using Gibson assembly. Subsequently, the constructs were transformed into E. coli
WM6026 for conjugation with wild-type or mutant S. albus J1074 strains (AantC, AantO).
Successful transformants were selected by apramycin and kanamycin resistance and
confirmed by PCR using the natE-Duet-F/Duet-Mbth-R primers.

For the production of neoantimycins by S. albus J1074, 3 mL starter cultures in TSB
medium with apramycin (100 pg/mL) and kanamycin (100 ug/mL) were inoculated with
mycelia and grown at 30°C, 250 rpm for 48 h. 0.5 mL of the starter culture was then
inoculated into 25 mL of mannitol-soy flour (MS) medium (20 g/L soy flour and 20 g/L
mannitol) with the appropriate antibiotics, and the cultures were grown at 30°C, 250 rpm
for 5 days.
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LC-MS analysis of neoantimycin production

Neoantimycins were extracted from the cell-free supernatant (25 mL) using ethyl
acetate (two volumes). The solvent was removed by rotary evaporation and the residue
was redissolved in methanol (0.5 mL) and analyzed by LC-HRMS (10 pL injection) and
LC-UV-MS (20 pL injection). LC-HRMS analysis was performed on an Agilent
Technologies 6520 Accurate-Mass Q-TOF LC-MS instrument, and LC-UV-MS analysis
was performed on an Agilent Technologies 6120 Quadrupole LC-MS (with DAD)
instrument with an Agilent Eclipse Plus C18 column (4.6 x 100 mm). A linear gradient of
of 25-95% CH3CN (v/v) over 20 min followed by an additional 10 min of 95% CH3CN
(v/v) in H20 with 0.1% formic acid (v/v) at a flow rate of 0.5 mL/min was used.

Isotope-labeled precursor feeding experiments

S. albus J1074 AantC/cos813-pIB139-natF'G was cultured for the production of
neoantimycins as described above, and 24 h after inoculation of the seed culture into 25
mL of MS with apramycin (100 pg/mL) and kanamycin (100 pg/mL), either unlabeled L-
methionine or [methyl-d3] L-methionine was added to cultures to a final concentration of
1 g/L. Compound extraction and LC-HRMS analysis was performed as described above.

Cloning, overexpression, and purification of proteins

Neoantimycin biosynthetic genes (natBCDEFG) were PCR amplified from S.
orinoci genomic DNA, and antD was amplified from S. albus J1074 genomic DNA. The
genes were cloned into either pET30 (for the introduction of an N-terminal Hise-tag) or
pET24b (for the introduction of a C-terminal Hise¢-tag) using Gibson assembly, and natE
was additionally cloned into pCDFDuet-1 (Novagen) using restriction digestion with
Ndel/BglIl (Thermo Scientific) followed by ligation with Quick T4 DNA ligase (New
England Biolabs). The plasmids: pET30-natB-mod 1&2, pET30-natB-mod 3, pET30-
natC, pET30-natE, pET30-natF, pET30-natG, pET30-antD-KS_AT ACP, pET30-antD-
TE, and pET30-natD-TE were then individually transformed into E. coli BAP1 for
protein expression. For the expression of NatD, pET24b-natD and pCDF-natE were
cotransformed into E. coli BAP1. Expression and purification for all proteins with a Hise-
tag followed the same general procedure and is detailed as follows: cells were grown at
37°C in 1 L of LB with the appropriate antibiotic(s) to an ODeoo of 0.5. The cells were
then cooled on ice for 10 min and induced with 0.12 mM IPTG for 12-16 h at 16°C.
Subsequently, cells were harvested by centrifugation (6371 x g, 15 min, 4°C),
resuspended in 30 mL lysis buffer (25 mM HEPES, pH 8§, 0.5 M NaCl, 5 mM imidazole),
and lysed by homogenization on ice. Cellular debris was removed by centrifugation
(27216 x g, 1 h, 4°C). Ni-NTA agarose resin was added to the supernatant (3 mL/L of
culture), and the solution was nutated at 4°C for 1 h. The protein-resin mixture was
loaded onto a gravity flow column, and proteins were eluted with increasing
concentrations of imidazole in Buffer A (20 mM HEPES, pH 8.0, 100 mM NacCl).
Purified proteins were concentrated and buffer exchanged into Buffer A + 10% glycerol
using Vivaspin centrifugal concentrators. AntD, AntF, and AntG were also expressed and
purified as described previously.’!

71



"4C-labeling of NatC

Assays were performed in 10 uLL of 50 mM HEPES (pH 8.0) containing 1 mM TCEP,
4 mM ATP, 4 mM MgClz, I mM CoA, 0.13 mM [2-'*C]malonic acid (0.1 mCi/mL;
American Radiolabeled Chemicals), 25 uM MatB (malonyl-CoA synthetase), and 90 uM
NatC. Reactions were incubated for 2 h at room temperature and quenched with an equal
volume of 1X SDS sample buffer before SDS-PAGE analysis with a 4-15% TGX gel
(Criterion). The gel was subsequently dried for 2.5 h at 50°C and then exposed on a
storage phosphor screen (20 x 25 cm; Molecular Dynamics) for 2-3 days. Phosphor
images were captured using a Typhoon 9400 phosphorimager (Storage Phosphor mode,
best resolution, 50 um resolution; Amersham Biosciences).

In vitro reconstitution of neoantimycins and antimycins

For the attempted in vitro reconstitution of neoantimycins, assays were performed in
100 pL of 50 mM HEPES (pH 8.0) containing 1| mM TCEP, 4 mM ATP, 4 mM MgCl, 4
mM NADPH, 4 mM anthranilate, 4 mM L-threonine, 4 mM 2-oxo-3-methylbutanoic acid,
4 mM phenylpyruvate, 4 mM 2-oxo-3-methylpentanoic acid, 2mM SAM, 2 mM malonyl-
CoA or methylmalonyl-CoA, and 5-10 uM AntF, AntG, NatB (Mod 1&2), NatB (Mod 3),
NatC, NatD, NatE, and NatF. After overnight incubation at room temperature, the
reactions were extracted with two volumes of ethyl acetate, and the organic layer was
dried under vacuum. The residue was then redissolved in methanol (50 pL) for LC-
HRMS analysis as described above.

For the in vitro reconstitution of antimycins, assays were performed in 100 puL of 50
mM HEPES (pH 8.0) containing 1 mM TCEP, 4 mM ATP, 4 mM MgClz, 4 mM NADPH,
33 mM NaHCO3, 4 mM anthranilate, 4 mM L-threonine, 4 mM 2-oxo0-3-methylbutanoic
acid, 2 mM CoA, 4 mM (2E)-hexenoic acid, 4 mM benzoic acid, 4 mM L-threonine, 4
mM pyruvate, and 10-20 pM Orf35 (acyl-CoA ligase'®!), AntC, AntD (or AntD-
KS AT ACP + AntD-TE/NatD-TE), AntE, AntF, AntG, and AntM. After overnight
incubation at room temperature, the reactions were extracted with two volumes of ethyl
acetate, and the organic layer was dried under vacuum. The residue was then redissolved
in methanol (50 pL) for LC-HRMS analysis as described above.
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Chapter 6. Conclusion

The work described here shows how the biosynthetic study of medicinally active
natural products can reveal new enzymatic logic and expand our ability to generate novel
natural product analogues. Importantly, the characterization of the unusual enzymes
identified from such studies also has the potential to facilitate the design of de novo
biosynthetic routes to other target natural and unnatural compounds that may be
otherwise difficult to obtain. Our studies to elucidate the biosynthesis of the unique
pyrroloindole scaffold of physostigmine, the terminal epoxyketone pharmacophore of
peptidyl epoxyketone proteasome inhibitors, and the 3-formamidosalicylate
pharmacophore of antimycin-type depsipeptides can likewise enable the introduction of
these biologically relevant moieties into new molecules though the success of this largely
depends on the substrate specificity of the biosynthetic enzymes.

Along these lines, achieving efficient combinatorial biosynthesis, or the manipulation
of biosynthetic pathways to produce modified compounds, remains a longstanding aim
for those studying natural product biosynthesis. This is particularly true for NRP and PK
natural products such as the peptidyl epoxyketone proteasome inhibitors and the
antimycin-type depsipeptides discussed here. Due to the assembly line-like mechanism of
NRPSs and PKSs as well as the diversity of their building blocks, these pathways are
believed to be ideal systems for performing large-scale combinatorial biosynthesis.
However, despite the vast potential, the success of engineered NRPS and PKS assembly
lines has been limited, and modified assembly lines often show impaired activity.
Consequently, further advancement of NRP and PK combinatorial biosynthesis will rely
on investigations into the fundamental principles and critical protein-protein interactions
that dictate successful assembly line alteration. Rather than studying the extent to which a
single NRPS or PKS assembly line can be manipulated, our approach of using a set of
naturally combinatorial NRPS-PKS assembly lines may lead to new insights. This
ongoing work along with the recent advances in the structural understanding of these
biosynthetic megaenzymes can ultimately improve our strategies for engineering NRPS
and PKS systems to generate “unnatural” natural products.

Looking to the future, an improved understanding of the NRPS and PKS enzymatic
machinery is also critical for the successful engineering of these assembly lines, and
biochemical, in particular quantitative and mechanistic, analyses will be important for
revealing the underlying programming rules of these enzymatic assembly lines.
Specifically, in vitro biochemical analysis using purified enzymes can aid in
understanding the precise function and substrate specificity of catalytic domains, reaction
mechanisms, and the internal kinetics of the catalytic program. Despite improvements in
mass spectrometry techniques, directly detecting and quantifying the majority of ACP-
bound biosynthetic intermediates remains challenging, and the development of alternative
strategies such as those that couple PKS-catalyzed reactions with fluorescent click
chemistry may be an area for future investigation. In addition to biochemical assays,
structural analysis will also continue to play a vital role in studying megaenzymes and
pave the way for a more detailed understanding of their mechanism and dynamics.
Accordingly, the continued development of strategies such as small-angle X-ray
scattering and cryo-electron microscopy will be important for addressing the technical
challenges in obtaining structural information for large, dynamic protein complexes.
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With an improved biochemical and biophysical understanding of PKS/NRPS
enzymes, the generation of both specific and libraries of “unnatural” natural products
may also be more attainable in the future. While PKS-AT domain engineering is
becoming more feasible with the identification of some of the key residues involved in
dictating the substrate specificity of AT domains and the increasing accessibility of
unusual extender units through the use of crotonyl-CoA reductase enzymes, achieving
reasonable titers of new compounds is a key challenge that will need to be overcome.
Consequently, understanding how the KS may represent another level of substrate
selection and how protein-protein interactions between the KS and upstream ACP may
affect assembly line turnover are important areas for future investigations. Furthermore,
much remains to be understood about the interactions between NRPSs and PKSs in
hybrid assembly line systems, as no protein interaction that docks a NRPS to a PKS has
been characterized to date though the ability to effectively engineer these hybrid
assembly lines would significantly expand the possible structural diversity. Studies in
these areas will likely rely on a combination of different methods, including
bioinformatics analyses of evolutionarily-related assembly lines, structural analyses of
megaenzymes, and biochemical analyses of enzymatic domains. The development of in
vivo-based approaches in which new functional chimeric assembly lines are generated
using recombination or directed evolution may also facilitate these studies.

Through the work reported here, we also demonstrate how heterologous expression
can be a powerful tool for studying and engineering biosynthesis, especially when the
natural producers are difficult to cultivate or genetically intractable. The expression of
biosynthetic gene clusters in more versatile and robust heterologous hosts can not only
enable the rapid identification of the genes that are necessary for biosynthesis but it can
also enable the elucidation of the roles of biosynthetic enzymes with unclear functions,
and this is evident from our studies on eponemycin, antimycin, and neoantimycin
biosynthesis. In addition, conducting labeled precursor feeding experiments to gain
insight into biosynthetic mechanism may also be easier to do in heterologous hosts whose
metabolism is better understood. Finally, as in the case of antimycins, heterologous
expression can facilitate the production of new natural product analogues derived from
combinatorial biosynthesis. Such efforts can further benefit from the advent of new
genome editing tools and cheaper gene synthesis technologies, which enable the
expeditious engineering of heterologous hosts and biosynthetic pathways.
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Appendices

Appendix A. UV spectra of 1-8.

Appendix B. HRMS/MS analysis of peptidyl epoxyketone compounds 15 and 16.
Appendix C. HRMS/MS analysis of antimycin-type compounds 17-19.
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B. HRMS/MS analysis of peptidyl epoxyketone compounds 15 and 16.
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C. HRMS/MS analysis of antimycin-type compounds 17-19.
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237.0870
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D. UV spectra of 17, 18, and antimycin Ao.
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