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Abstract

Synthetic biology has played an important role in the renaissance of natural products research during the post-genomics
era. The development and integration of new tools have transformed the workflow of natural product discovery and
engineering, generating multidisciplinary interest in the field. In this review, we summarize recent developments in
natural product biosynthesis from three different aspects. First, advances in bioinformatics, experimental, and analytical
tools to identify natural products associated with predicted biosynthetic gene clusters (BGCs) will be covered. This will be
followed by an extensive review on the heterologous expression of natural products modeled in bacterial, fungal and plant
organisms. The native host-independent paradigm to natural product identification, pathway characterization, and
enzyme discovery is where synthetic biology has played the most prominent role. Lastly, strategies to engineer
biosynthetic pathways for structural diversification and complexity generation will be discussed, including recent advances

in assembly-line megasynthase engineering, precursor-directed structural modification, and combinatorial biosynthesis.
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1. Introduction
1.1 Discovery and Biosynthesis of Natural Products

While natural products are often broadly defined as any molecule found in nature, in this review we will follow the
definition more traditionally used within the organic and medicinal chemistry communities, which defines natural products
as small organic molecules (molecular weight < 1,500 Daltons) produced by dedicated, conditional metabolic pathways." In
contrast to the pathways of primary metabolism, conditional (or secondary) metabolic pathways are not conserved across
all organisms and are generally activated in response to specific environmental stimuli, enhancing the producing
organism’s survivability.” Despite their canonical functions often remaining unclear, natural products and their diverse
biological activities have a rich history of being repurposed for the betterment of humankind, especially in the contexts of
human medicine and agriculture. Between 1981 and 2019, natural products, natural product-derived, and natural product-
inspired molecules accounted for nearly 65% of newly approved drugs.®> With their broad spectrum of active
pharmacophores and bioactivities, natural products and their derivatives exhibit a wide array of activities and have been
used in the treatment or prevention of many debilitating human ailments—Alzheimer’s disease, asthma, various infectious
diseases, cancer, and hypercholesterolemia, etc. Natural products provide valuable leads for drug development through
their richly decorated structures and evolutionarily optimized properties that are unmatched by synthetic compounds.*
Despite the multitude of success stories during the golden age of natural product-driven drug discovery, significant
challenges emerged in the early 1990s that led to a decline in interest by the pharmaceutical industry.® In particular, the
issue of “rediscovering” already known natural products has been a major roadblock, and new methods to rapidly

“dereplicate” metabolites identified from the classic isolation workflow are needed.

There has been revitalized interest in natural products as drug leads in recent years, due to shifting emphasis on
finding molecular disruptors of protein-protein interactions, targeted delivery of payloads, and enriching chemical libraries
for high-content and phenotypic screening.® For example, antibody-drug conjugates (ADCs) have emerged as a clinically
relevant family of cancer therapeutics using highly toxic natural products as payloads.” By conjugating the natural product
to a monoclonal antibody that targets desired tumor cells, off-target cytotoxicity can be minimized. A number of ADCs have
already been approved for clinical use, with payloads such as the enediyne polyketide calicheamicin, the semisynthetic

monomethyl auristatin E, the macrolide maytansine, etc.?



Natural products such as cyclosporine and FK506 led to the first discovery of molecular glues,’ which have continued to
be developed in recent years, exemplified by the functional characterization of the polyketide manumycin as a molecular
glue between TP53 and E3 ligase UBR7."° Along these lines, natural products have been widely explored as components of
targeted protein degradation, such as parts of proteolysis-targeting chimeras (PROTACs)."" The fungal sesquiterpene
ovalicin that inhibits methionine aminopeptidase 2 (MetAP2) was the first protein-targeting compound used in the proof of
concept of PROTAC." Since then, many natural products with identified molecular targets have been repurposed in various
PROTAC molecules." For example, E3 ligase-targeting natural products, such as the diterpene nimbolide from the Neem
tree, was recently used by Nomura et al. as the recruiter component in targeted protein degradation.’ Collectively, these
examples illustrate the important roles natural products can play in therapeutic development—as well as the need for

continual discovery of new compounds from Nature.

A major reason for the ongoing renaissance in natural products research is the injection of genomics- and
transcriptomics-driven discovery, along with application of state-of-the-art synthetic biology tools.'' With rapid
development in both in silico and experimental technologies, the discovery and engineering of natural products have
turned the entire field on its head in recent years. Classically, natural product isolation and characterization were
dominated by natural product chemists, who analyzed extracts from microbes and plants for the presence of new
biological activities, followed by enrichment and identification of the metabolites. A working knowledge of botany,
bacteriology, and mycology may have been helpful, but details of biochemistry and molecular biology were certainly not
required. At the onset of gene-driven investigation of natural product biosynthesis in the 1990s, the inaccessibility of
producing organisms, along with high barriers of obtaining fully sequenced biosynthetic gene clusters (BGCs), hindered

the entry of researchers from related disciplines into this field.

In the post-genomics era, advances in bioinformatics—identification of BGCs from genomes, prediction of protein
structures and functions, computational structural dereplication, as well as availability of publicly accessible databases—
have transformed the field into one that is informationally rich, and for the most part, producing-organism independent (as
long as genome information is available).'® At the same time, breathtaking paces of advances in genome sequencing, gene
synthesis and assembly, gene editing, and protein engineering have lowered the entry barrier for many to initiate research

projects in natural product biosynthesis, and to launch their independent academic careers and entrepreneurial efforts.
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Collectively, these “synthetic biology” tools have brought forth multidisciplinary efforts to realize the full potential of
Nature's chemical inventory for drug discovery, biomanufacturing, and green synthesis. It is important to emphasize,
however, that natural product chemists with expertise in small molecule isolation from complex extracts and in structural
determination with sub-milligram quantities of samples remain essential at the backend of the workflow to translate the
genetic information into chemical structures. Nevertheless, their skills have also been complemented by the continuing
improvement in nuclear magnetic resonance spectroscopy (NMR) and mass spectrometry (MS) instrumentations, as well as

computational analytical tools for metabolite detection and structural elucidation.

1.2 Major Classes of Natural Products

Among the more than 500,000 natural products that have been isolated, physiochemical properties, structural
features, and biosynthetic origins have been the major criteria by which the compounds are classified. For the purpose of
this review, classifications from the recent texts by Walsh and Tang will be used.' Figures 1, 3, and 4 list notable examples of

natural products from each family, with many more shown throughout the review.

Polyketides are broadly defined as natural products that are assembled through the iterative head-to-tail
condensation of acyl units, such as acetate and propionate, and are not always completely reduced at the B-positions after
each condensation."” Polyketide carbon skeletons are assembled by polyketide synthases (PKS)." Fatty acids, which are
synthesized by fatty acid synthases (FASs), follow the same chemical logic except the carbon chains are completely
reduced.” Polyketides can be further subclassified based on structure, including macrolides such as erythromycin (1),
decalin-containing molecules such as lovastatin (2), aromatics, polyethers, polyenes, and hybrids with peptide, terpene, or
phenylpropanoid building blocks. The structural diversity of polyketides arises from the incorporation of different acyl
building blocks in the form of a-carboxyacyl-CoAs, different sizes as a result of varying extents of polymerization,
combinations and permutations in modifications of the a- and B- positions following each condensation, cyclization modes

of the polyketide backbones, and post-PKS modifications.
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Figure 1. Representative natural products from eight different classes.

Nonribosomal peptides (NRPs) are natural products that contain amino acid building blocks that are polymerized
via amide bonds in a ribosome-independent fashion. In addition to the twenty proteinogenic amino acids, unnatural amino
acids, hydroxy acids, or fatty acids (often as starter units) can be incorporated into NRPs, giving rise to additional structural

diversity. The predominant mode of assembly of NRPs is through the modular megasynthetases known as nonribosomal



peptide synthetases (NRPSs), in which each module is responsible for the activation of an amino acid via adenylation,
transfer to the carrier protein as a thioester, and condensation with the aminoacyl thioester from the previous module to
elongate the growing intermediate.”® Notable examples include vancomycin (3) and penicillin N (4), representing cyclic and
linear NRPs, respectively. Both 3 and 4 highlight characteristic features of NRPs, including use of unnatural amino acids,
epimerizations at the a-carbon, crosslinking of side chains, oxidative rearrangements, and glycosylations. Other modes of
assembling peptides or pseudopeptides are also found in Nature, utilizing discrete amide bond forming ligases, such as

ATP-grasp enzymes or amide-bond forming enzymes.*"*

Ribosomally synthesized and post-translationally modified peptides (RiPPs) are a fast-growing family of peptide
natural products that are biosynthesized as precursor peptides at the ribosome, followed by extensive post-translational
modification (PTM) steps (Figure 2).” The precursor peptide is genetically encoded in a separate open reading frame (ORF)
and contains the core peptide that is transformed into the mature RiPP natural product, as well as leader and follower
peptide sequences that recruit enzymes for PTMs. The types of PTMs are diverse, and include oxidative cyclization of serine,
threonine, and cysteine residues into oxazole, methyloxazole, and thiazole rings, respectively; dehydration of serine and
threonine into dehydroalanine and dehydrobutyrine, respectively; macrocyclization via aza-Diels-Alder cyclization,
isopeptide formation, radical-SAM mediated side chain crosslinking, etc. Examples of RiPPs include thiocillin I (5) which is
the product of many of the aforementioned PTMs, and the death-cap mushroom toxin a-amanitin (6). Because RiPP
precursor peptides are genetically encoded, this family has been the subject of intensive bioinformatics mining and

synthetic biology engineering efforts in recent years.*
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Figure 2. Simplified scheme of RiPP biosynthesis.

Terpenes constitute the largest class of natural products with more than 75,000 known members.”> Compounds in
this family are polymerized from five-carbon isopentenyl pyrophosphate building blocks known as A’-isoprenyl
pyrophosphate (also referred to as dimethylallyl pyrophosphate, or DMAPP) and A’-isoprenyl pyrophosphate (IPP).
Polymerization and subsequent cyclization steps are driven by formation and quenching of carbocation intermediates,
which are distinct from the mechanisms observed in the biosynthesis of PKs and NRPs. The C10, C15, C20, and C25 terpenes
are known as monoterpenes, sesquiterpenes, diterpenes and sesterterpenes, respectively, while the head-to-head
dimerization of C15 farnesyl pyrophosphate (FPP) or C20 geranylgeranyl pyrophosphate (GGPP) give rise to the C30
squalene and C40 phytoene, respectively. Cyclization of the linear hydrocarbon terpene, followed by oxidative
modification, catalyzed mostly by cytochrome P450s, generates tremendous structural diversity in this family of
compounds that are found in all kingdoms of life. Many terpenes and terpenoids produced by plants are essential drugs to
humans, including the antitumor paclitaxel (Taxol®, 7) and antimalarial artemisinin (Qing Hao Su, 8). Reconstitution of
plant terpene natural products has seen major advancements in the recent decade following the landmark work on the

production of artemisinic acid, the precursor of 8, in yeast.*®

Alkaloid biosynthesis has also been a major focus of synthetic biology, aimed at providing more scalable access to
many plant-derived pharmaceuticals and psychoactive compounds.”’ Alkaloids, the oldest class of natural products, are
named for the presence of basic nitrogen(s) in the molecules. Notable alkaloids include the analgesic morphine (9) from
opium poppies (Papaver somniferum), and D-lysergic acid (10), the precursor to fungal ergot alkaloids and the semisynthetic
lysergic acid diethylamide (LSD). Alkaloid biosynthesis is commonly initiated with the decarboxylation of amino acids such
as lysine, ornithine, tyrosine, tryptophan, etc., a biosynthetic feature that has led to a different classification of alkaloids.”®
Alkaloids also feature various nitrogen-containing heterocycles, including pyrrolidines, indoles, tropanes, pyrrolizidines,
etc. With advances in heterologous expression in model yeasts and plants, as well as gene discovery from plant

transcriptomics, many alkaloid biosynthetic pathways have been elucidated in the last decade.

In addition to these five major classes of natural products, other notable classes include phenylpropanoids such as
(-)-podophyllotoxin (11), which are derived from deaminated phenylalanine precursors such as cinnamic acid, p-coumaric

acid, and the subsequent monolignols such as sinapyl, coniferyl, or coumaryl alcohol. Caffeine (12) and muraymycin D2 (13)
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are examples of natural products that are derived from nucleosides. While 12 is an example of a nucleobase natural
product, the bacterial cell wall translocase inhibitor 13 is a member of the large peptidyl nucleosides in which a
pseudopeptide is grafted to the Cs’ of the ribose ring of uridine.” Lastly, glycosylated natural products, in which sugars are
connected to the core scaffolds via glycoside linkages, are abundant in Nature, such as 1 and 3. The sugar moieties are
essential for the biological activities of the natural products, serving as recognition elements in binding to the molecular

targets. Kanamycin B (14) is an example of an aminoglycoside, a category comprising of many important antibiotics.*

Nature is able to generate further structural diversity and biological activities by recruiting building blocks from
two or more different families to afford hybrid compounds. The glycosylated polyketides 1 and 3 can be considered
examples of such merging of biosynthetic pathways. Additional examples are shown in Figure 3. The antitumor epothilone
D (15) is assembled from a hybrid thio-templated assembly that consists of one NRPS module and the remaining PKS
modules.>’ Such combinations of polyketide and peptide in the same compound are abundant in bacteria and fungi.
Paxilline (16) is an example of a terpene-alkaloid hybrid, in which the electron-rich indole ring is prenylated with GGPP to
form the indole diterpene precursor that can be oxidatively cyclized to give the hexacyclic structure.®’ Quercetin (17) is an
example of a plant flavonoid that is derived from type III PKSs that use phenylpropanoid precursors as starter units. This is
a large family of natural products of considerable pharmaceutical and nutraceutical value, resulting in the extensive
exploration of their biosynthesis in microbial hosts.>> Hyperforin (18) is a nutraceutical component of St. John’s Wort and is
a hybrid of polyketide and terpene. The electron-rich polyketide product, a benzenetriol, is tetra-alkylated by prenyl

precursors (3x DMAPP, 1x GPP) to arrive at the complex final structure.®
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Figure 3. Representative natural products that contain features from multiple classes (hybrids).
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Lastly, many natural products are not biosynthesized using signature enzymes from these pathways discussed
above. Instead, other enzymes are involved in building the molecular scaffolds from primary metabolites. Notable
examples include altemicidin (19), an antibiotic whose core is biosynthesized from B-NAD" and S-adenosylmethionine
(SAM) using a pyridoxal-5-phosphate (PLP)-dependent enzyme;* and fluopsin C (20), a copper-binding molecule
(chalkophore) found in Pseudomonas bacteria that is derived from L-cysteine (Figure 4).** Natural products that are
synthesized from these pathways without an easily identifiable core enzyme (such as PKS, NRPS, etc.) are of significant

interest for genome mining and exploration of enzymology.*
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Figure 4. Representative natural products that do not belong to the eight classes.

1.3 Biosynthetic Gene Clusters (BGCs)

In fungal and bacterial organisms, the genes responsible for the biosynthesis of natural products are commonly
encoded in biosynthetic gene clusters (BGCs), where the genes responsible for the formation of the natural product are
colocalized within the genome (Figure 5). The first BGC identified was the cluster responsible for the production of
actinorhodin, identified forty years ago from Streptomyces by Sir David Hopwood.” In the publication, Sir Hopwood
anticipated that: “the tendency for the genes of antibiotic synthesis to be clustered together... have general significance for this
area of biotechnology.” The concept of BGCs was further demonstrated by publications on the erythromycin BGC in the
early 1990s.%** The clustering of biosynthetic genes is not a common feature in plants, although examples of clustering of
related genes in plant genomes have emerged.*’ Microbial BGCs can come in many sizes ranging from a few to a few dozen
genes. Amongst genes present in a BGC are those encoding core and tailoring enzymes. Core enzymes can be classified
into two groups. The first are the polymerizing enzymes mentioned above, including PKSs, NRPSs, and terpene
synthases/cyclases (TS/TC). Accompanying these polymerizing core enzymes are enzymes responsible for release or

cyclization of the products, which can often be a domain of the core enzyme. The second type of core enzymes are those
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that do not perform polymerization, but catalyze reactions that are class-defining, including dimethylallyl tryptophan
synthases (DMATSs) involved in indole alkaloid biosynthesis, cyclodipeptide synthases (CDPSs) that form diketopiperazines,
phenylalanine aminomutases (PAMs) that generate cinnamic acid, deoxysugar and aminosugar modification enzymes that
initiate aminoglycoside biosynthesis, ribosomally synthesized and post-translationally modified peptide (RiPP) modifying
enzymes, etc.

Typical BGC components
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Figure 5. (A) Organization and constituents of a typical microbial biosynthetic gene cluster. (B) Examples of the

erythromycin and lovastatin BGCs are shown as examples of bacterial and fungal BGCs, respectively.

Genes encoding the core enzymes in a BGC are flanked by those encoding tailoring enzymes that modify the core
structures into functionally rich, structurally diverse, and biologically active natural products. These enzymes include: i)
transferases such as acyltransferases, methyltransferases, glycosyltransferases, and aminotransferases, etc.; ii) cyclases
and hydrolases that catalyze aldol cyclizations, Dieckmann condensations, pericyclizations, epoxide-mediated cyclizations,
etc.; iii) enzymes that catalyze other redox-neutral modifications such as isomerization, epimerization, dehydration, etc.; iv)
redox active enzymes, including those that catalyze both two-electron reactions such as ketoreduction, enoyl reduction,
flavin-dependent hydroxylations, etc.; and one-electron reactions. The latter are catalyzed by metalloenzymes such as
P450 monooxygenases, nonheme-iron-dependent enzymes, radical-SAM enzymes, and others. In addition, BGCs may also
encode efflux pumps, self-resistance enzymes (SREs), and regulatory proteins dedicated to the pathways. Lastly, many
genes encoding hypothetical proteins (HPs) or those predicted to have domains of unknown function (DUFs) can be found
in a BGC. Taken together, the clustering of genes encoding core enzymes, tailoring enzymes, and other ancillary proteins

have served as the basis for many of the bioinformatics tools that have emerged in the post-genomic era. With these tools,
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it has become clear that the number of BGCs far outnumber natural products that have been identified with classic
methods. It is estimated that > 90% of the BGCs are cryptic, silent, or orphaned, depending on the preferential adjective of
the researcher.” While BGC identification from any sequenced organism, especially microorganisms, is now routine and
can be accomplished with several clicks on a computer, one grand challenge is how to prioritize the vast number of BGCs

that have emerged for investigation.

1.4 Scope of this Review

In this review, we aim to cover recent approaches in synthetic biology-driven natural product discovery and
engineering. This is an expansive topic with an explosion of research activities from many disciplines in the last decade. As
a result, a review cannot cover all the reports in scientific literature and omissions are inevitable. We hope the readers can
get an appreciation of the multidisciplinary nature of the field and walk away inspired by the exciting advances Sir

Hopwood anticipated in his landmark 1984 paper.”’

A typical workflow for synthetic biology-driven natural product discovery is shown in Figure 6. The workflow can be
divided based on whether the project is a genome mining campaign with no initial lead compounds, or one that is focused
on elucidating pathways of a known compound for enzyme discovery and pathway engineering. In either case, the genome
and/or transcriptome of the producing organism must be sequenced. This information is then analyzed by a suite of
computational tools to identify potential BGCs, and/or coregulated transcription of candidate genes. These efforts are
assisted by annotation of individual gene functions through homology-based comparison or machine-learning approaches

such as AlphaFold.*' Part of Section 2 of this review will focus on recent developments in these bioinformatics tools.
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Figure 6. Simplified workflow of synthetic biology approaches to study and engineer natural products.

In the case of genome mining of hitherto unknown compounds, prioritization of BGCs based on potential
structural novelty, new enzyme chemistry and/or biological activities can be conducted to arrive at candidate BGCs. The
identified candidate BGCs can then be investigated either in the native producing host or a heterologous host. In the case
where a native host can be obtained, growing the organism in different media followed by both transcriptomics and
metabolomics analysis may lead to mapping of a BGC to a metabolite. If the BGC is not expressed under these conditions,
transcriptional activation and/or additional tools can be used to “turn-on” the expression of the BGC followed by metabolite
analysis. Alternatively, the BGC of interest can be entirely transplanted into a model heterologous host for direct
expression of the genes followed by metabolite detection. This could allow complete refactoring of the BGC in a fast-
growing host with a relatively clean metabolic background. New metabolites that emerge can be detected, isolated, and
structurally characterized. Section 2 will also briefly cover new approaches in mass spectrometry and NMR that enable

more rapid dereplication and structural elucidation.

When a target molecule is known, elucidation of the biosynthetic enzymes starts with a chemically reasonable
biosynthetic hypothesis of the pathway. If the metabolite is observed in the native host, the classical approach of genetic
inactivation to abolish metabolite production, followed by genetic complementation, remains highly useful given the

organism is genetically tractable. In many examples shown in this review, heterologous expression of the core enzyme or
15



the entire BGC can provide a direct link between the BGC and the metabolite. Heterologous reconstitution of different
combinations of biosynthetic genes can rapidly delineate the order of individual steps, as well as assigning an enzyme to
each chemical transformation step. In the case of plant compounds of which the biosynthetic genes are not clustered, co-
transcriptional analysis in specific tissues is often performed to identify gene candidates that may encode biosynthetic
enzymes. This is followed by complete reconstitution of the pathway in a fast-growing organism as an alternative host for
harvesting the high value plant compounds. Heterologous hosts can be further optimized for the high titer production of
such natural products, often well exceeding titers that can be obtained in the native hosts. Section 3 of the review will focus

on recent developments in heterologous expression in bacterial, fungal (including yeast), and plant hosts.

With the pathway established in either native or heterologous hosts for a metabolite of interest, synthetic biology
approaches can be applied to engineer the pathway for production of new-to-nature compounds, or derivatives of the
natural product that may be of interest. Well-established methods such as precursor-directed biosynthesis (PDB),
mutational biosynthesis (mutasynthesis), biotransformation, and pathway engineering have all resulted in considerable
expansion of the chemical space associated with natural products. Recent bioinformatics and machine learning
approaches have also led to newfound successes in the engineering of modular megasynthases such as PKSs and NRPSs.

“2 Section 4 of the review will cover examples in the engineering aspect of natural product biosynthesis.
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2. Advances in Tools for Natural Product Discovery
2.1 Bioinformatics and Machine Learning Tools
2.1.1 BGC Prediction

Natural products are produced from bacterial, fungal, plant, and marine organisms by biosynthetic enzymes,
which are encoded by biosynthetic genes. The ability to rapidly and cost-effectively sequence genomes and transcriptomes
has unlocked the potential of genome mining. By annotating the biosynthetic genes and predicting corresponding
biosynthetic enzymes, one can estimate the number and types of natural products that can be produced by a single
organism. Advancements in data science and statistical models have enabled the development of many computational
tools. These tools, such as GLIMMER,*” GeneMark,* and Augustus,* can predict open reading frames and intron-splicing
sites in different organisms. They are based on a hidden Markov model (HMM) which is trained with a dataset between
known DNA and known genes to assist in accurate prediction of amino acid sequences from DNA sequences. A powerful
way to predict the function of proteins encoded in biosynthetic genes is via alignment tools. Similarities in the amino acid
sequence to characterized proteins can be used to predict biosynthetic functions. A key algorithm essential for functional
prediction is Basic Local Alignment Search Tool (BLAST),* which can calculate alignments not only between a set of

sequences, but also the entirety of the NCBI database.

The clustering of genes encoding core enzymes, tailoring enzymes, and other ancillary proteins has served as the
basis for many of the bioinformatics tools that have emerged in the post-genomic era of natural product research. Many
computational tools have been developed to predict both BGCs and their associated products from genomic sequences.
Over time, bioinformatics tools have become more sophisticated and more user friendly. A list of widely used

computational tools is shown in Table 1 and briefly described below.

SMUREF: “Secondary Metabolite Unknown Regions Finder” is an early tool developed for finding BGCs.* The
algorithm mines through fungal genomes for BGCs based on the colocalization of a core biosynthetic gene, tailoring and
accessory genes in the genome. Core genes are identified using an HMM search for fingerprint domains presentin NRPS or
PKS enzymes. Genes adjacent to that encoding the core enzyme are collected to form the “hit” BGC. However, in some

cases, neighboring genes can be predicted incorrectly to be part of the BGC.
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antiSMASH: “antibiotics and Secondary Metabolite Analysis Shell” is a benchmark genome mining tool that takes
genomic data and identifies potential BGCs.***° The tool starts with a workflow that predicts amino acid sequences from
genomic sequence. Gene function is then predicted using a profile HMM to align primary sequences to key protein
sequences associated with preset domains. The clustering of signature biosynthetic genes near pre-encoded class types
defines a BGC. These class types have been pre-identified to 80+ types of chemical classes. After initial identification, the
BGC is further analyzed for domain organization, comparison to other known BGCs, and can be graphically visualized.
Since its initial debut as a tool to analyze bacterial genomes, antiSMASH has continued to evolve. It has been applied to the
fungal genome mining with fungiSMASH.* A separate workflow known as plantiSMASH has also been developed which

considers the unique clustering that is associated with plant genes along with the deviation of HMM profile that were

51

developed with respects to bacteria and fungi.> Overall, because of its robust application, antiSMASH has been

implemented into the workflow of many other tools developed later on. A recent study showed the application of
antiSMASH for large scale genome mining in Streptomyces species (Figure 7). Inputting the available Streptomyces
genomes into the tool revealed a high diverse set of BGCs. Based on differential patterns in BGCs for already characterized

bioactive compounds, a library of novel BGCs that can be explored and characterized was identified.
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Figure 7. Distribution of more than 30 different natural product classes of BGCs from over 1000 Streptomyces strains

enables strain-level comparison between number and classification of BGCs.

Reprinted from Belknap, K. C.; Park, C. J.; Barth, B. M.; Andam, C. P. Genome Mining of Biosynthetic and

Chemotherapeutic Gene Clusters in Streptomyces Bacteria. Sci Rep 2020, 10 (1), 2003. Copyright 2020 Springer Nature.
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Table 1: Comparison of genome mining tools developed. Each tool can detect BGCs of classes of natural products from
specified species. While older tools use probabilistic modeling, newer tools aim to apply machine learning for

identification.

PRISM 4: “Prediction Informatics for Secondary Metabolomes” predicts and translates ORFs to predict biosynthetic
domains and enzymes. >* The developers curated a library of HMMs to aid in the identification of enzyme domains that
range from those in core biosynthetic enzymes and tailoring enzymes. Similar to antiSMASH, clustering of domains is
dependent on a greedy algorithm that iteratively searches along the ends of the core for biosynthetic enzymes. The PRISM
algorithm can predict unique structural features of the product of a BGC, such as starter units for assembly-line
megasynthases such as PKSs and NRPSs. The ability to encode biosynthetic knowledge has made a tool like PRISM a bridge
between genomic data and chemical structures. Earlier versions of PRISM were specialized in structural prediction of
polyketides and nonribosomal peptides, but with recent updates to the algorithm and HMM libraries in 2020, its predictive
capabilities have expanded to other classes of natural products including alkaloids, phosphonates, cyclodipeptides, and

aminoglycosides.

ClusterFinder: ClusterFinder is a tool that mines for BGCs encoding natural products of both known and unknown
classes.* The previously mentioned tools use algorithms that define BGC based on “rules” that are specific to known
classes. In order to decouple from this rule-based approach to find unknown natural product classes, the workflow for
ClusterFinder is centered around a two-state HMM, with one hidden state corresponding to BGCs (BGC state) and a second
hidden state corresponding to the rest of the genome (non-BGC state). Once a BGC has been found using ClusterFinder,
annotation of the BGC can be performed using tools like antiSMASH. For instance, ClusterFinder was recently used to mine
lanthipeptide and lassopeptide RiPPs with antimicrobial activities.® Mined BGCs were analyzed using antiSMASH and BiG-
SCAPE (discussed in a later section) to specifically filter for lanthipeptide producing BGCs. Characterization and

antimicrobial studies were performed to reveal a library of such compounds from the human microbiome.
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2.1.2 Recent Advances in Prediction Tools

2.1.2.1 Prediction and Annotation of RiPP BGCs

ClusterFinder and antiSMASH have demonstrated capabilities to discover BGCs associated with RiPP natural
products. The broader definition of RiPPs makes it a very large family, having members in nearly all kingdoms of life, as well
as having many major subfamilies such as lantipeptides, lasso peptides, thiopeptides, sactipeptide and graspetides.>
Examples of RiPPs from different subfamilies include: nisin A (21, lanthipeptide),”’ thiomuracin A (22, thiopeptide),®®
microcin J25 (23, lasso peptide),® chryseoviridin (24, graspetide),®® and thurincin H (25, sactipeptide) (Figure 8).°
Identification of the precursor protein is challenging as there are no generalized rules for the sequence, except in fungi
where a single precursor protein may contain multiple repeats of the core peptide.®” However, the PTM enzymes associated

)2 Asa

with RiPP maturation can be identified through sequence homology via a RiPP precursor recognition element (RRE

result, workflows for mining RiPP BGCs have been modified to computationally code this search strategy.
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Figure 8. Examples of natural products from different RiPPs subfamilies.

BAGEL: “BActeriocin GEnome mining tooL” is one of the most notable tools developed for RiPP mining.** ORFs are
predicted from genome data and compared against a preset library to predict putative RiPP BGCs, dependent on the
presence of known RiPPs motifs, homology to known RiPPs, and class-specific PFAM domains, including leader sequences.
Since its initial launch, the tool has been upgraded to incorporate more features to aid in the discovery of new RiPPs.*” For
instance, ORFs are predicted based on any of the six potential ORFs having a valid start codon and can be supplemented
with RNAseq data for analysis. Further modifications to the program include promoter and terminator prediction and

alignment to a database of known core peptides.

RiPPMiner: RiPPMiner is an algorithm in which computational genome mining shifts towards the application of
machine learning.®® The model is trained from a database of known RiPPs using a support vector machine (SVM) classifier to
model and predict RiPPs precursor genes. Another model is used to predict the specific type of RiPP natural product that
will be produced by the precursor. Cleavage sites within the precursor protein can be predicted using a different SVM
model using k-mers. RiPPs that contain intrapeptide crosslinks such as lasso peptides can also be predicted by the tool

using machine learning approaches.

RODEO: “Rapid ORF Description and Evaluation Online” focuses on the lasso peptides with a lariat three-
dimensional structure.®’” Using the expected features of a BGC encoding a lasso peptide, which include a leader peptidase,
lasso cyclase, and others with RRE features, BGCs can be predicted using a pHMM. Structural prediction using a SVM
classifier model is incorporated to predict the lasso structures of the products including position of the isopeptide bond
and the linear region that threads through the loop. RODEO has also been used for the mining of RiPPs in the sactipeptide

% and thiopeptide families.®

DeepRIPP is a modular platform to mine unknown RiPPs.” The first part of the algorithm uses natural language
processing that can identify RiPPs based on precursors. Then, the second part uses retrosynthetic processing to align
predicted RiPPs to mined genes while also filtering out known RiPPs. The final component predicts the sequence and

structure of mature metabolites.
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2.1.2.2 Prediction of Biological Activity based on Self-Resistance Genes

One disadvantage of genome-guided mining of natural products compared to the classical, bioactivity-guided
isolation, is that the new products are isolated without knowledge of possible biological activities. While screening using
biological assays can yield desired activities for some compounds, many genome-mined natural products remain
uncharacterized with respect to their true biological targets in Nature. To address this shortcoming, one method of
genome mining is to focus on BGCs that encode a colocalized self-resistance enzyme (SRE) that confers resistance to the
activities of the natural product. While many modes of self-resistance are known, including efflux pumps, molecular
chaperons, etc., one that stands out for bioinformatics application is a co-clustered gene encoding a duplicated, but
mutated, form of a housekeeping enzyme that is the target of the natural product. The SRE has the same function as the
housekeeping enzyme (target of natural product), but is not sensitive to the natural product, thus allowing the producing
cell to survive. The colocalization of such SREs with a small fraction (<5%) of BGCs is a well-known phenomenon and is
documented in classic examples of lovastatin (2) (HMG-CoA reductase, HMGR),”" fumagillin (methionine
aminopeptidase),”” and platensimycin (fatty acid synthase),” etc. Using the colocalized SRE as a beacon, many recent

applications have been reported (Figure 9), including:

i) assigning biological activities to natural products that have known BGCs: griselimycin (26) (DNA polymerase),”
harzianic acid (27) (acetohydroxyacid synthase),”” and (-)-FR901483 (28) (phosphoribosyl pyrophosphate
amidotransferase, PPAT);”

ii) identifying BGCs of natural products with known biological activity: altemicidin (19) (Ile-tRNA synthetase),”
chlorflavonin (29) (acetohydroxyacid synthase),” and restricticin (30) (CYP51);”

iii) and more importantly, with a desired biological target as a beacon, discovering new natural products or
rediscovering known compounds with no previously assigned biological activities: rediscovery of thiolactomycin
(31) (fatty acid synthase),®® aspterric acid (32) (hydroxyacid dehydratase),®’ roseopurpurin C (33) (CDK2),*
fellutamide B (34) (proteasome);® discovery of clipibicyclene (35) (caseinolytic protease),* pyxidicycline A (36) (DNA

topoisomerase),® and phenelfamycin B (37) (EF-Tu).*

It is worth noting that in some of these examples, including the BGCs of 28 and 35, the SRE is the only copy of the
gene in the genome, hence serving both housekeeping and self-resistance roles. Through comparison of BGCs to
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homologous versions found in related organismes, it is also known that some BGCs have lost the SRE during evolution. In
these cases, it can be proposed that the housekeeping enzyme, which is typically encoded elsewhere on the genome, has

gained sufficient mutations to confer resistance to the natural product.
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Figure 9. BGCs encode self-resistance enzymes (SREs) that are insensitive to the bioactive natural product. (A) Scheme of
SRE colocalization and function; (B) Recent examples of natural products with SREs colocalized in the respective BGCs.

The target/SRE functions are shown in blue.
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Given that searching for the colocalization of two genes in a genome (SRE and core genes, for example) requires a
bioinformatics approach, some of the papers that reported SRE-guided studies have written in-house codes to aid their
searches. There are also several web-based tools that have been published and are dedicated to SRE-guided genome

mining in both bacteria and fungi:

FRIGG: “Fungal Resistance Gene-directed Genome Mining” is an early example of a tool developed to explore the
SRE-based approach.?” The algorithm checks for copies of each gene (biosynthetic and proposed self-resistance) to help
filter for potential BGCs. Further filtering occurs via the presence of a homolog of the SRE in other organisms. A final

filtering step looks for only a single homolog in the genome outside of the potential BGC.

Rg3m: “Resistance Gene-Guided Genome Miner” is a high-throughput computational script to search for potential
BGCs.* By specifying a proposed SRE domain and biosynthetic genes of interest, the program can mine through thousands
of genomes for hypothetical BGCs. Based on the multiple occurrences of homologs to the target SRE in the genome and
close proximity of one of these homologs to a core biosynthetic gene, the script outputs potential BGCs of interest. A
positive control for this script was performed using a PKS as the core enzyme and an HMGR as the SRE, which identified the
lovastatin (2) BGC. Comparing the hits suggested new natural products that target the HMGR and are structurally distinct

from 2 could be discovered.

FUnARTS: “Fungal bioActive compound Resistant Target Seeker” begins with the use of fungiSMASH to mine
through genomes for BGCs.* Then, using prebuilt HMM profiles, housekeeping genes and potential duplicates within the
genome are identified. Hits are determined based on the presence of duplicates to the housekeeping genes. The workflow
also has the capacity to analyze the mined BGC and organize them into gene cluster families for further comparative

analysis via BiG-SLICE.”

2.1.2.3 Similarity Clustering and Dereplication

The aforementioned genome mining tools have enabled the identification and annotation of BGCs, as well as the
prediction of structures and bioactivities of the associated natural products. With interests and activities in genomics-
driven natural product discovery growing rapidly, managing the database of both unassigned and assigned BGCs is a

major challenge. Has a BGC of interest, or one that is slightly different in gene organization, been studied? Is there a known
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natural product associated with a BGC? Just as effective compound dereplication is key to classic natural product discovery,

keeping an accurate and up to date inventory of BGCs and associated natural products is of critical importance.

The solution to this is a public and updated database that accounts for all reported BGCs. MIBiG (Minimum
Information about a Biosynthetic Gene cluster) is a robust database that creates a standard set of details associated with
each BGC.”" General information includes biosynthetic class, key publications, sequences, genomic loci, functional
annotations for the genes in the BGC, known natural products and associated molecular weights, structures, and
bioactivities. Data specific to the biosynthetic class are noted along with functions, location and conserved domains (CDs) of
each gene. The 3.0 update encompassed the advances in the biosynthesis field and improved the accuracy in annotated
entries.” Recently, it was updated to version 4.0 to incorporate recently characterized BGCs, to curate the database via
scientific community efforts, and to define standards for broad applications.”® By setting a common format across BGCs
from all kingdoms, this database makes it accessible to build new tools to dereplicate BGCs. Along the same lines,
proGenomes3 creates a database of almost one million genomes of prokaryotic species and their associated BGCs.”
Predicted functions and components of BGCs are annotated and stored to aid in transcriptomics, proteomic, and

metabolomic data analyses.

With a centralized database for BGCs, efforts to develop tools to analyze and prioritize BGCs of interest became the
next focus of computational analysis. Several recently developed tools further dereplicate BGCs based on clustering and

subclustering. These include:

Big-SCAPE: “Biosynthetic Gene Similarity Clustering and Prospective Engine” is one of the tools that has
incorporated antiSMASH into its workflow. BiG-SCAPE uses the BGCs mined from antiSMASH as inputs and groups them
into gene cluster families (GCFs) to understand the relationship between different BGCs.” Once all domains present in each
BGC are identified, a correlation score is calculated based on the number of shared domain types, sequence identity
between similar domains, and repetitive patterns of domain in the BGC (i.e. domains being adjacent to each other). The
BGCs are then grouped into GCFs to form a similarity network. Building upon the GCF context, BiG-FAM and BiG-SIiCE are
newer tools to this group. BiG-SLICE (Biosynthetic Genes Super-LInear Clustering Engine) was developed to increase the
scalability of GCF clustering.” By changing the way how BGCs are compared amongst each other, this tool can reduce

processing time. However, the group notes that omission of the typical pairwise sequence similarity algorithm results in
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lower sensitivity of similarity alignments and decreased ability to detect point mutations in genes amongst BGCs in a GCF.
BiG-FAM (Biosynthetic Gene Cluster Families Database) correlates the GCFs back to a database and creates an interactive
tool that links BGCs to predicted natural product scaffolds, genomes, and species of origin.”® As of June of 2024, Big-FAM
had 1,225,071 BGCs in its database. Data from the BiG-FAM 2021 analysis showed the distribution of over a million BGCs
across four major natural product classes: polyketides, nonribosomal peptides, RiPPs, terpenes (totaling 90%), and others

(8.8%).

CORASON: “CORe Analysis of Syntenic Orthologues to prioritize Natural product gene clusters” is a tool developed
in parallel to Big-SCAPE to prioritize BGCs based on phylogenetic analysis of clustered BGCs.” The workflow takes a query
gene from a BGC of interest and searches for other homologues of the query gene. BGCs containing homologues that
resemble the query gene are then analyzed to create a cluster variation database (CVD). This analysis can be further

visualized via a phylogenetic tree for comparisons amongst the GCFs formed via Big-SCAPE.

2.1.2.4 Machine Learning for BGC Prediction

The previous sections focused heavily on the use of the stochastic HMM to predict BGCs. With advances in the
understanding of the fundamentals of machine learning (ML) models, ML has been recently applied to the bioinformatics
field to predict BGCs. A recent review by Zhao and coworkers extensively discussed ML and artificial intelligence guided

genome mining.” Here, three recent applications developed for BGC prediction are highlighted.

GECCO: “GEne Cluster prediction with COnditional random fields” is a new tool in development that implements
ML-like approaches to assist in genome mining.” Conditional random fields (CRFs) are used for natural language
processing (NLP) and can be applied for parsing through genomes for new biosynthetic genes. The workflow starts
similarly as many of the previously mentioned tools, with ORF prediction from genomic data, and the prediction of the ORFs
function based on pHMMs. The next step is where ML is applied: the model is trained using known BGCs to recognize
regions that have been segmented to be classified as BGCs and non-BGCs using CRFs. Finally, the predicted BGCs are

clustered into common classes using a random forest classifier as an alternative to decision trees.

DeepBGC: Similar to GECCO, DeepBGC performs an initial analysis using ORF prediction and prediction of the

domains using pHMMs. * Deep learning was implemented using BiLSTM (Bidirectional Long Short-Term Memory), a
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processing model for NLP, that learns from forward and backwards context. Unlike previously mentioned tools, there are
no rules preset to define a natural product class; this gives the tool potential to predict BGCs that are not confined to known

classes as discussed in Section 1.2.

BiGCARP: “Biosynthetic Gene Convolutional Autoencoding Representations of Proteins” is another tool that uses
deep self-supervised ML to mine for BGCs.'® Compared to previous examples, this masked language model is trained on a

curated set of BGCs to effectively predict BGCs independently of a curated pHHM for domain annotation.

2.1.2.5 Prediction of Protein Functions

Most of the tools described above rely on homology-based prediction of protein functions to establish GCFs,
boundaries of BGCs, and possible natural product structures. Most proteins in BGCs can now be assigned with putative
functions based on characterized enzyme sequences deposited in various databases. There are, however, many instances
in which function of one or more proteins in a BGC cannot be predicted. These are annotated as hypothetical proteins (HPs)
or domains of unknown function (DUFs). Moreover, predictions of protein function based on sequence similarity to known
enzymes can be inaccurate. This is not surprising, since new functions can be evolved from well-established enzyme
families with a small number of mutations.'' Proteins with no predicted function or with an incorrectly predicted function
can hamper or mislead biosynthetic investigations. On the other hand, these proteins often catalyze new reactions,
including those new to the biological realm, or catalyze known reactions with novel mechanisms, and hence are of
significant interest to the field. To illustrate this important aspect of genome mining, some related examples are shown in

Figure 10. These include:

i) discovery of new terpene cyclases (TCs) in the biosynthesis of xenovulene A (38) (AsR6 that synthesizes humulene
39)'” and phomactin B4 (40) (PhmA that synthesizes phomactatriene 41)."” Both AsR6 and PhmA were initially
annotated as HPs with no recognizable sequence motifs, including those that are well-conserved among
characterized TCs;

104 and

ii) identification of new N-N forming enzymes in the biosynthetic pathways of kutzneride 2 (42) (KtzT)
valanimycin (43) (VImO)."” KtzT was initially annotated as a transcriptional regulator but was shown to be a heme-

containing protein that converts N-hydoxy-L-ornithine (44) to L-piperazic acid (45). VImO was annotated as a
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iii)

iv)

membrane-bound protein with unknown function, and was shown to synthesize hydrazine 46 from O-
acylhydroxylamine precursor 47;

Lichman et al. identified a gene encoding a major latex protein-like (MLPL) protein in the genome of plants that
synthesize monoterpene indole alkaloids (MIAs).'® The protein product turned out to be the missing enzyme in the
stereoselective cyclization of monoterpene precursor 48 into cis-trans nepetalactol (49), a precursor to strictosidine
(50). In the absence of this protein, MIA heterologous reconstitution efforts were inefficient due to shunted
products formed from nonselective cyclization;

An annotated HP in a BGC with no core enzyme was shown to be an arginine cyclodipeptide synthase (RCDPS) that
biosynthesizes L-Arg-L-Tyr cyclodipeptide (51) that is the starting point to the more elaborate pseudopeptide
NK13650 C (52).*® With minimal sequence homology to bacterial aminoacyl-tRNA dependent cyclodipeptide
synthases (CDPSs), RCDPS homologs are widely found in fungi and can be considered as a new class of core

enzymes.
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Figure 10: Examples of reactions catalyzed by enzymes that are initially annotated as hypothetical proteins or incorrect

functions based on sequence alignments.

These examples demonstrate the importance of being able to correctly annotate protein functions in BGCs. ML is
playing a powerful role in improving the functional prediction of proteins. No tool has changed protein structural and
function prediction more than the three versions of AlphaFold.*'"'%® AlphaFold uses a neural network-based model to

predict the structure of any protein based on multiple sequence alignment and pairwise representation that has gone
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through a trained neural network block and a structural prediction block.* This tool dramatically empowers many research
labs as it can rapidly and accurately predict three-dimensional structures from amino acid sequences. Recent

developments in Alphafold3 have allowed predictions for protein-protein interactions and small molecule binding modes.

107

With databases of AlphaFold predicted structures now available, tools such as DALI and DeepFRIcan be employed
to predict protein functions.'”'"® For instance, a predicted structure can be searched amongst the Alphafold Database
using DALI. Annotated functions of the highest matches to the database can then be used to propose the potential function
of the queried structure. This workflow becomes valuable for functional assignment in cases where predictions cannot be
made using pHMM and other sequence alignment-like algorithms. Alternatively, the DeepFRI algorithm also processes
sequences and protein structures to predict function based on ML. A pre-trained language model extracts key residue
features from Protein Data Bank sequences while a parallel process creates a contact map formed by the pairwise
proximity of each residue in protein. The coupling of these two datasets goes through a graph convolutional network to

predict function from protein structure.

Protelnfer is an approach that uses deep neural networks to predict protein functions.""

The goal of this new tool
is to facilitate the use of uncurated sequence data to support model training. Many earlier models (and even the pHMM
alignment algorithm) rely on a curated set of confirmed sequences associated with specific enzymatic functions. Since
functional annotations of domains are only subject to the required length of the defined domain, full length proteins could
be mislabeled by these previous ML tools. Using a deep dilated convolution network, ProteInfer maps a full-length
sequence to protein function via sequentially dilated segmentation of proteins to look for subsequences that have higher
hits. Another ML tool that predicts enzyme function is Contrastive Learning-enabled Enzyme ANnotation (CLEAN).""? The
algorithm uses contrastive learning, a self-supervised ML technique tasked with maximizing the distance with negative
instances and minimizing the distance with positive instances. Positive or negative instances are sequences (and
associated enzyme commission number) that are similar or dissimilar to the reference anchor sequences, respectively. This
creates a system that can indicate and label an input based on the calculated distance to anchor sequences trained to the

model. When tested on an annotated dataset, the algorithm outperforms previously reported tools. Experimental

validation demonstrated that previously mislabeled halogenases can be predicted properly with the application of CLEAN.
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All of these tools, however, still cannot predict new functions of an enzyme evolved from well-characterized folds. In these

cases, biochemical assays are ultimately needed to elucidate enzyme functions in a biosynthetic pathway.

Once a function of the protein has been established through either prediction, genetics, heterologous expression
and/or biochemical assays, a popular tool that can be used to identify related enzymes in other BGCs is the sequence
similarity network (SSN)."” This tool performs an alignment of all homologous sequences from the genome database
against each other to create a network of relationships.”* Visualization of an SSN can be tuned by creating a higher
requirement for what it means to be related (edges), depending on sequence similarity and alignment scores. The tool can
also cluster very similar sequences into single nodes. This provides users with the ability to analyze SSNs for new
information about the enzyme family, including clusters, singletons, etc.'” This has become a heavily used tool in genome

mining in recent years.

A recent example of bacterial genome mining demonstrated the use of SSNs in the overall workflow.""® Tripyrrole
natural products such as prodiginines or tambjamines are synthesized from the condensation between 4-methoxy-2,2"-
bipyrrole-5-carboxaldehyde (MBC, 53) and a substituted monopyrrole such as methylamylpyrrole (MAP, 54) or fatty
alkylamines, respectively (Figure 11)."” The enzyme responsible for the coupling step in prodigiosin (55) biosynthesis is
PigC, a condensation enzyme that is proposed to generate diversity in this family of compounds. By constructing a SSN
based on PigC followed by fine tuning the alignment score threshold, subclustering of PigC homologs based on species of
origin were revealed. Using this method, the tambjamine BE-18591 (56) BGC was discovered from Streptomyces albus along

with the BGCs of undecylprodigiosin (57) and tambjamine YP1 (58).
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Figure 11. BGCs of tripyrrole natural products contain a condensation enzyme such as PigC that condense MBC and MAP
to afford prodigiosin. By using the condensation enzyme PigC to build an SSN, new BGCs that condense MBC to different

monopyrroles were discovered.

2.2 Synthetic Biology Tools for Mining Silent BGCs in Native Hosts

Given that more than 90% of the BGCs identified by the bioinformatics tools discussed above are silent under
laboratory conditions, different genetic and nongenetic approaches have been applied towards activating the transcription
of these BGCs. Nongenetic methods, which can be collectively termed OSMAC (one strain many compounds),'"® including
growing strains on different media, coculturing with different strains, adding epigenetic inhibitors, etc., will not be
discussed here and readers can refer to recent comprehensive reviews."'*'* Here, we will present selected examples that
involve genetic manipulation of BGC activation in the native hosts. As one would expect, these strategies center around
artificial control of BGC transcription, either in a pathway-specific or a global manner. Many classic examples and reviews of
promoter replacement or overexpression are present in the literature.” Heterologous expression strategies will be

discussed in detail in Section 3.

2.2.1 Recent Examples in Bacteria

Genetics studies have previously identified many proteins that can lead to changes in expression levels of BGCs

when overexpressed in Streptomyces. To expand the natural product metabolome in Actinomycetes, Wong and coworkers
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used a Streptomyces phage-derived phiC31 integrase to introduce the following activator genes into 54 different
actinobacterial strains: morphological and sporulation receptors cyclic AMP receptor protein (Crp), A-factor dependent
protein A (AdpA), antibiotic regulatory protein (RedD), sporulation and antibiotics-related gene A protein (SarA), and fatty
acyl CoA synthase (FAS)." Using such combinatorial genome integration together with OSMAC, the authors were able to
obtain over 2000 extracts and discovered a significantly expanded chemical space of natural products, including tetramic

acid derivatives BE-54476-A and BE-54476-B which displayed antibacterial activity.

Quorum sensing is a bacterial signaling system pertaining to cell density that communicates with its environment
and the surrounding cells, and has been shown to control expression of BGCs. Rued and coworkers demonstrated this by
identifying a unique short hydrophobic peptide (SHP)/Rgg system responsible for quorum sensing in Streptococcus mutans.
2 Gene activation/deletion experiments revealed a direct correlation between the quorum sensing system and
biosynthesis of the RiPP tryglysin B. Another strategy to activate BGCs is by expressing a chimeric LuxR from the well-
studied bacterial Lux operon (Figure 12)."** Naturally, two LuxRs can bind to signaling molecules involved in quorum
sensing to form a dimer and act as an activator. By engineering a LuxR dimer to be expressed in bacteria, silent BGCs can
be activated when expressed under the bidirectional P,,x promoter. This strategy was used to activate the production of
mupirocin (59) and phenazine-1-carboxylic acid (60) in Pseudomonas sp. QS1027 with an engineered chimeric activator

known to be involved in quorum sensing.
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Figure 12. Chimeric LuxR is engineered as an activator in Pseudomonas to upregulate BGC expression.

In addition to quorum sensing molecules, expression of bacterial BGCs is affected in the presence of other natural
products, a likely outcome of the “chemical warfare” between different species in the native environment. The precise

chemical signals, however, are difficult to decipher and a high-throughput approach is required. Towards this end,
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Seyedsayamdost developed a strategy called High-Throughput Elicitor Screening (HiTES) that screens for the upregulation
of BGCs of interest in the presence of 640 potential small molecule elicitors or activators, including antibacterial
compounds at sub-lethal concentrations.'® In the initial study, a /acZ reporter was fused to a downstream biosynthetic
gene in the BGC of interest which enabled the visual screening of BGC expression instead of untargeted metabolomics.
Application of this tool was demonstrated on the known malleilactone BGC that is cryptic in Burkholderia thailandensis."* A
selected group of activators upregulated the expression of BGC, which led to the isolation of a new analog malleilactone B
(61). Subsequently, enhanced green fluorescent protein (eGFP) was used as a reporter due to the background expression
of lacZ found in some Streptomyces species.'” This led to the discovery of new natural products including the antifungal
acyl-surugamide A (62). HIiTES was most recently applied by Seyedsayamdost et al. to Burkholderia
plantarii and Burkholderia gladioli cultures grown on agar plates rather than in liquid culture, leading to the discovery of

burkethyl A (63) and B."*®

Applications of HIiTES were limited by the need to genetically modify the BGC of interest with the fused GFP
reporter gene. To avoid this, HIiTES coupled with imaging mass spectrometry (IMS) using laser-ablation-coupled
electrospray ionization MS (LAESI-MS) was used to decouple from species specificity and eliminate the need for a reporter
gene, while products from multiple BGCs can be monitored.' When applied to Amycolatopsis keratiniphila, the HITES-IMS
approach was able to discover novel glycopeptides including keratinicyclin A (64) (Figure 13). Keratinicyclin was shown to
inhibit Clostridioides difficile by binding to cell wall teichoic acid, a target that is distinct from known glycopeptides such as
vancomycin (3)."* Another variation of HIiTES is the coupling with fluorescence resonance energy transfer (FRET), which led
to activation of silent BGCs in Streptomyces clavuligerus.”™ The authors identified potential steroid inducers and nine new

compounds including clavulyne A (65) with DNA-cleaving and antibacterial activity.
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Figure 13. New natural products discovered from HiTES.

Ribosome engineering is another approach for activating cryptic BGCs. An early study showed that the
spontaneous mutation of ribosomal protein S12 activated the production of actinorhodin in Streptomyces lividans."*
Further studies proposed these mutations to affect binding of the signaling nucleotide, ppGpp, to RNA polymerase, which
aids in directing RNA polymerase to specific promoters.' This was developed into a tool to activate silent gene clusters by
mutating ribosomes and RNA polymerases under selection pressures, affording changes in secondary metabolite profiles.
For example, rifampicin is a known inhibitor of RNA polymerase—when Huang and coworkers generated a library of strains
with mutated RNA polymerases resistant to rifampicin, some of the rifampicin-resistant mutants activated the
bohemamine BGC in Streptomyces sp. CB02009. Based on this ribosome engineering approach, Fan and coworkers
reported Transcription-Translation in One (TTO), a modified approach to activate cryptic BGCs in Streptomyces strains.”*
They took previously reported mutation of RpsL (ribosomal protein S12) and RpoB (RNA polymerase) known for being
beneficial to natural product activation and inserted them into a plasmid system to overexpress these mutated genes in

Streptomyces species. This unlocked the production of piloquinone and homopiloquinone and pinpointed the associated
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BGC." Huang and coworkers have authored a comprehensive review on the application of ribosome engineering towards

discovery and titer improvement in Streptomyces.'*

Promoter engineering is a valuable tool to increase transcription levels of target genes. Inducible promoter
systems can also be added to provide tunability of microbial cell factories, especially when the metabolite is toxic to the
producing host. Combining random mutagenesis techniques (similar to that used in ribosome engineering) and a
promoter-reporter system, researchers have developed a method to detect activated cryptic BGCs using reporter-guided
mutant selection.”® The reporter gene is placed under the same promoter as the gene cluster. After mutagenesis and
selection based on the reporter gene, metabolite analysis can reveal new natural products. Zhang and coworkers reported
a method that combines promoter engineering with recombinases.’ Using a RED recombinase from Burkholderiales strain

DSM 7029, the study presented a method for inserting functional promoters to uncover new RiPP natural products.

2.2.2 Recent Examples in Fungi

Filamentous fungi are multicellular species that have complex life cycles commonly involving the generation of
asexual spores.”® A majority of filamentous fungi fall under the phylum Ascomycota, which includes many genera such as
Aspergillus, Penicillium, Fusarium, Alternaria, etc. These microorganisms are ubiquitous in the environment and play critical
roles in host-pathogen interactions, biomass degradation, and various biotechnological applications. Filamentous fungi
have been noted as prolific producers of natural products, exemplified by the discovery of penicillin from Penicillium molds
by Sir Alexander Fleming, which ushered in the era of antibiotics.”* Many important natural products have been identified
and isolated from fungi, including the pharmaceuticals lovastatin (2) and cyclosporine, and the mycotoxins aflatoxin and
ochratoxin. Biosynthetic investigations and genome sequencing have revealed important parallels to bacterial natural
product biosynthesis. In fungal genomes, biosynthetic genes are indeed clustered in BGCs, although each gene is

monocistronic and transcription is controlled via individual promoters.

Expression of dedicated or pathway-specific transcription factors is in turn controlled pleiotropically by upstream
regulators of which the activities are influenced by temperature, pH, carbon and nitrogen sources, metal concentrations,
and other environmental stimuli."* The exact combinations of conditions and stimuli that can lead to pathway-specific
transcription factor overexpression in different BGCs are unknown and are difficult to replicate under laboratory

conditions. To bypass this challenge in recapitulating the native conditions, direct overexpression of the regulators has
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proven to be effective. Notably, Hertweck and coworkers overexpressed ApdR, a Gal4-like transcription factor in the apd
BGC, under an inducible promoter in Aspergillus nidulans to overproduce polyketide-amino acid hybrids aspyridones A (66)
and B (67) (Figure 14)."" Using the same strategy, discovery of a library of new PKS-NRPS derived metabolites such as
oxalemides A (68), C (69) and J (70) was accomplished by the overexpression of PoxB, a transcription factor found in the pox

BGC in Penicillium oxalicum.**?

More recently, overexpression of RosH, a pathway-specific transcription factor, led to the
rediscovery of the known compound roseopurpurin C (33), a CDK2 inhibitor.® Discovery of meroterpenoids berkeleyacetal

D (71) and 11-epi-berkeleyacetal C (72) was accomplished by the overexpression of BerA, a transcription factor in the ber

BGC." The ber BGC was initially identified via genome mining of the Neosartorya glabra strain using meroterpenoid
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Figure 14. Examples of fungal natural products discovered via overexpression of BGC-specific transcription factors.

In addition to pathway specific transcription factors, fungal BGC expression is also controlled by global
transcription regulators. The Keller lab discovered a global regulator, LaeA, that controls the expression of penicillin and
lovastatin BGCs in fungi.'* Inactivation of LaeA in A. flavipes led to overexpression of a NRPS BGC responsible for
synthesizing two new piperazines: flavipamides A (73) and B (74) (Figure 15)." Yin and coworkers recently identified a new
global regulator that consists of RNA-binding protein CsdA and regulator RsdA.'* They demonstrated via transcriptomics

that when the genes for the CsdA/RsdA complex are removed, global activation and deactivation of various BGCs can be
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observed. Since the CsdA/RsdA complex is present in many fungal genera, this provides a new target to activate BGCs that

were unaffected by other approaches.
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Figure 15. Examples of fungal natural products discovered from genetic manipulation of native hosts.

Epigenetics affects the ability of transcription machinery to physically access and transcribe different parts of the
chromosome. For example, histone deacetylases (HDACs) are responsible for the removal of acetyl groups added to
histones by histone acetyltransferases (HATs), rendering the chromatin less accessible to transcription machinery. Altering
chromatin accessibility in fungi can lead to activation of silent BGCs and isolation of new natural products." Keller and
coworkers showed that deleting cclA, which is involved in histone methylation, activated the biosynthesis of multiple BGCs
in A. nidulans.'”® By removing the same cc/A gene in Colletotrichum higginsianu, new polyketide natural products including
higginsianin C (75) were isolated (Figure 15)."* Hu and coworkers showed that by removing the gene encoding for a HDAC
in Calcarisporium arbuscula, 52 of 68 core biosynthetic genes were activated, leading to isolation of 10 new compounds
including the depsipeptide arbumycin.”™ The same strain was used to uncover various diterpenoids.™"'* Yin and
coworkers demonstrated that by removing one of the gene encoding for HAT in Metarhizium robertsii, 11 new natural

products (isocoumarin derivatives and NRPSs) were produced and characterized.' More recently, Zou and coworkers
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overexpressed HAT in Monosporascus eutypoides, leading to the discovery of the cyclopropane-containing monosporasol A
(76).”** Combining the strategies, Yin and coworkers deleted PfCcl (similar to CclA) and PfHdaA (an HDAC) in Pestalotiopsis

155

fici, which enabled the isolation of 15 novel polyketides including pestaloficiols T (77) and W (78).

2.2.3 CRISPR-based Approaches

CRISPR-Cas based gene editing and gene targeting tools have had a major impact in natural product discovery."*
Notably, CRISPR interference (CRISPRi) and CRISPR activation (CRISPRa) tools offer precise repression and activation of
BGCs in the native hosts using simple-to-design guide RNA sequences, respectively. *"'** For example in bacteria: i)
Chappell and coworkers applied CRISPRi and CRISPRa tools to investigate various components of the jadomycin B BGC in
Streptomyces venezuelae, and revealed a complicated gene regulatory network associated with the pathway in the native
host;"* ii) Lu and coworkers reported the FNCRISPR-Cpf1 system to regulate transcription factor expression.'® This tool
utilizes a multiplex CRISPRi system for multiple gene interference with applications for new metabolite discovery; iii) Bode
and coworkers used the CRISPR-Cpf1 system to activate and refactor a safracin BGC to produce a semisynthetic precursor
to ET-743 in Xenorhabdus sp. TS4;"®" iv) Yoshikuni and coworkers combined Chassis-independent Recombinase-Assisted
Genome Engineering (CRAGE) and CRISPR to unlock silent BGCs in Photorhabdus luminescens.'® CRAGE is a tool that can
integrate entire BGCs from genomes into native organism’s chromosomes using the Cre-Lox recombination system.'®
When coupled with CRISPR, the BGCs can be activated or knocked out, without performing promoter replacements; and v)
Zhao and coworkers demonstrated the use of CRISPR for activation of BGCs by insertion of constitutive promoters in less-
studied Streptomyces hosts. When this workflow was applied to Streptomyces viridochromogenes and Streptomyces
roseosporus, activation of various BGC resulted in production and isolation of polyketides such as 79 and 80 (Figure 16)."
More recently, Fu and coworkers developed Advanced Cas9-mediaTed In vivo MObilization and mulTiplication of BGCs

(ACTIMOT), a method to dramatically elevate expression of BGCs by transferring the BGCs from the genome to multiple-

copy plasmids. This approach led to the production of mobilipetin analogs in the native host Streptomyces armeniacus.'®

CRISPR systems have also been applied to genome mining in filamentous fungi: i) Ji and coworkers demonstrated
the use of CRISPR/Cas9 for metabolic engineering of Fusarium fujikuroi.'®® By mutating various genes involved in the
biosynthesis of gibberellic acids, metabolic flux through the pathway was improved and new congeners such as gibberellic

acid 7 (81) were identified; ii) a study investigated the utility of CRISPR-Cas9 gene editing in Nodulisporium sp. (No. 65-12-7-1)
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for gene disruption through simultaneous transformation of transcriptional gRNA and the gene cassette containing
marker DNA.' This allowed for rapid gene disruption via Cas9-mediated double strand breaks. This targeted gene
disruption system was tested with additional fungal species, including Sporormiella minima (No. 40-1-4-1) to demonstrate
its versatility; iii) gene disruption in Trichoderma reesei and other Trichoderma spp. based on a CRISPR-Cas9 was
achieved.'® This system consists of placing gene encoding Cas9 and gRNA under the control of U6 snRNA promoters,
leading to gene disruption through frameshift mutation; iv) deletion of the citrinin BGC by CRISPR-Cas9 from Monascus
purpureus, a valuable fungus for production of food dye Monascus Red;'® v) a CRISPR-Cas9 system was developed for
Aspergillus wentii to activate silent BGCs via the deletion of mcrA transcriptional regulator gene;.'” vi) Chooi and coworkers
reported a CRISPR-mediated transcriptional activation using the Cas12a-VPR system in A. nidulans.””" Targeting of the NRPS
in mic BGC led to discovery of intermediates in microperfuranone biosynthesis; vii) Driessen and coworkers reported the
use of dCas9-VPR CRISPRa to create a CRISPR-based gene activation tool in Penicillium strains."”> By targeting the macR
transcription factor, the macrophorin BGC was activated; and viii) Gao and coworkers scaled up the application of CRISPR
genome editing and developed a multiplex base-editing tool for application in fungi."”® Using the tool to simultaneously
inactivate three epigenetic regulators responsible for histone modifications in A. nidulans, nine new compounds were

produced, including andicichorine A (82).
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Figure 16. Examples of natural products discovered using CRISPR-based tools.

2.3 Analytical Tools for Dereplication

A key requirement in natural product discovery is chemical structure identification, which is often the bottleneck

step that is technically the most challenging. The continuous development of analytical tools has enabled identification and
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characterization of natural products from even sub-milligram quantities. While the previous sections discuss the various
developments in searching for and “unlocking” new natural products starting from BGC sequences, this section focuses on
advances in detection of new metabolites, analysis of large existing metabolomics datasets, as well as prediction of
chemical (sub)structures from these datasets, with a particular emphasis on methods based on mass spectrometry (MS)

and nuclear magnetic resonance spectroscopy (NMR).

2.3.1 Mass Spectrometry-based Approaches

MS/MS yields mass and precursor ion fragmentation data, providing researchers with key insights into chemical
structures of natural products. Untargeted LC-MS/MS is a common starting point for natural product discovery and
metabolomic studies alike. Extracts are analyzed via LC-MS/MS, producing large datasets containing peaks with mass-to-
charge ratios (m/z), retention times, and characteristic fragmentation patterns. Raw spectra can be systematically
deconvoluted using annotated reference spectra of known chemical structures, enabling the identification of potentially
novel compounds. This process can be laborious and is dependent on the availability of existing reference MS/MS spectra

and other data for structural assignment.

The development of the Global Natural Products Social Molecular Networking (GNPS) provided a comprehensive
solution to address this problem."”* GNPS provides an open-access infrastructure to share MS/MS data from targeted and
untargeted experiments. Importantly, this data can be either processed or unprocessed, meaning that researchers are
encouraged to upload all of their spectral data to make them globally accessible. Since its release in 2016, hundreds of
millions of crowd-sourced MS/MS spectra have been collected in online repositories such as the GNPS-MassIVE database.
Updates to GNPS, such as the GNPS Dashboard, which is a collaborative web-based MS/MS processing and analysis tool,

continue to expand the accessibility of MS/MS data processing and analysis."”

However, with the development of GNPS and related tools, a new bottleneck has emerged: manually solving and
assessing the novelty of spectra cannot keep up with the ever-increasing growth of spectral databases. As such, recent
analytical developments have primarily been computational, with advances in ML algorithms, neural networks and other
cutting-edge computational tools enabling large unannotated MS/MS datasets to be analyzed, processed, and utilized for
rapid spectral annotation and structural prediction. These advances have led to powerful data analysis software packages,

including i) MetaboAnalystR, which provides a comprehensive LC-MS/MS global metabolomics workflow, from the
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processing of raw spectra to the functional interpretation of identified compounds.'” The open-source R-based tool
contains features that enable facile spectral annotation and compound identification; and ii) AntDAS-DDA, which is a new
untargeted metabolomics tool that enables MS/MS data acquired through data-dependent acquisition mode in UHPLC-
HRMS (ultra-high-performance liquid chromatography-high resolution mass spectrometry) to be readily processed. The
platform incorporates various algorithms, such as feature extraction and fragment ion identification, which enable the
rapid processing of UHPLC-HRMS untargeted metabolomics data."”” Key computational advances will be briefly discussed

below. For additional background, the review by Tasdemir and coworkers is suggested.'”®

2.3.1.1 Database Search Tools

Development of advanced database search tools is one solution to tackling the challenge of transforming large
unannotated databases into a more “usable” form. Because natural products belonging to a certain class contain
conserved core structures (i.e. the indole core in alkaloids such as serotonin and lysergic acid), related compounds have a
common fragmentation “fingerprint.” Therefore, being able to search databases for specific fingerprints allows
researchers to approach the task of annotating an unknown spectrum with an understanding of the core NP structure or

structural motif.

MassQL: “Mass Spec Query Language” is a comprehensive open-source database search tool. Specific search
parameters, including m/z of fragments and mass tolerance, can be used to search publicly available MS/MS datasets."”
MassQL is both scalable and customizable, allowing users to search raw (i.e. unannotated) data. The utility and flexibility of
MassQL has been demonstrated by Reher and coworkers to identify novel endolides, a type of cyclic tetrapeptide
containing an unusual N-methyl-3-(3-furyl)-alanine fragment (83), from Stachylidium bicolor (Figure 17)."® By inputting
endolide-specific fragmentation patterns into their search query, two new endolides, endolide E (84) and F (85) were
identified from available MS/MS data. In another study, Castro-Gamboa and coworkers incorporated MassQL into a
workflow seeking to identify new depsipeptides from the fungus Fusarium oxysporum."® A characteristic hexadepsipeptide
fragmentation pattern from known annotations was inputted into their MassQL search query. This enabled the

identification of 18 analogs of the mycotoxin beauvericin (86) from available MS/MS data, including 4 analogs that were not

identified through other computational methods.
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Figure 17. New endolides and beauvericin identified using MassQL-integrated approaches.

MASST and MASST+: “MASs Spectrometry Tool” developed by Dorrestein and coworkers enables searching of

'®1 Users can input m/z and intensity of the

many publicly available spectral libraries for a query MS/MS spectrum or dataset.
peaks in an MS/MS spectrum into MASST to identify any spectral matches. This capability is crucial for annotating
convoluted spectra from untargeted studies, as already reported (and annotated) spectra in a given dataset can be readily
identified. However, the process of finding a spectral match is computationally intensive, as the query spectrum must be
systematically matched to every single spectrum in the repository. The recent development of MASST+ by Dorrestein and
Mohimani, improved the scalability of MASST using a dot-product algorithm.'®> MASST+ only examines a small proportion

of spectra in the indexing table that contain peaks similar to a given peak in the query spectrum. By narrowing the focus of

the search, MASST+ boasts processing speeds up to 2-3 orders of magnitude greater than other database search tools.

Other MASST-related search tools have recently been developed. For instance, microbeMASST enables the
taxonomic origin of an MS/MS spectrum to be identified. Researchers can input a query spectrum of unknown taxonomic
origin into microbeMASST, which searches for a match in a curated MS/MS database of >60,000 microbial monocultures.
'8 This matching does not require a query spectrum to be annotated, allowing the taxonomic origin of an MS/MS spectrum
to be directly identified from untargeted metabolomics experiments. Another MASST-based tool, foodMASST, provides

metabolomic analysis of foods and beverages that are consumed in our everyday diets.”*
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MS2Query: When researchers propose a putative structure from MS/MS, it is common to search for this structure
in existing spectral databases for dereplication purposes.'® However, it is frequent that searching for an exact structural
match does not yield a hit. MS2Query aims to overcome this problem through ML, allowing for analogs of the inputted
chemical structure to be identified. MS2Query incorporates two key algorithms, Spec2Vec and MS2DeepScore. These
algorithms are similar and work under the premise that structurally similar molecules will have similar MS/MS spectra as an

alternative to attempting to find direct hits.'®"¥’

2.3.1.2 Annotation Tools

Metabolite annotation is the process by which metabolites are assigned to a given peak in an MS/MS spectrum.
Natural product discovery workflows typically begin with untargeted LC-MS/MS analysis, which generate large MS/MS
datasets. These spectra can contain hundreds to thousands of unique peaks, with each peak corresponding to a unique
fragment. The process of annotating these spectra, which requires assigning a compound to each peak, is challenging and
time consuming and relies on various independent pieces of data, including fragmentation patterns, chromatographic
retention times and reported m/z in online databases."® Typically, spectral annotation begins by identifying the similarities
between the unannotated spectrum and existing annotated spectra. The previously discussed database search tools are
therefore of great utility in this stage of the annotation process. Some of annotation tools developed in the field include

metID, IpaPy2, MetaboAnnotatoR, Knowledge-Guided Multilayer Network (KGMN) and MetEx."®*"*?

“Knowledge-Guided Multilayer Network” (KGMN) is an annotation approach that combines three distinct networks
to facilitate accurate metabolite annotation.’® The first network is a knowledge-based metabolic reaction network, which
relates unknown metabolites to existing biochemical reactions and data. Second, the knowledge-guided MS/MS similarity
network identifies similarities in the MS/MS spectra of different metabolites. Lastly, the global peak correlation network
enables KGMN to accurately assign MS/MS peaks by identifying common adduct peaks. KGMN was validated in the
successful annotation of metabolites found in an in vitro enzymatic reaction mixture (>80% accuracy compared to in silico,
i.e. traditional computational, methods). Metabolic in silico Network Expansion (MINE 2.0) also utilizes biochemical data to

enable compound annotation.”*

Since large MS/MS databases are not completely comprehensive, automated annotation tools can leave a handful

of spectra in an extract unannotated. The “COnfidence of Small Molecule Identifications” (COSMIC) workflow enables
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annotation of unreported natural products, by using CSLFingerID structure search tool to assign structures to
spectra.''®® Annotations are subsequently assigned a confidence score, allowing the accuracy of annotations to be
assessed. Other tools such as “Composite Spectra Analysis” (IDSL.CSA) enable annotation of MS spectra without requiring
MS/MS data.'” IDSL.CSA processes multiple MS datasets to generate composite spectra, enabling a metabolite to be
mapped to a certain peak based on its m/z and retention time. Then, MS repositories can be searched to characterize the

peak from the composite spectrum.

2.3.1.3 Molecular Networking Applications

The development of GNPS highlighted the utility of molecular networks/networking (MN) in natural product
discovery. MNs use spectral similarity as a proxy for molecular similarity, allowing researchers to graphically visualize the
similarity between spectra. This enables large MS/MS datasets from untargeted metabolomic studies to be analyzed in a
high-throughput manner. While the construction of MNs was previously limited to computational chemists, user-friendly
protocols that describe how to create MNs using GNPS in detail are now publicly available.'® Tools such as “Feature-Based
Molecular Networking” (FBMN) and the nearest neighbor suspect spectral library are recent examples of the application of

MN to draw relationships between unannotated spectra and existing annotated spectra, and to propose analog structures.

199

Similarly, the “Structural similarity Network Annotation Platform for Mass Spectrometry” (SNAP-MS) relates
unknown MS/MS spectra to the corresponding natural product class based on common features such as fragmentation.””
These groups are then compared to the chemical similarity grouping in the Natural Product Atlas, allowing for natural
product classes to be distinguished and annotated without requiring reference spectra. The “Structure-Guided Molecular
Networking Strategy” (SGMNS) utilizes MNs to annotate MS/MS spectra by using a global connectivity molecular network to
assign structurally characterized compounds in existing databases to a chemical fingerprint.”' Other tools such as the
“Mass-INTerpreter” (IDSL_MINT) enables molecular fingerprints to be assigned from MS/MS spectra, as opposed to

chemical structures.?®

2.3.1.4 Machine Learning Tools

ML is playing an increasingly important role in the annotation and dereplication of natural products from dense

MS/MS datasets. The flurry of activities has led to excellent recent reviews by Medema'”® and Plisson,"”" which provide
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comprehensive coverage of applications of ML and artificial intelligence to natural product discovery, with detailed

subsections on the role of ML in MS-based analytical workflows. Here, only a few examples will be briefly discussed.

ML allows prediction of molecular structures from MS/MS data. SIRIUS 4 enables the identification of molecular
formulas with high accuracy and the prediction of metabolite from MS/MS data with reasonable (~70%) accuracy.*” The
metabolite prediction capabilities of SIRIUS 4 are due to the integration of CSI:FingerID, an older ML tool that trains support
vector machines (SVMs) on molecular properties associated with molecular fingerprints. After predicting possible
molecular formulas from the characteristic isotope patterns in the MS/MS spectrum, SIRIUS 4 uses CSI:FingerID to identify
chemical structures that coincide with the predicted molecular formulas and MS/MS peaks. The workflow continues to be
improved, with SIRIUS 5 containing new features such as lipid annotation. Other tools such as MSNovelist** have been
developed using alternative ML models, such as recurrent neural networks, to predict chemical structures from MS/MS

spectra.

ML has also been used to predict MS/MS spectra from chemical structure. For example, 3DMolMS uses a deep
neural network to predict MS/MS spectra from 3D conformations of molecules.””® 3DMolIMS is advantageous over existing
methods for MS/MS prediction, as these previous methods use 2D structures of molecules to make their predictions,

neglecting important information contained in the 3D-structure.

Specifically designed for RiPPs, HypoRiPPAtlas combines BGC data with query MS/MS data to predict hypothetical
RiPPs (Figure 18).° HypoRiPPAtlas integrates seq2ripp, a ML tool that is able to predict RiPP structures from putative BGCs
including the sites at which PTMs can occur. This collection of structures is then individually predicted with an MS/MS

spectrum, which can be searched in databases for spectral matches.
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Figure 18. HypoRiPPAtlas predicts hypothetical RiPPs structures from a query spectrum, enabling matches to be

identified from entries in a spectral database.

2.3.2 Nuclear Magnetic Resonance Spectroscopy (NMR)-based Approaches

Nuclear Magnetic Resonance (NMR) is an essential analytical method that allows for the complete structural
elucidation of complex natural products. Algorithms to annotate and dereplicate NMR spectra are desired to expedite
natural product discovery. However, impurities, solvent effects, and difficulties in accurately predicting chemical shifts

have made designing such algorithms more challenging than those described for MS datasets.

2.3.2.1 One-dimensional NMR Tools

NMRFinder is a tool for 1D 'H-NMR metabolite annotation that matches 1D 'H-NMR samples with a reference
library, and was successful in annotating 71.8% of metabolites in a tested dataset.””” MixONat is a tool that dereplicates 1D
PC-NMR spectra.””® Using 1D ">C-NMR, DEPT-135, and DEPT-90 data and molecular weight filtering, MixONat enables
structurally similar natural products, including stereoisomers, to be distinguished. One limitation is the requirement for
external °C chemical shift data, either predicted or from databases. Other 1D *C-NMR-based predictive models have been
developed. One example is a model based on XGBoost (Extreme Gradient Boosting), a ML algorithm capable of using
structured data to make accurate predictions.”” Performance values of ~80% were observed for most classes of
compounds. These values quantify the effectiveness of the selected classifier algorithms, and values of 80% indicate that
the prediction model performed well for natural products outside of the dataset. “Conditional Molecular Generation net”
(CMGnet) uses various types of data, including *C-NMR spectra, molecular formulae, and molecular fragments as inputs,
enabling molecular structures to be predicted.”’® CMGnet utilizes large-scale pretraining, a ML technique that involves
optimizing model parameters prior to data collection, allowing it to have a successful rate of 94.7% for the top 10 structural

predictions.

2.3.2.2 Multidimensional NMR Tools

The development of “Small Molecule Accurate Recognition Technology” (SMART) was a breakthrough in NMR-
based natural product dereplication tool.”’ SMART was designed by combining 2D NMR methods and deep convolutional

neural networks (CNN), trained using a database containing 2054 heteronuclear single quantum coherence (HSQC)
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spectra. The resulting SMART tool enables accurate dereplication, allowing newly isolated natural products and known
analogs to be rapidly characterized. In a follow-up study, SMART 2.0, was used in conjunction with MS/MS based molecular
networking (MN) to analyze a Symploca extract. This led to the rapid discovery of the macrolide symplocolide A (87) and the

reannotation of notable known natural products: cytotoxic swinholide A (88) and samholide A (89) (Figure 19).2"
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Figure 19. Cyclic peptides identified from an environmental Symploca extract using SMART 2.0.

More recent examples of 2D 'H-"C HSQC-based tools are DeepSAT and SMART-Miner. DeepSAT enables both
structure annotation, as well as scaffold prediction.””> DeepSAT extracts 'H-C HSQC features and outputs known
compound with similar structural motifs and/or structures, expediting NMR-based workflows. SMART-Miner uses a CNN to
overcome the challenges of different peak intensities of various metabolites in a complex mixture and is able to accurately

identify peaks in the 'H-">C HSQC spectra of complex mixtures.”'* Another example is the pseudo-Siamese convolutional
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neural network (pSCNN) DeepMID, which is able to accurately identify compounds in mixtures from NMR data. DeepMID

has the additional advantage of correcting for variations in chemical shift between different NMR spectra.”"

2.3.2.3 Chemical Shift Predictions

Chemical shift variability is another challenge in NMR-based discovery tools, limiting the degree to which such
tools can be automated. Recently, a linear regression model based on chemical homology was constructed from 940 serum
samples, allowing for the prediction of '"H-NMR chemical shifts for 15 serum and plasma metabolites.”’® However, the
accuracy of the model must be improved to further automate chemical shift prediction. “Global Intensity-guided Peak
Matching and Alignment” (GIPMA) expands upon the linear regression model, enabling peak matching and alignment for

2D "H-"C HSQC data. GIPMA was validated using 2D 'H-">C HSQC spectra for 87 Dendrobium extracts.”"’

ML tools have also been applied to predicting chemical shifts. Using a graph neural network (GNN), a neural
network that operates on data that can be represented by a graph, 3D molecular structures are inputted and 'H and "C
chemical shifts are outputted.”® Through a technique called transfer learning, a process by which a model is repurposed
for another task as a means of optimizing it, the model is optimized using experimental datasets, resulting in the optimized
model performing with similar accuracy as other cutting-edge prediction tools. Remarkably, the online model makes

predictions in 1/6000 of the CPU time compared to other tools, underscoring its scalability.

2.3.3 Integrated Approaches for Natural Product Discovery

As the previous two subsections have highlighted, developments in MS-based and NMR-based discovery
workflows have enabled both approaches to be used in isolation to discover new natural products with much-improved
efficiency. Combining the tools used in annotation from MS and NMR data can produce more accurate predictions. For
example, Data-Fusion-based Discovery (DAFdiscovery) is a user-friendly pipeline that enables MS, NMR, and bioactivity data
to be combined by employing STOCSY and SHY (statistical total correlation spectroscopy and Statistical
HetereoSpectroscopy, respectively) calculations. While STOCSY serves to process and analyze NMR spectra, the SHY
component of DAFdiscovery enables multispectral analysis through cross-correlation of spectral parameters (e.g. m/z and
chemical shift).’***® By using DAFdiscovery to examine multispectral correlations in already annotated spectra, the

annotation of unannotated experimental spectra can be expedited. The drawback of DAFdiscovery is that it is a manual
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tool, limiting its applicability in high-throughput NP discovery workflows. The “Semi-automatic correlation analysis for
reliable metabolite annotation" (SCORE-metabolite-ID) approach is a similar multidimensional mathematical correlation
tool.””’ SCORE-metabolite-ID enables semi-automated correlation of MS spectra with 'H-NMR spectra, with the third
dimension being chromatographic retention times from LC data. The approach was successfully applied to a polar pine nut
extract, enabling 40 natural products to be identified, including N°(2-hydroxy-2-carboxymethylsuccinyl)- L-arginine, a

metabolite that was previously unreported in food samples.”*
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3. Heterologous Expression of Natural Product Pathways
3.1 Introduction

The in-silico prediction of biosynthetic genes and BGCs have unlocked the true biosynthetic potential of Nature far
beyond the classic isolation approaches, which are limited by native strain production under natural or laboratory settings.
The biggest impact synthetic biology has made on natural product biosynthesis is undoubtedly the heterologous
expression of biosynthetic pathways in model organisms. In the last thirty years, nearly every class of natural products has
been produced in a handful of engineered microbial or plants hosts. These advances are enabled by modern technologies
in DNA sequencing, DNA synthesis, gene editing, strain engineering, and protein engineering. Heterologous expression
has enabled i) detailed analyses of biosynthetic pathways and enzymes in standardized hosts; ii) the renewable production
of valuable compounds in abundant titers compared to the minute amounts from natural hosts; iii) facile engineering of
pathways that leads to generation of analogs and improved variants; and iv) discovery of new natural products from cryptic

biosynthetic pathways, often without the need to ever obtain the original host.

3.1.1 Drawbacks of Native Strains

In this section, native strains represent the organisms in which the natural product is first reported or where the
BGCs of interest are first sequenced from. While many advantages of working with native strains are obvious, including the
high likelihood of producing the final, “functional” version of the natural product, there are also many disadvantages. The
biggest obstacles in working with native producers are slow growth, unculturability, and genetic intractability, traits
associated with many plants and microorganisms. In addition, natural products, especially those with potent biological
activities, are often produced at very low quantities for isolation from the natural host.***** The regulatory mechanisms of
metabolite production in natural hosts are difficult to decipher and replicate under laboratory conditions. As a result, many

BGCs remain “silent” with unknown functions despite approaches such as OSMAC and others highlighted in Section

2 2 225,226

3.1.2 Features of Heterologous Hosts

In this next section, we will cover four main classes of heterologous hosts: bacteria, Baker's yeast, filamentous

fungi, and plant host systems (Table 2). A selected number of compounds that have successfully been expressed in
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heterologous hosts are shown in Figure 20. These compounds span a range of natural product classes. E. coli has been
used for the production of polyketides such as erythromycin (1) and terpenes such as taxadiene (90), a precursor to the
drug paclitaxel (7).>7**® Plant hosts such as the tobacco plant relative Nicotiana benthamiana has been used in the
production of (-)-podophyllotoxin (11), a secondary metabolite of the mayapple plant and a precursor to the
chemotherapeutic etoposide; and the alkaloid colchicine (91), an anti-inflammation agent used to treat conditions such as
gout.”*#° Baker's yeast (Saccharomyces cerevisiae) is covered as a separate section from fungi due to the sheer volume and
variety of examples of its usage as a heterologous host. Prominent examples include the opioid hydrocodone (92), the
cardiovascular disease treatment lovastatin (2), the tetrahydrocannabinol and cannabidiol precursor cannabigerolic acid
(93), artemisinic acid (94), precursor to the anti-malarial drug artemisinin (8), and the cough suppressant noscapine
(95).*%*'"** Finally, model filamentous fungi have been utilized to heterologously produce diverse natural products from
mold and mushroom, including B-lactam antibiotic penicillin G (96), antibiotic precursor pleuromutilin (97), and psilocybin
(98), a bioactive hallucinogenic alkaloid from the mushroom Psilocybe cubensis that is a candidate for treating various

#7239 These model microorganisms, especially E. coli, S. cerevisiae, and

neurological or psychological disorders.
Streptomyces sp. are suitable for metabolic engineering of high titer, rate, and yield (TRY) strains suitable for industrial
applications. Metabolic engineering campaigns are conducted in an iterative design, build, test, and learn (DBTL) fashion in

which genetically modified strains are tested and assessed for optimal biosynthetic TRY. A recent review by Volk et al.

describes practices in metabolic engineering and their applications.**
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Example ) Notable
Class Species Advantages Disadvantages Heterologous
Duadiimé~
Escherichia Lack of cellular
coli compartmentalization
Simple, single-celled, fast growth )
Str«/ep.tsmyces Lack of machinery to support erythromycin (1)
Bacteria fviaans Genetic tractability post-translational enzyme )
modifications taxadiene (90)
S. coelicolor
Precedence as heterologous host o
S albus Building block pathways not shinorine (102)
P. putida is resistant to xenobiotics always available
Pseudomonas ]
spp. Prone to bacteriophage attack
Simple, single-celled, fast growth .
P 9 9 thebaine (200) and
Genetic tractability hydrocodone (92)
Robust genetic recombination for - . : lovastatin (2)
. Intron splicing machinery is
large vectors construction . . .
Saccharomyce different from other eukaryotic noscapine (95)
isi hosts, requiring the use of
s cerevisiae Precedence as heterologous host g g e
cDNA artemisinic acid
Yeast Y j
easts arrowia Presence of organelles such as ER . . (04)
lipolytica . - Biosynthetic pathway can often
for expression of specific enzymes . -~
crosstalk with endogenous penicillin G (96)
Pichia pastoris ) I metabolism, particularly redox
(P. pastoris) methanol utilization e .
capabilit and detoxification pathways tropane alkaloids
pabiiity (202, 203)
(P. pastor/.s) recombinant protein cannabinoids (221,
expression up to 30% of total
; 241 222)
protein content
Aspergillus
nidulans Proper intron splicing for fungal More difficult to manipulate
biosynthetic pathways genetically compared to yeast
A. oryzae :
Well-characterized cellular Rich endogenous secondary lovastatin (2)
Fungi A. niger compartmentalization metabolite background
9 9 P 9 pleuromutilin (97)
Fusarium spp. Genes can be expressed from Biosynthetic pathway can often
episomal vectors and from genome crosstalk with endogenous
Penicillium integration metabolism
spp.
Plants Nicotiana

Inherent suitability for expressing
complex plant enzymes

Longer growth times
benthamiana
Difficult to scale compared to

Cytotoxicity is less of a concern microorganisms

Highly amenable to Agrobacterium-

Working directly with plant
mediated transient expression

host and metabolism can be

paclitaxel (7)

(-)-podophylliotoxin
(11)

colchicine (91)
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challenging QS-21 (191)

Table 2. Overview of heterologous expression hosts, advantages/disadvantages thereof, and notable examples.
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Figure 20. Selected examples of natural products that have been heterologously produced.

3.2 Heterologous Expression in Bacterial Heterologous Hosts
3.2.1 Commonly Used Bacterial Hosts

Several bacterial strains have served as workhorse heterologous hosts for BGC expression and engineering.
Among them, the Gram-negative E. coli remains widely used due to its fast growth, routine culture conditions, and ease of
genetic modifications. To make E. coli more suitable for expression of a wide variety of BGCs, numerous modifications have
been made and adopted by the scientific community. For example, in the case of megasynthases such as PKSs or NRPSs,
modification of thioester carrier protein from the apo state to the 4-phosphopantetheinylated holo state is essential (Figure
21). To facilitate this, the phosphopantetheinyl transferase (PPTase) from Bacillus subtilis, Sfp, was genetically integrated

into E. coli BL21(DE3) to afford the strain BAP1.*** Additional modifications to the BAP1 strain include integration and
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overexpression of the prp operon (and specifically the prpE gene that codes for a propionyl-CoA synthetase) to provide
propionyl-CoA and methylmalonyl-CoA used by bacterial type I PKSs such as DEBS1-3 involved in erythromycin
biosynthesis.* The E. coli Marionette strain has been developed to provide more tunability for expression of specific
enzymes within a pathway during heterologous expression.”* One glaring disadvantage of E. coli is the difficulty in
expressing most fungal and plant-derived cytochrome P450 enzymes responsible for oxidative decoration of natural
products. These P450s contain membrane-inserting N-terminal regions that anchor the enzymes to the endoplasmic
reticulum (ER) in native hosts. P450 engineering, such as deletion or modification of the N-terminus, has been reported;

24324 nevertheless, this bottleneck has limited E. coli as a host for expressing most eukaryotic pathways.

imactive apo- form active holp- form

>—.9.—i R % %

S aa tia

Figure 21. Activity of phosphopantetheinyl transferase (PPTase) to convert carrier protein (CP) from apo- to holo- form. A

serine residue is phosphopanthetheinylated with coenzyme A in the presence of PPTase.

Several heterologous expression achievements using E. coli are shown in Figure 22. Using BAP1, Pfeifer and Khosla
demonstrated expression of all three megasynthases (DEBS1, DEBS2 and DEBS3) from the erythromycin BGC found in
Saccharopolyspora erythraea to produce 6-deoxyerythronolide B (99, 6-dEB), the macrocyclic aglycon of erythromycin (1).*’
Follow up studies with full expression of the remaining pathway enzymes led to production of fully decorated 1 from E. coli.
*¥ Stephanopoulos and coworkers expressed taxadiene synthase and optimized E. coli for production of the diterpene
taxadiene (90), the precursor to paclitaxel (7).*® Efforts to increase titer included optimizing the methylerythritol phosphate
(MEP) pathway to produce the isoprenoid precursors IPP and DMAPP, which resulted in titers of 90 exceeding 1 g/L. Further
expression of the first three enzymes in the paclitaxel biosynthetic pathway led to accumulation of taxadien-5a-ol (100) at
60 mg/L. The third example highlighted here is the biosynthesis of mycosporine glycine (101) and shinorine (102), and

h 248

mycosporine-like amino acids (MAAs) from cyanobacteria in E. coli by Balskus and Walsh.”® MAAs are key ingredients in the

formulation of sunscreen and other skincare/cosmetic products.
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Figure 22. Examples of heterologous expression in E. coli. (A) 99 and 1 from the erythromycin pathway. (PDB: 7M7I); (B)
taxadiene (90) and taxadien-5a-ol (100) which are precursors to paclitaxel (7); and (C) mycosporine-like amino acids such

as shinorine (102).

Given that a vast majority of natural products are produced by bacteria belonging to the Actinomycete genus, it is
not surprising that numerous Streptomyces strains have been developed as heterologous hosts.**® The two classic strains
are Streptomyces coelicolor and Streptomyces lividans, followed by several other widely used strains such as Streptomyces

albus and Streptomyces avermitilis. Streptomyces hosts are valued for their well-defined metabolic backgrounds and ease of
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genetic manipulation. Both genome integration and episomal vectors can be used to express heterologous pathways.
Extensive efforts have been invested into the optimization of Streptomyces heterologous hosts,”**" including the
development of strong constitutive promoters.”* Streptomyces hosts have a rich history of use in expressing natural
product BGCs, with examples ranging across polyketides, NRPs, and others (Figure 23).>**** Sir David Hopwood first
documented the heterologous expression of the actinorhodin (103) BGC in S. parvulas.”’ Khosla and Hopwood developed
the S. coelicolor strain CH999 for the expression of both type I and type II polyketides, including the full expression of the 6-
deoxyerythronolide B synthase (DEBS) for production of 99.”° One of the first uses of S. lividans for heterologous
expression was the production of oxytetracycline (104) through expression of the otc BGC from S. rimosus using a cosmid-
based strategy.”” More recently, S. lividans has been employed for the production of platencin (105), the alkaloid

guanipiperazine B (106), kinanthraquinone (107), the polyene JBIR-159 (108), the hybrid polyketide-RiPP goadvionin A4

258-263

(109), linaridin RiPPs such as grisemycin, and more.
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Figure 23. Examples of natural products heterologously produced in Streptomyces hosts.

Other bacteria have also been investigated as heterologous hosts to produce a wide range of natural products
(Figure 24). Pseudomonas putida, which has a similar safety rating as E. coli, is a popular Gram-negative host.”**** P. putida
has been investigated as a strain for the production of bulk chemicals, as well as a diverse range of natural products
including isoprenoids, polyketides, NRPs, rhamnolipids, and more.*****® The well-characterized primary metabolism and
strong resistance to xenobiotics are key advantages of this strain.****® Bacillus subtilis has been used as a heterologous
expression host due to its natural competence, Generally-Regarded-As-Safe (GRAS) status, and well-defined genetics. B.
subtilis contains a rich portfolio of endogenous secondary metabolites, indicating the bacterium has most of the necessary
enzymatic machinery required for a heterologous host. A recent review by Put and coworkers describes heterologous

expression of natural product BGCs in B. subtilis.”®

Anabena (Nostoc) PCC7120 has been used as a model host for expressing BGCs from cyanobacteria because of its
genetic tractability and ability to recognize promoters from other cyanobacterial strains.”” Successful expression of BGCs
for columbamide A (110),””" cryptomaldamide (111),”’? tolypodiol,”* etc., have been documented. Other cyanobacteria
strains such as Synechococcus elongatus PCC 7942 have also been investigated as heterologous hosts, for example to

produce the polybrominated compound 20H-BDE68 (112).”

Corynebacterium glutamicum is a Gram-positive bacterium and is valued for its ability to natively produce
methylmalonyl-CoA. This makes it an attractive option for the heterologous expression of polyketide BGCs.””*C. glutamicum
has also been investigated for the heterologous production of amino acid-derived natural products such as ergothioneine
(113).7 Burkholderiales strain DSM 7029, now known as Schlegelella brevitalea DSM 7029, has undergone gene reduction
experiments in order to facilitate its use as a heterologous host.””” Heterologous expression using S. brevitalea DSM 7029
led to the identification of the chitinimides including chitinimide A (114) from Chitinimonas koreensis. Furthermore,
anaerobic hosts such as Streptococcus mutans UA159 and Clostridium saccharoperbutylacetonicum N1-4 have been studied
for expression of BGCs identified from anaerobic microbes.”’*?*° A recent review by the Cho group describes the
development of non-model strains as microbial chassis for the production of natural products and commodity

chemicals.?®’
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Figure 24. Examples of natural products heterologously produced in other bacterial hosts.

3.2.2 Cloning BGCs into Bacterial Heterologous Hosts

A prerequisite for heterologous expression in model bacteria is to transplant the BGCs from the original host into
the host of choice. Bacterial BGCs, especially those involving multimodular PKSs and NRPSs, can exceed well over 100 kb in
size. This poses significant challenges in molecular biology manipulations. These challenges are less pronounced for BGCs
from fungi, as the sizes are much smaller with fewer genes. Many technologies to capture and express BGCs have emerged

since the initial identification of the actinorhodin BGC. A few of them are highlighted in this section.

3.2.2.1 Cosmid Libraries

A traditional method of cloning involves the use of cosmids or bacterial artificial chromosome (BAC) libraries.
Genomic DNA of native producing strains isolated from lab-grown samples or soil metagenomic DNA can be used to
generate cosmid libraries, of which each cosmid can contain up to 40 kb of genomic DNA.*** Transformants of these
libraries into heterologous hosts can then be screened for the production of metabolites. Examples of recent cosmid-based
heterologous expression include the lanthipeptide noursin (115) in S. lividans TK24,”* karnamicin E; (116) in Streptomyces

albus ]1074°** and the cyclopentane-B-lactone globilactone A (117) in S. albus 1074 (Figure 25).®> Orphan NRPS-containing
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BGCs from Streptomyces sp. Na03103 were heterologously expressed in S. lividans using cosmid libraries, which led to the
discovery of two new cytotoxic cyclopeptides, ashimide A (118) and ashimide B (119).”* Reconstitution of myxofacycline

(120)** and vioprolide A (121)**® biosynthesis were accomplished using a cosmid-based approach in Myxococcus xanthus.

Cosmid-based metagenomic libraries have been used for bioinformatics analysis to detect rare BGCs containing
domains of interest. One such example is the Co-Occurrence NetworK Analysis of Targeted SEQuences (CONKAT-Seq),
developed by Brady et al.’®* Cosmid libraries could be prepared from purified soil metagenomic DNA, followed by arraying
E. coli transformants and identification of novel BGCs. Transformation-assisted recombination (TAR, see section 3.2.2.4) in
yeast was used to assemble BGCs from across multiple cosmids. Subsequent heterologous expression in S. albus allowed

for LC/MS analysis to identify new compounds.
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Figure 25. Examples of natural products heterologously expressed in bacterial hosts using cosmid libraries.

3.2.2.2 Bacterial Artificial Chromosomes (BACs)

Bacterial artificial chromosomes (BACs), which are based on F-plasmids, have been effective for cloning large BGCs
of different natural product classes. BACs are preferred when the target BGCs exceed the capacity of cosmids (> 40 kb).
BACs, while technically challenging to prepare, are particularly well-suited for expression of BGCs anchored by large,
multimodular PKSs, as illustrated by the following examples (Figure 26): i) heterologous expression of quinolidomicin A;
(122), which is a 60-membered macrocyclic compound from Micromonospora sp., in S. lividans at 0.1 mg/L.** The aglycone is
biosynthesized by a type 1 PKS containing 34 modules encoded across 13 genes, while the entire BGC spans 215 kb; ii)
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expression of the 77 kb asm BGC from Streptomyces seoulensis AO1 in three Streptomyces strains: S. lividans SBT18, S.
coelicolor M1146, and S. albus J1074.°" From S. lividans and S. coelicolor, new metabolites ansaseomycins A (123) and B (124)
were isolated; iii) cloning of the 211 kb BGC responsible for the biosynthesis of concanamycin (125) and expression in S.
avermitilis SUKA32. The resulting strain produced 125 and two additional aromatic polyketides ent-gephyromycin and JBIR-
157;%% iv) expression of the 99 kb /lob cluster from Streptomyces pactum in several Streptomyces hosts.”* Upon heterologous
expressionin S. lividans TK64, S. coelicolor YF11, and S. coelicolor M1154, eleven lobophorin analogs including lobophorin H1
(126) were discovered. The glycosyltransferase LobG3 was identified as the key enzyme responsible for transfer of a
nitrosugar, D-kijanose, to five of these eleven compounds, among which two exhibited cytotoxic activity against four
human cancer cell lines; v) expression of the 50 kb /on BGC in S. albus to yield lorneic acid A (127);*** vi) production of the
diazo-containing compound kinamycin D (128) in S. albus )1074;%* vii) production of oviedomycin (129) in the S. coelicolor
heterologous host;** and viii) production of verticilatams, including verticilactam B (130) in S. avermitilis SUKA17.%° The

ferredoxin VtIF was shown to be responsible for the Diels-Alder reaction to form the substituted cyclohexene in 130.*’

BAC-based cloning techniques have been successfully used for heterologous expression of NRPS-anchored BGCs.
The herbicidal thaxtomin A (131), part of a class of cyclic diketopiperazine-containing NRPs produced by Streptomyces
scabiei and other Streptomyces strains, was heterologously produced in a S. albus J1074 host, at a titer ten times higher than
that from the native host.*®® Using a BAC library, an NRPS-anchored BGC from Streptomyces sp. SCSIO 40020, was expressed
in three Streptomyces hosts: S. lividans SBT18, S. coelicolor M1154, and S. albus J1074, and led to the production of eight
thiazole-containing compounds and two quinoline derivatives, including grisechelin E (132).** Bioactivity screening

showed 132 displays activity against the pathogenic bacterium Mycobacterium tuberculosis.
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Figure 26. Examples of natural products produced in heterologous hosts using BACs.

3.2.2.3 Targeted Methods for Capturing and Cloning BGCs

Despite the continued use of cosmids and BACs in cloning BGCs, newer technologies have been developed to be
more user-friendly. RNA-guided Cas9 nuclease has provided the ability to excise specific locations within bacterial
genomes. The Zhu lab reported Cas9-Assisted Targeting of CHromosome segments (CATCH), a procedure in which target
DNA is first cleaved in vitro from agarose-embedded, intact bacterial chromosomes.>® The excised target DNA, up to 100
kb, can then be ligated through methods such as Gibson assembly into expression vectors. CATCH was used to capture and
heterologously express the cao BGC that produces cacaoidin (133), a class V lanthipeptide from Streptomyces cacaoi CA-
170360, in S. albus (Figure 27).>°" Additionally, using CATCH, a BGC that encodes two NRPSs was captured from S. cacaoi CA-
170360.>* Following transformation into E. coli and conjugation into S. albus J1074, new cyclic pentapeptides such as

pentaminomycin A (134) were produced. CATCH was also used to heterologously express the 74.6 kb BGC spinosad BGC
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from Saccharopolyspora spinosa ATCC49460 in S. coelicolor M1146 to produce spinosyn A (135).>* The mechanism of sulfur
incorporation into thioangucycline A (136) was identified through heterologous expression of the tac cluster from

Streptomyces sp. CB00072 in S. albus using CATCH.>**
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Figure 27. Examples of natural products produced in heterologous hosts after BGC capturing using CATCH.

A different cloning strategy uses Cas12a nuclease to target and excise BGCs of interest from genomic DNA. While
Cas9 leaves blunt ends upon double strand breaks, Cas12a create 5-overhangs, which can enable more facile DNA
assembly in subsequent steps.>” This strategy is termed Cas12a-Assisted Precise Targeted cloning Using in vivo Cre-lox
REcombination (CAPTURE) (Figure 28).°® To overcome challenges in Gibson cloning as a result of high GC content of BGCs,
CAPTURE relies on in vivo circularization of a linear vector created using T4 DNA polymerase, mediated by Cre recombinase.
The resulting plasmid can then be transformed into the final heterologous host. Several natural products have been
heterologously produced using this method. In the initial study, 47 BGCs of sizes up to 113 kb were cloned into either S.
avermitilis, S. lividans, or B. subtilis, leading to the discovery of fifteen new natural products.*® Recent applications of
CAPTURE to RiPPs BGCs have also been successful, as demonstrated with that of lipoavitide (137).272%® A fragment of

apratoxin A (138) was produced in a heterologous cyanobacterial host using a similar Cas12a-mediated method.>® Other
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methods such as CAT-FISHING, which allows for direct cloning and subsequent heterologous expression of BGCs in a

Streptomyces chassis, have been recently described, leading to production of compounds such as marinolactam A (139)."°
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Figure 28. Examples of natural products produced in heterologous hosts after BGC capturing using CAPTURE. (A)

Overview of CAPTURE workflow. (B) Compounds discussed in text.

3.2.2.4 Recombineering

Homologous recombination has been used extensively to create vectors for expressing BGCs. One such method is
transformation assisted recombination (TAR).>" Typically, this approach uses the high recombination rates seen in S.
cerevisiae to selectively capture large DNA fragments, using a linearized TAR vector that has ends which are homologous to
the termini of DNA to be captured (Figure 29).>"> For example, TAR has been used for the heterologous reconstitution of i)
taromycin A (140) from Saccharomonospora sp. CNQ-490 in S. coelicolor; ii) cystobactamid 919-1 (141) in Myxococcus

xanthus DK1622;>" iii) pentabromopseudilin (142) from Pseudoalteromonas spp. in E. colii** iv) thiolactomycin (31) from
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Salinispora pacifica in S. coelicolor.>™ The study to elucidate thiolactomycin biosynthesis is also discussed in the context of
SRE-guided genome mining in Section 2; v) alpiniamide A (143) from Streptomyces sp. 1B2014/011-12 in S. coelicolor;*'® vi)
caryoynencin (144) from B. gladioli and cepacin A (145) from Burkholderia ambifaria in various Burkholderia and

Paraburkholderia hosts;*'” and vii) the RiPP kintamdin (146) from Streptomyces sp. RK44 in Streptomyces coelicolor M1152.%'®
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Figure 29. Examples of natural products produced in heterologous hosts after BGC capturing using TAR. (A) Overview of

TAR workflow; (B) Compounds discussed in text.

Recombineering is a cloning strategy during which direct DNA insertion into targeted region is achieved through

homologous recombination. Homologous recombination in E. coli is mediated by recombinases, namely RecA and the
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RecBCD complex. These recombinases use short homology arms which can be designed to allow recombination between
chromosomal DNA encoding a BGC and exogenous circular plasmid DNA. Recombineering uses phage-derived proteins, in
addition to endogenous E. coli enzymes, to improve homologous recombination. Specifically, the exonucleases RecE/Reda
and DNA-annealing proteins RecT/RedB can be combined (RecE/T or Reda/B) to provide such functionality.*'***
Recombinase-mediated homologous recombination can be categorized into linear-linear homologous recombination
(LLHR) or linear-circular homologous recombination (LCHR). RecE/T recombination has been shown to favor LLHR 33322

Direct cloning of BGCs using RecE/T-mediated LLHR led to the discovery of luminmycin A (147) and luminmide A (148)

(Figure 30).>"

Advances in recombineering technologies for BGC cloning include ExoCET, which combines RecE/T
recombineering with the in vitro exonuclease activity of T4 polymerase. The in vivo homologous recombination step can be
a limiting factor for conventional RecE/T recombineering. ExoCET allows for in vitro annealing followed by transformation
into E. coli as a method to improve efficiency of recombineering-based vector construction, especially for larger DNA
fragments. Cloning efficiency can also be increased by targeted BGC excision using restriction enzymes or CRISPR-Cas9-
targeted cutting instead of untargeted genomic DNA digestion.®® An 80 kb cryptic PKS-containing BGC from
Streptomyces sp. B59 was expressed in S. albus J1074 using ExoCET-mediated direct cloning methods, leading to the
discovery of the polycyclic shuangdaolides including shuangdaolide A (149).** The technique was also used to
heterologously express the spinosyn A (135) BGC in S. albus J1074, resulting in a 328-fold increase production of 135 over

the native host.?*®

Other than in Streptomyces, the RecE/T system was also shown to be compatible for expression of BGCs > 100 kb in
P. putida, as demonstrated in the heterologous production of violacein (150).”*° ExoCET was used to create heterologous
expression vectors for the rhizomide and holrhizin BGCs for expression in the heterologous host Schlegelella
brevitalea DSM 7029. Because the RecE exonuclease is known to facilitate LLHR,*"® a recombineering strategy was also used

in this same study for domain swapping of two NRPS starter condensation domains (see Section 4.2.5.3). **°

Cre/lox recombination was used to integrate a donor plasmid containing a BGC under the control of the T7
promoter into the chromosomes of several different hosts. This system is known as Chassis-independent Recombinase-

Assisted Genome Engineering (CRAGE).'” Proof-of-concept work involved expression of PKS- and NRPS-anchored BGCs
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from P. luminescens into 25 y-proteobacteria species, yielding 22 compounds. A follow-up study employed CRISPR-
mediated gene knockout to rapidly characterize the BGC in diverse heterologous hosts, including those lacking efficient
CRISPR-based approaches.”® Another study developed a computational method to redesign genes and regulatory
elements for cross-species and cross-kingdom expression. Such work led to the discovery of the tyrocitabines, including
tyrocitabine-626 (151) from Lactobacillus iners.*” Other studies such as MetClo and SIGE have also shown promise to aid

heterologous expression experiments in the future.?***
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Figure 30. Examples of natural products heterologously expressed using recombineering-based strategies.

3.2.3 Selected Examples of Heterologous BGC Expression in Bacteria

3.2.3.1 Polyketide Biosynthesis

Heterologous expression in E. coli enabled the characterization of a nocardiosis-associated polyketide (152) (Figure
31), a glycolipid produced by Nocardia strains capable of infecting human hosts, along with in vitro characterization of the
associated PKS (NOCAP synthase).****' The biosynthesis of this compound includes tailoring of the nascent polyketide
product with two sugar moieties, 3-a-epimycarose and 2-O-methyl-a-rhamnose, and involves “flipping” of a pathway
intermediate across the cell membrane from the cytosol before completion of biosynthesis and release into the

environment. A flavin monooxygenase from the pathway, NocapM, was shown to catalyze hydroxylation of a wide range of
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aromatic substrates in a follow-up study.*®?. The arsenic-containing bisenarsan (153) produced by a type I PKS-anchored
BGC was reconstituted in S. albus J1074.°* The enzyme BsnM catalyzes the reaction between As(V) and 5-
enolpyruvylshikimate-3-phosphate, an intermediate in the shikimate pathway, to form arsenoenolpyruvate. This molecule

could then undergo an intramolecular rearrangement catalyzed by BsnN to form the C-As bond.
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Figure 31. Examples of polyketides produced in bacterial heterologous hosts.

Enediyne natural products, which are polyketides possessing the 1,5-diyne-3-ene core, are prized for their
exceptional DNA-damaging cytotoxicity. Thousands of enediyne-containing natural product BGCs have been recently
predicted through bioinformatics methods.*** Enediynes can be classified as either ten-membered, such as tiancimycin A
(154), or nine-membered, such as C-1027 (155) (Figure 32). Cohen and Townsend identified a Type I PKS responsible for the
formation of both the enediyne and anthraquinone moieties in dynemicin biosynthesis.*®* Bhardwaj, van Lanen, and
coworkers identified polyene 156 as the PKS product and showed that two equivalents of 156 were used to form the
enediyne and anthraquinone moieties in 154.*° Recent work in both native and heterologous hosts by Shen and coworkers
led to the identification of a diiodotetrayne compound (157) that is the immediate downstream product of the polyene 156.
34 Although the enzymatic basis for iodination remains mysterious, 157 was demonstrated to be a universal precursor for

enediyne biosynthesis.
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Figure 32. A diiodotetrayne 157 is a universal precursor to enediyne natural products such as 154 and 155.

Supply of acyl-CoA precursors for polyketide biosynthesis, such as acetyl-CoA, malonyl-CoA, methylmalonyl-CoA,
and propionyl-CoA, in heterologous hosts has been extensively optimized. Strategies involve overexpression of pathways
leading to formation of acetyl-CoA, deletion of pathways that compete for acetyl-CoA, deletion of propionate catabolic
pathways, or direct feeding of malonate followed by overexpressing malonyl-CoA.**” One abundant source of intracellular
acetyl-CoA is through the B-oxidation of fatty acids made from breakdown of triacylglycerols (TAGs) during stationary
phase growth. A recent strategy, named Dynamic Degradation of TAG (ddTAG), was developed to channel carbon fluxes
from TAG degradation to polyketide biosynthesis, guided by genome flux modeling (Figure 33).>*® The approach involves
placing a fatty acyl-CoA synthetase gene under a cumate-inducible promoter, which enabled regulated expression of this
key enzyme in lipid catabolism. The ddTAG approach was used to increase titer of spinosyn A (135) to 2 mg/L in S. coelicolor

M1146, representing a 347-fold increase over the native producer.*”
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Figure 33. Increase polyketide precursor acetyl-CoA through controlled breakdown of triacylglycerols.

3.2.3.2 NRP Biosynthesis

Examples of heterologous biosynthesis of NRPs include production of chalkophomycin (158) which contains a N-
hydroxypyrrole moiety, and the production of the siderophore sorangibactin A (159) (Figure 34).**** Reconstitution of the
biosynthesis of the diazo-containing azaserine (160), was also achieved by heterologous expression.*' The NRPS AzaD is
responsible for linking hydrazonoacetic acid or its oxidation product, which contains a diazo group, with L-serine. The
biosynthesis of isonitrile-containing compounds such as 161 was investigated using heterologous expression.**> Homologs
to the BGC of 161 can be found in pathogenic mycobacteria, and the authors proposed that such isonitrile natural products
play a role in metal transport during pathogenesis. Heterologous expression of the xhp BGC in E. coli was used to elucidate
the biosynthetic pathway of pyrrolizwilline (162), which includes a two-module NRPS XhpA that catalyzes the condensation
of L-serine and L-proline, and the Baeyer-Villiger monooxygenase XhpB which catalyzes ring contraction to yield a
pyrrolizidine core.*” XhpG-catalyzed deacetylation and XhpD-catalyzed reduction are followed by an addition of glyoxylic
acid, a second addition of a pyrrolizidine intermediate, and XhpF-catalyzed condensation with L-Val to yield the final

pentacyclic 162.
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Figure 34. Examples of nonribosomal peptides produced in bacterial heterologous hosts.

3.2.3.3 RiPP Biosynthesis

Heterologous co-expression of a precursor peptide with combinations of modification enzymes in a model host
allows for characterization of RiPP BGCs. Examples include imiditides such as amycolimiditide (163) and fuscimiditide (164),
cloacaenodin, myxococin, thatisin, blauticin, mSmoA, SapT, and more (Figure 35).>**° Recent work by Zhao and coworkers

developed a higher-throughput method in E. coli to identify RiPPs with antimicrobial properties.®’

One class of RiPP PTM enzymes is the multinuclear iron oxygenase (MNIO) previously annotated to be part of the
DUF692 family. RiPPs derived from the action of this enzyme family include methanobactin (165), ChrH, and pearlin.***3%
Heterologous co-expression has been instrumental in elucidation of the role of MNIOs. One example is the
characterization of the mov cluster from Vibrio fluvialis, which contains two MNIO enzymes.*' The mov MNIOs were shown
to be involved in installation of an oxazolone-thioamide moiety and cleavage of N-C, of an Asn residue located near the C-
terminus. Burkholderia sp. FERM BP-3421 has also been investigated as a heterologous host for a MNIO-containing RiPP

BGC from B. thailandensis E264.2%
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A major class of RiPPs PTM enzymes that has been studied through heterologous expression is the radical SAM
enzymes.” For example, two radical SAM enzymes in the grc cluster from Streptococcus pneumoniae catalyze epimerization
of an L-threonine B-carbon and desaturation of a histidine residue during the biosynthesis of 166.>> A radical SAM enzyme
ItfD from Bacteroides thetaiotaomicron was shown to be responsible for catalyzing C-C bond formation between a
tryptophan and isoleucine residue.* Furthermore, in the biosynthesis of streptosactin, the radical SAM enzyme GggB was
shown to catalyze C-S bond formation to yield two a-thioether moieties, creating two eight-membered rings in the process.
*3 A single radical-SAM enzyme Dar€E is involved in the biosynthesis of darobactin (167) from Photorhabdus khanii DSM3369.
364366 167 has attracted significant attention due to its activity against Gram-negative pathogens through the inhibition of
the BamA chaperone protein, which is a cell-surface outer-membrane protein that catalyzes folding of other proteins and
their insertion into the outer cell membrane.*** Heterologous expression in E. coli was key in sourcing 167, as well as
elucidating the key biosynthetic steps. Five genes from the dar BGC, darA - darE, were cloned into a plasmid and intergenic

regions were removed. Transformation of this plasmid enabled expression of the dar cluster under arabinose-inducible

control in E. coli BW25113.>* Expression in E. coli led to shorter batch fermentation times over the native producer
Photorhabdus khanii DSM3369. An improved titer was observed following use of the E. coli Rosetta strain and by integrating
an additional copy of darA that encodes the precursor peptide.*®” Biochemical studies of DarE showed it is solely

responsible for catalyzing the two intrapeptide crosslinking reactions that afford the unique structure of 167.*

One important class of RiPP PTM enzyme is the YcaO family of enzymes, which catalyze the nucleophilic attack on
backbone amide carbonyl to generate a phosphorylated intermediate.’® Subsequent cyclization via release of the
phosphate can yield structures such as oxazolines, thiazolines, or lactamidines. The Nair group recently characterized a
YcaO family enzyme involved in the formation of a pyrimidone moiety from nucleophilic attack of the side-chain amide
nitrogen from Asn25 on the backbone carbonyl of the previous amino acid, Ser24, in the RiPP precursor peptide. This

enzyme, named SpyD, acts as part of a heteromeric complex with the RRE SpyC and a dehydrogenase SpyB.

Another interesting example of bacterial RiPP modification is the formation of a steroid-like heptophan moiety, as
exemplified by the nct BGC from the cyanobacteria Nostoc calcicola FACHB-389.°*° A Trp residue in the peptide residue is

modified by the addition of geranylgeranyl pyrophosphate, which cyclizes to form the heptophan moiety seen in the final
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compound steromaze. The nct BGC was heterologously reconstituted in E. coli using the co-expression approach used for

RiPP biosynthetic pathway elucidation.
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Figure 35. Examples of RiPPs produced in E. coli that led to elucidation of key PTM enzymes.

During the biosynthesis of some amino acid-derived metabolites or antimetabolites, a proteinogenic amino acid
can be attached to the C-terminus of a RiPP-like carrier peptide via an intriguing PTM.>* The amino acid is enzymatically
transferred from an aminoacyl-tRNA to the carrier peptide and can undergo dramatic modifications (Figure 36). Release of
the modified amino acid product repeats the catalytic cycle. Enzymes that catalyze this ATP- and tRNA-dependent

modification have been coined PEptide Aminoacyl-tRNA Ligases (PEARLs). The van der Donk lab studied the biosynthesis of
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these compounds, including ammosamide C (168) and 3-thiaglutamate (169), using heterologous co-expression in E.
oli.***?7%3" A follow-up study tracked the maturation of cysteine into 3-thiahomoleucine (170) in another PEARL-anchored
BGC.””” PEARL BGCs are considered separate from RiPP BGCs because while the initial carrier peptide is ribosomally
synthesized, the tRNA-dependent amino acid addition is non-ribosomal and the peptide product is only serving as a

scaffold for repeated amino acid modifications.

o

A,

papiids

o, HH,
H

M HM HH 5

H;H " PEARL — =H
N+ o o (/
ol O
- b Eactica M Hena p-pud-"'u"n “RHA
(7] -

ammaosamiga C [188)
E. coli

H‘H"-'J'L‘DH "
~ A,
5 8
n-lm J\
J-thiaghrtamate {169) I-thiahomolewcine (170)
E. coll E. coll

Figure 36. Biosynthesis of amino acid derived metabolites using PEARL enzymes.

3.2.3.4 Terpene Biosynthesis

The two main isoprenoid precursors, IPP and DMAPP, are produced in eukaryotes and prokaryotes by either the
mevalonate (MEV, also see Figure 41) or methylerythritol phosphate (MEP) pathways, respectively. Because these pathways
are related to primary metabolism and require cofactors such as NADH, NADPH, Coenzyme A, and more, many strategies
have been developed towards overproduction of IPP and DMAPP in order to achieve higher levels of isoprenoid
production, as summarized in a review by Stephanopoulos.’” The Keasling lab demonstrated the MEV pathway can be
introduced in E. coli to achieve high flux to IPP and DMAPP, and demonstrated the biosynthesis of the sesquiterpene

amorphadiene, the hydrocarbon precursor to artemisinin (8).>* Similarly, expression of exogenous MEV pathway genes in
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E. coli directly led to a 5-fold increase in the production of (-)-patchoulol, a sesquiterpene with important uses in perfumes.
3”3 (R)-(+)-perillyl alcohol was produced in E. coli using a neryl pyrophosphate synthase and NADPH regeneration machinery
to increase MEV pathway activity.’”® To improve production of the sesquiterpene a-santalene in E. coli, the MEV pathway
was introduced heterologously and an optimal farnesyl pyrophosphate synthase (FPPS) was identified, leading to a 169-

fold increase in titer of a-santalene.?”’

An emerging alternative method is to bypass the primary precursor supply pathways through overexpressing two
kinases (isopentenyl phosphate kinases, IPKs) that can phosphorylate the simple five-carbon alcohols prenol and isoprenol
into the corresponding pyrophosphates.’”®*”® An IPP isomerase is typically coexpressed to control relative levels of IPP vs.
DMAPP. The two kinases and isomerase can be expressed under an inducible promoter and a terpene BGC can be
introduced into the heterologous host. This pathway is known as the Isopentenol Utilization Pathway (IUP) or the alcohol-
dependent hemiterpene pathway (Figure 37). Application of this approach towards terpene biosynthesis was
demonstrated in the production of B-carotene (171), (R)-(-)-linalool (172), and lycopene (173) from E. coli with titer reaching
at least 50 mg/L for each compound.®® Geranate was produced at 764 mg/L in a 24-hour batch time from feeding 2 g/L
(iso)prenol.®' An engineered E. coli was transformed by the Dong group with three enzymes that can generate
geranylgeranyl pyrophosphate (GGPP) starting with isoprenol and prenol through the IUP, along with taxadiene synthase,
to yield taxadiene (90).*> A P450 enzyme was then introduced to generate three oxidized taxanes. The substrate flexibility
of IPKs has been explored to generate non-native alkyl diphosphates, with one study showed the IPK-mediated formation

of 38 non-natural alkyl diphosphates in vitro.**
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Figure 37. Phosphorylation-based two-step IPP/DMAPP biosynthetic pathway for isoprenoid production. (A) This
approach starts with feeding of prenol and isoprenol alcohols; (B) Representative compounds that have been produced

in bacteria using this approach.

Terpenoid BGCs frequently encode P450 enzymes that are difficult to express in E. coli due to redox partner
availability and requirements for various cofactors. Strategies for expression of eukaryotic P450s have been developed, as
discussed in a recent review by Hausjell et al.*®** One commonly used technique is the implementation of synthetic protein
scaffolds, as demonstrated by Deuber, Prather, Keasling, and coworkers.*®® This method has led to improved P450
functions in bacteria by bringing the P450 monooxygenase and associated P450 reductase partner in close proximity
(Figure 38). This can be accomplished by the use of scaffolding proteins to tether the oxidase and reductase together, or by
direct genetic fusion of the two proteins.*® Improved production of terpenoid products such as lutein (174) and (+)-
nootkatone (175), as well as nonterpenoid compounds such as L-DOPA and apigenin (176) have been achieved in E. coli
using this strategy. Overexpression of four genes involved in heme biosynthesis also increased titers in some cases.* A
similar scaffolding approach to tether the P450 CYP82D26, a P450 reductase, and an NADP*-dependent aldehyde reductase

led to a 9-fold increase in daidzein (177) titer in E. coli.*®
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Figure 38. Spatial engineering to improve P450 functions in E. coli. (PDB: 7SUX (blue) and 3EJB (yellow)).

3.2.3.5 BGCs without Core Enzymes

As noted in the introduction (Section 1.2), many natural products are synthesized from BGCs that do not have a
readily identifiable core enzyme. There are accumulating examples of such BGCs from bacteria and fungi. Heterologous
expression has played an important role in identifying the biosynthetic pathways of these compounds, using iterative
expression of different combinations of biosynthetic enzymes. One notable example is the identification of a PLP-
dependent enzyme SbzP as the core-generating enzyme in the biosynthesis of altemicidin (19) (Figure 39A). The enzymatic
basis and the building blocks of the characteristic 6-azatetrahydroindane moiety found in 19 and related natural products
were a mystery and could not be deciphered using genetic knockout studies in the native host. Expression of each
unassigned gene in the sbz BGC, in S. lividans TK21, was deployed as a functional assay.* Expression of SbzP alone led to
formation of a product with the 6-azatetrahydroindane core. Biochemical characterization of SbzP showed it catalyzes an
unusual net (3+2) annulation between two primary cofactors in the cell, B-NAD" and S-adenosylmethionine (SAM) to forge
the bicyclic structure. Heterologous expression also led to functional characterization of eight SbzP homologs encoded in

various BGCs.
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Another example is the biosynthetic characterization of fluopsin C(20), a copper-containing antibiotic produced by
the five-enzyme flc BGC from the bacterium Pseudomonas aeruginosa (Figure 39B). **> Heterologous expression in P.
fluorescens SBW25 afforded production of 20. P. fluorescens was chosen as a heterologous host due to the lack of
homologous genes in its genome, minimizing the risk of interference from endogenous proteins. The pathway involves
oxidative modification of L-cysteine to N-hydroxymethanethioamide using two nonheme diiron oxygenases. P. fluorescens

was also the heterologous host of choice in the elucidation of the 4-formylaminooxyvinylglycine (178) BGC by the same

group (Figure 40).>*
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Figure 39. Examples of natural products biosynthesized without known core enzymes. Heterologous expression played

an important role in pathway elucidation. (A) Biosynthetic pathway of 19; (B) biosynthetic pathway of 20.
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Additional examples of natural products biosynthesized from BGCs without core enzymes are shown in Figure 40

and briefly discussed below.

i)

iii)

iv)

v)

E. coli was used for functional reconstitution of a two-gene operon that is conserved in over 50
proteobacteria. The two genes include an unannotated ThiF-nitroreductase didomain enzyme and an N-
acyltransferase. Analysis of E. coli expressing the two enzymes led to the discovery of a new class of
oxazolone-containing compounds including 179.>*°

Heterologous expression in E. coli followed by mass spectrometry analysis led to the discovery of
angustmycin A (180a) and C (180b).*" Angustmycin C is the penultimate intermediate of the pathway prior
to the final dehydration step catalyzed by AgmF. Removal of agmF led to targeted accumulation of 180b.
The production of these two metabolites was also achieved in S. albus G153 in the same year.>”

A direct cloning strategy was used to heterologously express the cyb cluster encoding the biosynthetic
pathway for cyanobacterin (181), an amino acid-derived phytotoxin containing a y-butyrolactone
moiety.*” The cyb BGC was edited to remove intergenic regions and putative transcriptional terminators,
followed by expression in E. coli. While 181 itself was not produced by the heterologous host, the detection
of four new metabolites provided insight into the required C-C bond formation during the y-butyrolactone
core assembly.

Azoxy-containing compounds such as valanimycin (43) and calvatic acid have interesting bioactivities; for
example, 43 is prized as an antibiotic.'” Heterologous reconstitution of the vim cluster in S. albus J1074 was
key to understanding the previously-unknown enzymatic logic behind the biosynthesis of the azoxy
moiety. The enzyme VImO was shown to be a hydrazine synthase, catalyzing an intramolecular
rearrangement of the N-O bond in O-seryl-isobutylhydroxylamine to yield an N-N bond-containing
molecule. This rearrangement resembles those of cupin-family enzymes implicated in bacterial N-N bond
formation.** In the following step, the hydrazine moiety from the VImO product was converted into an
azoxy group in a reaction catalyzed by the enzyme VImB.

Biosynthesis of the heme-like natural product class of tolyporphins including tolyporphin A (182) was

investigated in E. coli. An intermediate in heme biosynthesis, coproporphyrinogen III, was shown to
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undergo oxidative decarboxylation and multiple C-C bond cleavages to yield unsubstituted B sites in the
pyrrole moieties.**

vi) The heterologous production of (-)-cispentacin (183) was demonstrated in S. albus G153, which forms part
of the compound amipurimycin (184), a nucleoside antibiotic.*®® Amipurimycin biosynthesis was also

characterized in the same strain.>’
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Figure 40. Examples of natural products from BGCs without well-known core enzymes.

3.3 Heterologous Expression in Yeasts

Heterologous reconstitution of natural products of eukaryotic origin, whether from fungi, plants, or animals, has
seen the most success in single cell yeast organisms, represented prominently by Saccharomyces cerevisiae, also known as
Baker's Yeast. Other yeasts used for such endeavor include the oleaginous yeast Yarrowia lipolytica and the methylotrophic
yeast Pichia pastoris. Although all these organisms are classified as fungi, our discussion of their roles in natural product

biosynthesis will be separated from the ascomycete fungi section (Section 3.4).

3.3.1 Baker's Yeast as a Heterologous Host

S. cerevisiae (referred to as yeast in this section) is the eukaryotic organism of choice for synthetic biology pursuits

as it was the first eukaryote to be fully sequenced.’® S. cerevisiae is the gold standard for heterologous expression of plant
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natural products, including terpenes, alkaloids, phenylpropanoids, flavonoids, and anthocyanins.” This single-celled
organism is characterized by fast growth and well-established genetic tools and has GRAS status.*® Baker's yeast has
cellular compartments similar to other higher order organisms, thereby supporting the expression of plant enzymes, whie
its endomembrane systems are conducive to expression of complex plant proteins as well. For example, the plant
cytochrome P450 oxygenases are anchored to the ER in the native organism, and these enzymes cannot be reliably
expressed in prokaryotic organisms.”' Yeast is also highly adaptable to automation advances in molecule biology
(BioFoundry), which makes it an attractive host for the DBTL paradigm. Discussed below are recent examples of

heterologous biosynthesis grouped into compound families.

3.3.1.1 Sesquiterpene and Diterpene-derived Natural Products

Yeast has been an attractive heterologous host for producing terpenes and terpenoid compounds since the early
2000s. Expression of plant and fungal terpenoids has been particularly successful. This is owing to the robust isoprenyl
metabolism in yeast from the MEV pathway, as well as the ability to reconstitute P450 functions as described above. The
groundbreaking example is Keasling lab’s biosynthesis of precursors to the anti-malarial artemisinin (8) at titers up to 100
mg/L (Figure 41A).”*8 is traditionally extracted from Artemisia annua L, but this sourcing is not sustainable to meet global
demands.*” Hence, achieving high titers from yeast and semisynthesis is highly impactful. Subsequent metabolic
engineering achieved titers of 40 g/L of the precursor amorphadiene (185) and 25 g/L of artemisinic acid (94), which can be

readily converted to 8 via semisynthesis with an industrial photochemical conversion process (Figure 41B).%%*®
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Figure 41. Production of 94 in yeast followed by semisynthesis to 8. (A) biosynthetic pathway to 94 is reconstituted in

yeast at high titer; (B) Sanofi's semisynthetic preparation of 8 from 94.

Terpenes and terpenoids are common ingredients in perfumes and fragrances. Santalol is the major component of
sandalwood oil that has a unique aroma. Zi et al. demonstrated this sesquiterpenoid can be heterologously produced in
yeast, and the titers can be improved to over 1 g/L in fed-batch fermentation by downregulating expression of the squalene
synthase gene ERG9.*** One requirement for industrial santalol extraction from plants, however, is to maintain a ratio of a-
santalol (186) to B-santalol (187) between 2:1 to 3:1 (Figure 42). Using a product-specific santalene synthase as the starting
point, multiscale simulations led to a point mutation Phe441Val that can produce both isomers at the desired ratio at a
combined titer of ~ 700 mg/L.** This work demonstrates an additional degree of control in heterologous biosynthesis

through targeting a desired product mixture ratio.

A yeast-based expression system for terpene cyclases was used to characterize such enzymes from the mugwort

plant Artemisia argyi, leading to the identification of 54 terpene products, including a novel compound named cyclosantalol.
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% Activity screening revealed that a sesquiterpene compound, (+)-intermedeol (188), exhibited excellent insect-repellant

activity. A biosynthetic titer of 2.34 g/L of 188 was achieved in yeast.

Glycosylated diterpenes such as rubusoside (189) and rebaudiosides, including rebaudioside A (190) (Figure 42),
are artificial sweeteners that are extracted from plant species. These steviol glycosides are hundreds of times sweeter than
sucrose with a low caloric count. A multimodular approach was used to establish a yeast strain to make these compounds.
“7 The diterpene titer was first boosted through overexpression of rate-limiting enzymes in the MEV pathway and
minimizing loss of isoprenyl precursors to primary metabolism. Expression of downstream P450s and glycosyltransferases
led to the accumulation of the target compounds at an initial titer of 4.5 mg/L. Bottleneck steps were identified and
addressed using a combination of spatial engineering of P450s enzymes and expanding the capacity of ER for
overexpressed P450s. Additional yeast cell engineering steps include identification and overexpression of transporters,
stress-response factors, and knockout of genes predicted by genome-scale metabolic models to benefit steviol glycosides

titers. Collectively, these efforts resulted in final titers of 1.4 g/L of 189 and 133 mg/L of 190 in fed-batch fermentation.

Multiplexed expression level tuning was applied to S. cerevisiae to optimize terpene titers. Four bacterial
transcription regulators that respond to four distinct small-molecule inducers: vanillic acid, xylose, anhydrotetracycline,
and isopropyl B-b-1-thiogalactopyranoside (IPTG), were used. Each of the four promoters within this array can be
independently controlled, offering a wide dynamic range spanning from low background to 40- to 5000-fold increase in
gene expression. The authors demonstrated the utility of this approach by optimizing a four-gene heterologous pathway
involved in biosynthesis of the terpene linalool (172). Bottlenecks in the pathway were successfully identified and

characterized.*®
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Figure 42. Examples of sesquiterpenes and diterpenes that have been produced in yeast.

3.3.1.2 Triterpene and Sterol-derived Natural Products

Triterpenoids are natural products that are most commonly derived from the C30 precursor squalene.””® Squalene
is a precursor to sterols in mammals, ergosterols in fungi and B-amyrin in plants. The Keasling lab reported the complete
yeast biosynthesis of the potent vaccine adjuvant QS-21 (191a-b) (Figure 43), of which the supply is limited by low yields
from conventional plant extraction.”’® 38 enzymes were introduced to produce the highly decorated triterpenoid at
0.0012% w/w QS-21 per dry cell weight. Although the titer was low in this remarkable initial demonstration, there is no
doubt that with further strain optimization, the supply issue associated with QS-21 can be resolved with the yeast platform.

The production of 191a-b and related compounds in planta is described in detail in Section 3.5.

Ginsenoside Rh2 (192), an anticancer drug from ginseng, was produced in yeast (Figure 43).*"" The authors
identified the bottleneck enzyme as the glucosyltransferase that decorates the triterpene skeleton. Through semi-rational
design, catalytic efficiency of the glucosyltransferase was improved by approximately 1800-fold. This, combined with other

improvements, including improving UDP-glucose precursor supply, led to a 900-fold increase in titer of 192. Ganoderic
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acids (GAs) from medicinal mushrooms are triterpenoids with benficial biological activities. The Xiao group sequenced the
producing strain Ganoderma lucidum and used S. cerevisiae to iteratively screen 158 candidate P450 enzymes that may be
involved in GA biosynthesis.*’* Two P450s were identified that can transform lanosterol into two desired GA molecules
including ganoderic acid A (193). Integration of multiple copies of the P450 enzymes and a reductase partner led to titers of
GAs in excess of 50 mg/L. An improved yeast strain to produce campesterol (194) was recently reported.*” The authors
optimized sterol acyltransferase activity and improved the supply of FPP, the immediate precursor to squalene. Genome
sequencing of strains recovered from adaptive laboratory evolution was performed to identify genes linked to improved

sterol production. These genes were then overexpressed in the final strain.

Triterpenes that do not originate from the squalene precursor, but rather are cyclized from hexaprenyl
pyrophosphate derived from the head-to-tail extension of GGPP, were identified through heterologous expression of three
bifunctional terpene cyclases in engineered yeast.* This study led to the production of talaropentaene (195),

macrophomene (196), and colleterpenol (197) (Figure 43).
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Figure 43. Examples of triterpene and sterol natural products that have been produced in yeast.
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3.3.1.3 Alkaloid Natural Products

Alkaloids of many subfamilies have been reconstituted in yeast, including tetrahydroisoquinolines (THIQs),
tropanes, monoterpene indole alkaloids (MIAs), ergots etc.*”>*"” Over 3,000 THIQ alkaloids have been identified from plant
organisms, among which are the opioids morphine (9) and codeine (198). These metabolites are derived from two
molecules of L-tyrosine via an extended pathway that involves a number of P450 enzymes, with (S)-reticuline (199) as a key
biosynthetic intermediate. An impressive tour-de-force accomplishment is Smolke’s reconstitution of thebaine (200) and
hydrocodone (92) in yeast, in which over twenty enzymes originating from all kingdoms of life were assembled (Figure 44).
¢ This synthetic biology feat sets the stage for engineered biosynthesis of non-addictive opioids from a microbial host.
Based on this approach, the same lab also reconstituted the biosynthesis of noscapine (95) (Figure 44), a

231

pthalideisoquinoline alkaloid isolated for centuries from the native Papaver somniferum plant, at mg/L titers.~" A yeast-
based platform was also developed for the production of 9 and neomorphine from 200.*'® The Martin group developed a
yeast strain that can produce the key THIQ intermediate 199 at 4.6 g/L.>® A key strategy was inactivating competing
oxidoreductases that shunts the precursor 4-hydroxyphenylacetaldehyde (4-HPAA) to the corresponding acid or alcohol.
The authors observed that amino acids other than L-tyrosine can be incorporated by the pathway to form substituted
THIQs. The Dueber lab noted that the enzyme norcoclaurine synthase (NCS), which catalyzes formation of (S)-norcoclaurine
(201) from dopamine and 4-HPAA, is toxic to yeast when overexpressed.*”® To address this issue, NCS was expressed as a
tagged protein that is compartmentalized into the peroxisome, of which the membranes are permeable to both the

substrates and 201. Furthermore, to accommodate the overexpressed NCS, the authors expressed engineered

transcriptional factors that induce expansion of available peroxisomes.
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Figure 44. Heterologous biosynthesis of THIQ alkaloids in yeast.

The Smolke lab also demonstrated the biosynthesis of various tropane alkaloids, namely hyoscyamine (202) and
scopolamine (203), as well as de novo production of an analog cinnamoyltropine (204) (Figure 45).*'***° This was
accomplished in yeast using a modular approach to overcome several bottlenecks. The tropane pathway originates from
phenylalanine and putrescine (205), the latter derived from L-arginine. The authors significantly enhanced putrescine
production by more than 70-fold using rational strategies including the expression of genes involved in arginine
metabolism, disrupting regulatory mechanisms that control polyamine levels, reconstructing an alternative biosynthetic
pathway for putrescine production, etc. Additionally, production of the key precursor tropine (206) reached 6 mg/L after
overexpressing genes such as the type III PKS abPYKS, which condenses two malonyl-CoA units with N-methylpyrrolinium
(207) to form 4-(1-methyl-2-pyrrolidinyl)-3-oxobutanoic acid (208). Further P450-catalyzed ring closure, followed by
reduction of the resultant ketone to an alcohol, yields 206. A late-stage compartmentalization strategy was used to mimic
the spatial organization found in the native plant producer. Identification and overexpression of plant transporters that
improve intermediate transport in yeast led to further increases in titers of 202 and 203 titers to 480 pg/L and 172 pg/L,

respectively.*”'
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Figure 45. Heterologous biosynthesis of tropane alkaloids in yeast.

MIAs are plant alkaloids that include thousands of bioactive compounds, many of which have therapeutic value

that treat diseases such as cancer, Alzheimer's disease, and malaria. Most notable compounds in this family include
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vinblastine (209), vincristine (210), ajmaline (211), serpentine (212), alstonine (213), mitragynine (214), etc. (Figure 46). The
universal biosynthetic intermediate is the molecule strictosidine (50), which derives from a ten-gene pathway that involves
terpene (GPP), amino acid (L-tryptophan) and sugar (UDP-glucose). Biosynthesis of this molecule has been intensively
studied by many groups, originating with the first yeast reconstitution by the O'Connor lab in 2015.** Subsequent
identification of missing genes in the pathway enabled more robust titers (30-50 mg/L) from yeast, including efforts by the
Keasling, Lian, and Tang labs in recent years.*>** Yee and coworkers compartmentalized the biosynthesis of geraniol
precursor to the mitochondria to take advantage of the high flux of acetyl-CoA, as well as to avoid consumption of GPP by
the downstream enzyme FPPS in the cytosol.*’ This resulted in an increase of ~30 fold in titer of the monoterpene
compared to cytosolic expression. The high titers of 50 enabled reconstitution of downstream pathways in yeast,
highlighted by full reconstitution of vinca alkaloid 209 by the Keasling and Jensen labs, in which 56 gene edits were
performed, including expression of 34 heterologous genes.*” Parallel efforts by others have resulted in the reconstitution
of 211-214.***° Most recently, Keasling, Jensen, and coworkers reported the de novo production of 214 in yeast, achieving

a titer of 290 ng/L and producing fluorinated and hydroxylated derivatives of 214.*'
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Figure 46. Production of MIAs in yeast. (A) Biosynthetic pathway to 50, precursor to MIAs; (B) Examples of MIAs produced

in yeast.
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Ergot alkaloids are fungal alkaloids derived from grass pathogens such as the fungus Claviceps purpurae.** These
compounds are used in the treatment of neurological disorders because they bind to the receptors for the
neurotransmitters serotonin, dopamine, and others. The biosynthesis of ergot alkaloids starts with the formation of D-
lysergic acid (10), which involves prenylation of L-tryptophan to form 4-dimethylallyl tryptophan (4-DMAT, 215) followed by
oxidative cyclization to yield chanoclavine I (216) (Figure 47). The seven-enzyme pathway was recently reconstituted in
yeast in a final titer of 1.7 mg/L.>** A modular compartmentalization approach was used to achieve overproduction of
agroclavine (217), which is a late-pathway intermediate to 10 and is a potent anti-depressant.”®* The pathway was
segmented into two modules, with bottlenecks in each module separately identified and addressed. By anchoring the
downstream module (three enzymes) to the ER, a two-fold increase in titer of 217 was observed. Further increasing NADPH
availability via overexpression of the NADH kinase POS?5 led to additional increases in titer. Collectively, these modifications

resulted in 150 mg/L of 217 in fed-batch fermentation.
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Figure 47. Heterologous biosynthesis of ergot alkaloids in yeast.

3.3.1.4 Polyketides, NRPs, and Meroterpenoids

Polyketide biosynthesis in yeast has been extensively explored, especially iterative PKSs that are smaller compared
to multimodular assembly line PKSs. The yeast strain BJ5464-NpgA is especially engineered for PKS reconstitution and
contains genetic knockouts of vacuolar proteases such as PEP4 and PBP1, as well as integration of the fungal
phosphopantetheinyl transferase NpgA.*** The lovastatin biosynthetic pathway, which includes two PKSs, LovB and LovF,
was reconstituted in yeast.”>*** Yeast has also been engineered to biosynthesize the semisynthetic derivative simvastatin

using a precursor directed approach (See Section 4.2.9.3).** Harvey and coworkers developed the strains DHY213 and
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JHY686, the latter which not only incorporates NpgA and a fungal P450 reductase partner, but also shows improved growth
and mitochondrial stability. Using the DHY strain as a host, the authors developed the HEx (heterologous expression)
platform to rapidly assemble synthetic DNAs into pathways for expression in yeast.*** The auto-inducible ADH2 promoter
from yeast, and homologous promoters from other yeast species, were used to drive the expression of biosynthetic
enzymes upon depletion of glucose. Using this strain and automated plasmid assembly, 41 fungal BGCs from diverse fungi

were investigated, including a number of PKS-anchored BGCs, 22 of which produced detectable compounds.

The yeast strain has also been used to express PKSs from animals, of which the metabolites play unique roles in the
native hosts (Figure 48). For example, the ECPKS1 from sacoglossan mollusk Elysia chlorotica was expressed from BJ5464-
NpgA to reveal polypropionate-derived polyene-pyrones 218 and 219, which are proposed to serve as UV protectants for
the host.”*” In addition, the MuPKS from the parrot Melopsittacus undulatus was expressed in yeast and resulted in the
formation of yellow pigments known as psittacofulvins (220) that are responsible for coloration in the feathers.**® A single

mutation in MuPKS in the parrot resulted in blue pigmentation.

The production of NRPs in yeast has been explored and is exemplified by the heterologous production of penicillin
G (96).”*° Coexpression of enzymes including ACV synthase, NpgA, and PclA and PenDE that convert ACV tripeptide to 96 in
S. cerevisiae BY4741 were performed. Following promoter screening, a titer of 5 ug/L of 96 was achieved. The authors
speculated that implementing additional metabolic engineering strategies, including further boosting peroxisomal

expression of PclA and upregulating peroxisome formation, could lead to increased yields.
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Figure 48. Representative polyketides and NRPs produced in engineered yeast.

Yeast has been used as a host for the de novo production of cannabinoids (Figure 49).”** Cannabinoids such as

tetrahydrocannabinol (THC, 221) and cannabidiol (CBD, 222) are meroterpenoid natural products, consisting of terpene
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(GPP) and polyketide (olivetolic acid, 223) building blocks. The biosynthesis of cannabinoids was partially elucidated,
including the plant PKS that synthesizes 223, and the cyclases that form either THCA (224) or CBDA (225). The native
prenyltransferase that prenylates 223 to cannabigerolic acid (93) was not known prior to the yeast reconstitution study,
although engineered versions from microbial sources are available.**® Keasling and coworkers accomplished full
reconstitution of a number of cannabinoids in yeast at mg/L titers. This was enabled by a number of breakthroughs,
including i) achieving high titer of the PKS starter unit hexanoyl-CoA (226); ii) elevating the cellular GPP concentration; and
most importantly iii) identifying the plant prenyltransferase CsPT4 that performs the geranylation step. The full
reconstitution of the cannabinoid pathway enabled engineered biosynthesis of rare cannabinoids that are derived from
alternative starter units for medicinal applications. Indeed, the authors were able to provide the yeast cell with different
short-to-medium chain acids that can be incorporated into the final cannabinoids. In a follow up study, the same group
achieved a 0.5 g/L titer of the key intermediate 93.*' A suite of metabolic engineering strategies was employed, including
tuning the level of fatty acid synthase (FAS) to minimize off-pathway consumption of 226, and improving the stability and

activity of CsPT4 in yeast through fusion to an auxiliary protein.
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Figure 49. Heterologous biosynthesis of cannabinoids in yeast.

3.3.1.5 Flavonoids
Yeast is a popular choice for the heterologous production of flavonoids, which are plant derived metabolites with
diverse biological activities. The Koffas group among others have provided excellent review of application of synthetic

biology to microbial flavonoid production.**** Flavonoids are synthesized by a type III PKS with a starter unit derived from

93



aromatic amino acid catabolism, such as p-coumaric acid (227), caffeic acid (228), or ferulic acid (229), followed by several
rounds of polyketide chain extension using malonyl-CoA as an extender unit (Figure 50). The nascent PKS products, such as
naringenin chalcone, are further modified by tailoring enzymes into the diverse members of the family. One flavonoid of
medical interest is xanthohumol (230) synthesized by hops. 230 is a prenylated and methylated derivative of naringenin
chalcone, and has displayed anticancer, antidiabetic, and other activities. The Zhou group engineered S. cerevisiae to
synthesize 230 through a series of rational approaches including balancing three parallel biosynthetic pathways (aromatic
amino acid, malonyl-CoA and isoprenoid) and engineering bottleneck enzymes to achieve an 83-fold improvement in titers.
> Glycosylation is an important and common modification of flavonoids that enhances water solubility and efficacy. The
Shan group engineered a pathway in S. cerevisiae for synthesizing flavonoid-7-0O-disaccharides. Through metabolic and
promoter adjustments, the UDP-rhamnose and UDP-glucose pathways were optimized and resulted in desired

glycosylated products at hundreds of mg/L titer.**®

To increase the level of the precursor p-coumaric acid (227) in yeast, a recent study optimized the carbon allocation
between glycolysis and aromatic amino acid metabolism, resulting in g/L titers.*” The Yuan group optimized biosynthetic
titers of 228 in yeast using a combination of rational and library-based methods. To enhance the synthetic capabilities of
yeast for related compounds, screening of yeast libraries using the Synthetic Chromosome Rearrangement and
Modification by LoxPsym-mediated Evolution (SCRaMbLE) strategy was performed to provide new insights into how yeast
regulates the synthesis of aromatic amino acids.*® As biosynthesis of the phenolic acids require multiple cofactors such as
NADPH, FADH,, and SAM (for ferulic acid), rewiring the supply and recycling of these cofactors in yeast led to significant
increases in the titers of 227 (5.5 g/L) and 228 (3.8 g/L).“* The Borodina group integrated CRISPRi (see section 2.2.3) and
high throughput screening to identify new genes targets for enhancing 227 production, using the colorimetric
betaxanthins as a readout.”® Large guide-RNA (gRNA) libraries deregulating 1000 metabolic genes in S. cerevisiae were
screened and six targets that increased the titer were identified. Further screening of a gRNA multiplex library identified
the unanticipated combination of knockdown of PYC1 (pyruvate carboxylase) and NTH2 (trehalose) which resulted in a 3-

fold increase in titer of 227.

The coumarin-derived osthole (231), an anti-asthmatic derived from Cnidium monnieri, was produced from

engineered yeast. The authors initially developed an umbelliferone (UMB)-producing yeast strain, followed by integration
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of prenyltransferase and methyltransferase genes from different organisms. Typical challenges such as protein
expression, cofactor supply, precursor availability and rate-limiting steps were addressed to result in hundreds of mg/L of
231.”" The related courmarin product marmesin (232) was produced from S. cerevisiae. The authors boosted aromatic
amino acid biosynthesis, in particular that of L-tyrosine, to increase precursor supply. Rational engineering of the

umbelliferone 6-dimethylallyltransferase and marmesin synthase increased 230 production further.*?

A S. cerevisige strain was developed to synthesize raspberry ketone (RK, 4-(p-hydroxyphenyl)-2-butanone, 233),
which is a high value compound used in flavoring and fragrances. 233 can be accessed from L-tyrosine in four steps (and
from 228 in three steps) and the genes have been identified. A multitude of metabolic engineering strategies were used to
arrive at a final titer of 310 mg/L of 4-hydroxybenzalacetone, which can be readily hydrogenated to arrive at 233. These

strategies involved promoter tuning, modular pathway engineering and coculturing.**
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Figure 50. Examples of flavonoids produced heterologously in yeast. (A) Early stages of flavonoid biosynthesis from L-

phenylalanine; (B) Selected examples.

3.3.2 Yarrowia lipolytica and Pichia pastoris as Yeast Hosts

Yarrowia lipolytica is an oleaginous yeast, notable for its ability to accumulate upwards of 20% lipids in dry cell
weight. This type of yeast is mainly used to synthesize lipid-based compounds.** Y. lipolytica was recently engineered to
synthesize resveratrol (234) along with other metabolites derived from the shikimate pathway, cis,cis-muconic acid (235),

and salicylic acid (236) (Figure 51). Through further genetic modifications, including the incorporation of feedback-
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insensitive alleles of key genes and the addition of extra copies of the heterologous biosynthetic genes, titer of 234 reached
g/L levels in a bioreactor.*® The Stephanopoulos group was successful in synthesizing B-carotene (171) at ~40 g/L from this
host by overcoming product inhibition of lycopene cyclase.”® A single mutation was sufficient to attenuate inhibition
without compromising enzymatic activity. Cytosine base editors (CBEs) were used in Y. lipolytica to increase titers of the
flavonoid naringenin (237).*” The biosynthetic pathway responsible for cordycepin (238), derived from the adaptogenic
mushroom Cordyceps militaris, was reconstituted into Y. lipolytica.**® A combination of promoter engineering, precursor flux

optimization and protein engineering resulted in the titer of 238 reaching hundreds of mg/L.

Pichia Pastoris is a methylotrophic yeast strain commonly used for recombinant protein production.*® This strain is
noted for its potential for recombinant protein overexpression.”' P. pastoris was recently engineered for enhanced
lycopene (173) production.”® The authors developed a CRISPR/Cpf1-based gene repression system and optimized gene
editing techniques to achieve this goal. Additionally, they utilized the sterol regulatory element-binding protein SREBP (Sre)
to regulate lipid metabolic pathways, thereby promoting overproduction of 173.*° As a result of these efforts, the
engineered strain achieved a 173 titer of 7.24 g/L and 75.48 mg/g dry-cell-weight in fed-batch fermentation, marking the
highest reported yield in P. pastoris to date. Furthermore, a CRISPR-based synthetic biology toolkit was developed for
integrating and assembling multigene biosynthetic pathways into the chromosome of Pichia pastoris. *' A range of
constitutive and methanol-inducible promoters, varying in strength, were characterized. This toolkit was used to

successfully produce lycopene derivatives including B-carotene (171), zeaxanthin (239), and astaxanthin (240).
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Figure 51. Examples of natural products produced in Y. lipolytica or P. pastoris.

3.4 Heterologous Expression in Filamentous Fungi
3.4.1 Introduction

While genetic protocols have been developed for a number of well-studied fungi, it remains challenging to perform
genetic knockouts or overexpression for a majority of fungal species that encode natural product BGCs of interest. As a
result, heterologous expression has been widely used to characterize fungal BGCs. Yeast is a robust host for terpene
biosynthesis (see Section 3.3) and is continuing to be used for genome mining and pathway reconstruction of fungal
terpene BGCs.*’ The HEx approach described by Harvey et al. takes advantage of yeast's powerful homologous
recombination to construct BGCs from different fungi using synthetic DNAs.*** Notwithstanding its role in natural product
biosynthesis, yeast has several key drawbacks for studying complex fungal BGCs. First, yeast has minimal intron splicing
machinery that cannot splice introns from other fungi, thereby requiring the use of intron-free genes that can either be
constructed from synthetic DNA or from cDNA libraries.** Synthetic DNA can be prohibitively expensive, especially when

dealing with those encoding megasynthases (often exceeding 5 kb each), while native strains may be difficult to source,
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especially those that are pathogenic or phytopathogenic. In addition, expression of membrane bound enzymes, including
P450s, remains inconsistent in yeast and often results in failure. As a result, a majority of fungal BGCs are now
heterologously expressed in more closely related filamentous fungal hosts. Yeast remains a critical component of the

workflow as a tool to generate large vectors through homologous recombination of DNA fragments.***

3.4.2. Aspergillus nidulans as a heterologous host

3.4.2.1 Molecular biology workflow of using A. nidulans for heterologous pathway expression

Several fungal strains have been developed as heterologous hosts. The model organism A. nidulans is
advantageous due to well-developed genetics and relatively fast growth characteristics. Several auxotrophic markers in A.
nidulans have been identified and have aided the genome integration or episomal vector propagation. The frequently used
strains are derived from A. nidulans A1145, which is auxotrophic for three metabolites: uracil (ApyrG), pyridoxine (ApyroA),
and riboflavin (AriboB). Several variants of A. nidulans A1145 have been further developed as a heterologous host, such asA.
nidulans A1145ASTAEM, which contains knockouts of the BGCs responsible for biosynthesis of sterigmatocystin (241) and
emericellamide A (242), two major metabolites that interfere with detection and isolation of new metabolites .****** The A.
nidulans LO8030 strain was engineered to inactivate eight major endogenous secondary metabolite BGCs, including those
associated with 241, 242, monodictyphenone (243), F-9775A (244) and F-9775B (245), austinol (246), terrequinone A (247),

) 466

asperthecin (248), and asperfuranone (249) (Figure 52
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Figure 52. Endogenous secondary metabolites in A. nidulans.
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For vector-based heterologous expression in A. nidulans, a BGC can be refactored into three vectors with the AMA1
origin of replication that can be maintained in A. nidulans (Figure 53).“® Each vector can be selected on synthetic media with
uracil, pyridoxine, or riboflavin. During refactoring, each heterologous gene is outfitted with new promoters and
terminators. The promoter can be either constitutive, such as PgpdA, or inducible, such as PamyB, depending on the toxicity
of the gene or the metabolite. With each vector carrying 4 to 5 genes, a BGC with 15 or less genes can be refactored. The
three vectors can be propagated in A. nidulans (for metabolite production), yeast (for plasmid construction via homologous
recombination) and E. coli (for storage and amplification). As an alternative to vector-based heterologous expression,
integration of biosynthetic genes into A. nidulans is also frequently used to achieve more stable strain for metabolite
production. The choice of vector or integration depends on the researcher and offers flexibility if A. nidulans is used over

other fungal hosts.
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Figure 53. Three-plasmid system used to perform heterologous expression experiments in A. nidulans A1145.

Based on the A. nidulans expression host, several molecular biology tools have been developed to improve
workflows. Using the 2A peptide from picornaviruses allows for the expression of multiple genes simultaneously through
the use of a polycistron, an mRNA coding for multiple genes controlled by a single promoter and terminator.*®’ A vector
system was designed using this principle for heterologous expression of psilocybin (98) in A. nidulans.”*® This was the first
reported example of heterologous expression of 98, and was followed by studies to produce 98 in yeast and E. coli with the
aim of increasing titer.*®*®® Polycistronic expression also facilitated the manipulation of the austinol (246) biosynthetic

pathway in A. nidulans, allowing access to 246 congeners.””’ Given the widespread usage of yeast-based homologous
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recombination to combine DNA fragments into expression vectors for heterologous expression, one study developed a
similar DNA assembly system in A. nidulans with deficiencies in non-homologous end joining (NHEJ). This tool was shown to

be successful for the construction of AMA1-based vectors.*”

Fungal artificial chromosomes (FACs) have been used for heterologous expression in fungal hosts. Analogous to
BAC technology discussed previously, FACs allow library creation and screening of cryptic fungal BGCs from the genome of
a native producer. FACs are derived from BAC vectors to allow shuttling between E. coli and a fungal host such as A. nidulans
RJW256 through incorporation of the AMA1 origin. FACs have been used in the heterologous expression of compounds

2 and various terpenes.*”? FACs were used to identify the BGC for pestalamide A (251) during

such as terezine D (250)
construction of a genomics-metabolomics dataset for ascomycete strains as part of an omics-based approach for natural
product discovery.”* A related construct is the hybrid yeast-fungal artificial chromosome (YFAC), which allows for yeast
transformation-assisted recombination and subsequent cloning in A. nidulans.”””> These YFACs have been used for

heterologous expression of nanangelenin A (252), alternapyrone (253), elsinochrome A (254), and phomacin D among

other compounds (Figure 54).4>7®

Recently, the FAC-MS platform was developed to improve scalability of the FAC-based workflow. FAC-MS
incorporates a metabolomic scoring system to screen BGCs based on hits within the host's genome or in other FACs. Higher
scores are assigned to MS signals that are only detected in one FAC strain, allowing prioritization of BGCs or compounds. In
the initial study, 56 BGCs from various fungal species were expressed in A. nidulans, and 15 new metabolites were
identified, including the macrolactone valactamide A (255), which is produced by an NRPS-PKS-anchored BGC.*”° The FAC-
MS technology has been used to probe the biosynthesis of (-)-benzomalvin A (256) in Penicillium due to the high-throughput
screening potential of this technology.**° The biosynthesis of acu-dioxomorpholine (257) from Aspergillus aculeatus was also

investigated using FAC-MS, and the biosynthetic pathway was heterologously expressed in A. nidulans (Figure 54).**'

Other methods utilizing techniques such as USER cloning have been developed.** This strategy allows for targeted
DNA integration into chromosome 1 of A. nidulans. USER cloning allows rapid construction of the targeted expression
cassette, ready for integration after propagation in E. coli. Proof-of-concept study was carried out using the mpaC gene

coding for a PKS involved in the biosynthesis of mycophenolic acid (258) (Figure 54).
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Figure 54. Examples of natural products heterologously produced in A. nidulans.

CRISPR gene editing technology has found many applications in filamentous fungi, including Aspergilli. In order to
increase the number of accessible genomic sites for Cas9-mediated double strand break formation, additional PAM sites
have been investigated, such as the 5-TTN-3' PAM site recognized by Cpf1 from Lachnospiraceae bacterium. Codon-
optimized Cpf1 was optimized for use in A. nidulans and shown to be effective in causing gene disruption events. Cpf1 was
also shown to target different loci in A. nidulans and A. niger, resulting a more diverse set of possibilities for strain editing

depending on the choice of heterologous host.**?

3.4.2.2 Application of A. nidulans to Genome Mining and BGC Reconstitution

The flexibility of heterologous expression in A. nidulans has enabled many examples of genome mining of natural
products and reconstitution of BGCs. Focusing on BGCs containing two or more core enzymes has been fruitful in mining
compounds with complex structures. Such biosynthetic logic is exemplified by the cyclosporine (259) pathway in which a
PKS is involved in the biosynthesis of an amino acid for incorporation by the NRPS into the final cyclic peptide structure.**
Using this criterion to mine BGCs in A. nidulans yielded products such as aculene C (260), flavunoidine (261), paeciloxazine
(262) and CJ-12662 (263) from combinations of NRPS and terpene cyclase; and thermolide A (264) from PKS and NRPS; and

485-490

octacyclin A (265) from three single-module NRPS or NRPS-like enzymes (Figure 55).
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Figure 55. Examples of natural products biosynthesized by multiple core enzymes.

Heterologous expression results have revised biosynthetic pathways proposed from knockout studies in the native
host. This is exemplified by reassigning the role of flavin-dependent halogenase AoiQ.*' Based on inactivation studies and
shunt metabolite analysis, this enzyme was initially predicted to catalyze chlorination of an unactivated sp’ carbon in
orthosporin (266) to yield demethyldichlorodiaporthin (267) (Figure 56).** Through heterologous expression in A. nidulans,
a 1,3-diketone compound 268 synthesized by a different non-reducing PKS DiaA was shown to be the substrate of AoiQ.
AoiQ catalyzes gem-dichlorination of the activated a-carbon through a canonical flavin-dependent halogenase

mechanism, followed by C-C bond scission and reduction by DiaC to give 267.
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Figure 56. Revision of AoiQ function using A. nidulans for pathway reconstruction.

Using A. nidulans, BGCs with no identifiable core enzymes (we call them the unknown-unknowns) from fungi were
mined and reconstituted. Yee et al. identified one large family of such BGCs that use an arginine-containing cyclodipeptide
synthases (RCDPSs) to synthesize diketopiperazines with an L-arginine residue. ** One such BGC further elaborates the

diketopiperazine into a pseudopeptide natural product NK13650 A (269), which is a histone acetylase 300 inhibitor related

to 52 (Figure 57).*”
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Figure 57. Representative natural products not derived from well-known core enzymes in A. nidulans.

A. nidulans has been used to reconstitute biosynthesis of compounds of which the targets are indicated by a self-
resistance enzyme (SRE) (Figure 58). One example is the immunosuppressant (-)-FR901483 (28), which is derived from a

dityrosyl piperazine intermediate.” The target of 28 was proposed to be PPAT, which was encoded in the BGC. This was
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verified in a follow-up study using biochemical and structural approaches.”® Similarly, the BGC of the potent CYP51 inhibitor
restricticin (30) was identified by search for CYP51-homologs in BGCs. Heterologous reconstitution yielded the acetylated
analog of 30, presumably due to response of the A. nidulans host to counter the bioactivities.” The enzymatic target of the
well-known natural product harzianic acid (27) was elucidated following full reconstitution in A. nidulans, during which an
encoded acetolactate synthase in the BGC was reassigned to be the SRE. Acetolactate synthase catalyzes the first step in
branched chain amino acid biosynthesis and is a highly pursued target for herbicide and antifungal discovery due to its
absence in human and plants.*”® 27 was shown through X-ray crystallography to inhibit fungal acetolactate synthase in a
unique mode of binding that is not affected by known resistance mutations. In a recent example from the biotechnology
industry, an SRE-guided approach followed by heterologous expression in A. nidulans led to the rediscovery of
roseopurpurin C (33), an inhibitor of human cyclin-dependent kinase 2. This compound was shown to induce cell cycle
arrest at the G1 phase in human cells, making it a potential starting point for anticancer therapeutic development.* The
biosynthesis of compound cerulenin (270), the first reported inhibitor of fatty acid synthase, was heterologously
reconstituted in A. nidulans LO8030 after a SRE-guided genome mining approach was used to identify the corresponding
cer BGC.”® This led to the identification of cerF, a colocalized copy of fatty acid synthase subunit a, with the HRPKS cerA.
Heterologous expression validated the cer BGC as responsible for the production of 270. As the last example in this section,
the biosynthesis of substituted pyridones harzianopyridone (271) and atpenin B (272) was probed. 271, 272, and related
compounds such as atpenin A5 are nanomolar inhibitors of mitochondrial complex II. The biosynthetic pathways were

reconstituted in A. nidulans, aided by the identification of the SRE, succinate dehydrogenase, in the atpenin BGC.*”’
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Figure 58. A. nidulans as a host for reconstituting BGCs contain an SRE.

Genome mining in A. nidulans can be useful in identification of secondary metabolites involved in fungal
pathogenesis of animals and plants. For example, transcriptomics analyses have shown that BGCs anchored by polyketides
are highly expressed during the biotropic and necrotropic phases of plant infection by devastating fungal pathogens.**>%
Direct refactoring of these BGCs can therefore lead to elucidation of associated metabolites. For example, the sth BGC in
the wheat pathogen Parastagonospora nodorum was found to be highly upregulated during plant infection, and showed
homology to the bet BGC in Phoma betae Fr., a fungus that causes disease in sugar beet plants.”®" Heterologous
reconstitution of the sth cluster in A. nidulans led to identification of stemphyloxin I (273) (Figure 59).°°* In another example,
a PKS-encoding BGC overexpressed by the wheat pathogen Zymoseptoria tritici is well conserved in other plant-interacting
fungi. The heterologous reconstitution of a homologous cluster from Trichoderma sp. yielded a polyketide derived
treconorin (274), that was esterified to the 4-OH of glucose. The polyketide portion is a 5,7-bicyclic structure that resembles
a terpene product. Stepwise reconstitution and biochemical studies in A. nidulans revealed a likely cyclization pathway for

the polyketide, as well as the original of the glucose ester. The polyketide chain is offloaded from the PKS by the

disaccharide trehalose, followed by a-glucosidase cleavage to give the glucose ester. In parallel, esterification of polyketide
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to the disaccharide glucinol was discovered through heterologous production of luteodienoside A (275) in A. nidulans.>®

The /tb BGC was originally found in an endemic Australian fungus Aspergillus luteorubrus MST-FP2246.
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Figure 59. BGCs from phytopathogenic fungi expression in engineered A. nidulans resulted in new natural products.

BGCs often encode transporter proteins such as Major facilitator superfamily (MFS) transporters. A recent review
described these transporter proteins and their roles in improved production of B-lactam antibiotics penicillin and
cephalosporin C>* In Penicillium chrysogenum, a native penicillin producer, the final two enzymes in the penicillin
biosynthetic pathway (phenylacetyl-CoA ligase, PCL; and acyl-CoA:6-amino penicillanic acid acyltransferase, AT) are
localized within the peroxisome.**** Two MFS transporters, PenM and PaaT, have been shown to be involved in transport
of isopenicillin N and phenylacetic acid into peroxisomes. In addition to MFS transporters, targeted expression of enzymes
can improve heterologous natural product titers. For example, heterologous production of penicillin in A. nidulans was
improved by targeting the expression of two upstream biosynthetic enzymes, ACV synthetase (AcvA) and isopenicillin N
synthetase (IpnA), to peroxisomes (Figure 60). Increasing the number of peroxisomes further enhanced penicillin G (96)
production.®” Such efforts have validated the idea of “spatial engineering” and show the benefits of both transporter

proteins and targeting enzymes to specific organelles.>
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Figure 60. Biosynthesis of 96 in engineered A. nidulans with an emphasis on compartmentalization.

3.4.2.3 Enzyme Discovery from A. nidulans reconstitution

Heterologous biosynthesis, in combination with biochemical assays and structural studies, have led to discoveries
of new enzymes from fungal biosynthetic pathways. A group of natural products that has been studied extensively using A.
nidulans are those derived from pericyclic reactions. The reconstituted biosynthesis of natural products such as Sch210972
(276), myceliothermophin A (277), leporin B (278), pyridoxatin (279), ilicicolin H (280), pyrrocidine A (281), fischerin (282), (+)-
premalbrancheamide (283), etc. have yielded new enzymes collectively known as pericyclases that catalyze various
pericyclic reactions (Figure 61).>°" Using pericyclases as beacons, genome mining efforts have led to further discoveries

of new natural products, including varicidin that is formed via an inverse-electron demand Diels-Alderase.”’
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Figure 61. Fungal natural products of which biosynthesis involves a pericyclase-catalyzed reaction.

Three examples of new pericyclases emerged from A. nidulans expression are the norbornene-forming SdngG,
multifunctional PfB/BruB and those involved in intermolecular [4+2] cycloaddition (Figure 62). SAnG is an annotated
hypothetical protein of unknown function found in the sordarin (284) BGC. Analysis of products from the heterologous
expression in A. nidulans without SdnG suggested the Diels-Alder reaction that forms the norbornene core requires enzyme
acceleration to avoid shunt product formation. Coexpression of SdnG eliminated the shunt products and led to more
efficient 284 biosynthesis. The role of the enzyme was confirmed by in vitro biochemical analysis and X-ray crystallography.
Interestingly, SAnG is proposed to utilize iminium catalysis, by forming an iminium adduct between an active site lysine and

the aldehyde-containing substrate, to accelerate the Diels-Alder reaction.”*"
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Figure 62. Examples of pericyclic reactions in natural product biosynthesis that have been identified and characterized

using heterologous expression in A. nidulans.

Heterologous expression in A. nidulans was key to the characterization of two multifunctional enzymes, PfB and
BruB, from two homologous, compact BGCs that encode a PKS-NRPS megasynthetase. PfB and BruB were shown to
catalyze regioselective and stereoselective electrocyclization of polyene products from the respective PKS-NRPS, followed
by either a [4+2] cycloaddition to give (-)-PF-1018 (285), or [3,3]-Cope rearrangement to give 286, respectively (Figure 62).>"°
A set of Diels-Alderases catalyzing tandem intermolecular [4+2]-cycloadditions were identified and characterized from the

biosynthetic pathways of pycnidione (287) and eupenifeldin (288). These enzymes, named EupfF and PycR1 respectively,
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were characterized through crystallization, mutagenesis, and computational studies. Heterologous expression of each

BGC in A. nidulans afforded production of the respective final products.®®

The PLP-dependent family of enzymes has emerged from heterologous reconstitution studies in A. nidulans to play
a major role in scaffold building during fungal natural product biosynthesis. BGC analysis has revealed a group of PLP-
dependent enzymes with sequence homology to cystathionine-y-synthase, which perform y-replacement using O-succinyl-
homoserine (OAH) with cysteine thiol to form cystathionine.**' These homologs have been shown to catalyze diverse y-
replacement reactions, including C-C, C-O, and C-N bond formations (Figure 63).>*%**?72* The prototypical C-C bond
forming enzyme is CndF from the citrinadin BGC. CndF was reconstituted in A. nidulans to catalyze the reaction between
acetoacetate and OAH to form a new C-C bond and the cyclic imine 289. Stereoselective reduction by an imine reductase
yields the amino acid (2S, 6S)-6-methyl-pipecolic acid (290) that is incorporated by the citrinadin NRPS into the natural
product as the methylpiperidine moiety. CndF was shown to have broad substrate scope towards B-ketone nucleophiles,
and A. nidulans was used as a host for biosynthesis of a series of substituted pipecolate building blocks. A similar C-C bond
forming PLP-dependent enzyme was found in the biosynthetic pathway of fusaric acid (291), a well-studied mycotoxin.>*
Fub7, together with an imine-reductase, forms 5-substituted pipecolates using a polyketide-derived aldehyde (292a) as the
carbon nucleophile. In parallel, FlvA from the BGC for flavunoidine (261) was reconstituted in A. nidulans to synthesize 5,5-
dimethyl-pipecolic acid (293), which is esterified to the terpene core by a monomodule NRPS.**° Recently, the biosynthetic
pathway of fusarilin A (294) was reconstituted to reveal a PLP-dependent enzyme (FusB) that can perform an additional
aldol condensation following the y-replacement using an enamine (292b) as a nucleophile, in essence a net (3+2)

annulation, to afford the cycloleucine (295) that serves as the core in 294.
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Figure 63. PLP-dependent enzymes as scaffold building enzymes in fungal natural product biosynthesis. (A) PLP-
dependent pipecolic and picolinic acid formation. (B) Cycloleucine biosynthesis investigated via heterologous expression

in A. nidulans.

Other recent examples of enzyme discovery through A. nidulans are listed below (Figure 64). These include: i)
Reconstitution of the BGC of cytochalasins, such as aspergillin PZ (296) in A. nidulans, identified a berberine bridge enzyme
(BBE)-like oxidase AspoA that catalyzes an unusual olefin isomerization.’® This is the first example of successful
heterologous reconstitution of the cytochalasin structure; ii) A P450 enzyme, CtdY, was shown to catalyze amide bond
cleavage, which led to the formation of an iminium cation during maturation of the 2,5-diazabicyclo[2.2.2]octane system
found in 21R-citrinadin A (297);>*’ iii) In combination with resistance-guided genome mining and heterologous expression
in A. nidulans LO8030, a P450 enzyme HknE was shown to be responsible for the formation of a cyclopentenone moiety
during conversion from neosartoricin B (298) to hancockinone A (299), a complex metabolite consisting of a prenylated
6/6/6/5 tetracyclic skeleton;*?® iv) Expression of the ftchy cluster from Fusarium tricinctum in A. nidulans provided insight into
the formation of the 4(3H)-quinazoline scaffold of chrysogine (300).>*° This 4(3H)-quinazoline scaffold is present in over 200

alkaloid natural products. A two-module NRPS, ftChyA, was shown to be involved in chrysogine biosynthesis through the
111



formation of a linear y-L-glutamyl-L-alanyl-anthranilate tripeptide; v) heterologous expression of the flavipucine BGC in A.
nidulans resulted in production of both flavipucine (301) and dihydroisoflavipucine. Six additional flavipucine products
could be isolated and identified, including one containing the unusual 1,3-dihydro-2-azepinone structure;® vi)
heterologous expression of the phomactin diterpenoids was shown to require only two enzymes: a cyptic terpene cyclase
to convert GGPP into phomactatriene (see Figure 10), and a P450 monooxygenase to catalyze oxidation at multiple sites
along the phomactatriene scaffold to yield phomactin B4 (40);"® and vii) heterologous expression of the fun BGC from F.
tricinctum CGMCC 3.4731 identified an ABBA-type prenyltransferase, FunA, that was shown to be the first prenyltransferase

to accept free L-histidine as a substrate in the biosynthesis of fungerin (302);>*' and viii) the biosynthesis of (-)-vinigrol (303).
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Figure 64. Representative natural products heterologously biosynthesized in A. nidulans.
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3.4.3 Aspergillus oryzae as a heterologous host

A. oryzae is an important strain used in the fermentative production of soy sauce, sake and other East Asian food.
The safety profile of A. oryzae and rapid growth characteristics make this strain an attractive host for heterologous
biosynthesis. Two widely used laboratory strains for use as heterologous hosts are A. oryzae M-2-3, which is auxotrophic for
arginine (knockout of argB); and A. oryzae NSAR1, a quadruple auxotroph (argB-, niaD-, sC-, and adeA-).***>** Additionally,
deletion of endogenous BGCs such as that responsible for biosynthesis of kojic acid has resulted in cleaner background

metabolic profiles.>*

A. oryzae has been extensively used for the heterologous reconsitution of fungal biosynthetic pathways, as
documented in the review by Oikawa.>*® A pionneering example of heterologous expression of a complete fungal BGC was
the expression of the citrinin (304) BGC in A. oryzae by Sakai and coworkers (Figure 65).>*” This is followed by reconstitution
of the tenellin (305) BGC in A. oryzae M-2-3, in which the titer was five times higher than that from the native producer.
Around the same time, biosynthesis of the meroterpenoid pyripyropene A (306) from Aspergillus fumigatus was elucidated
through heterologous expression of the BGC in A. oryzae M-2-3.°** Reconstitution of this pathway established the
biosynthetic logic of meroterpenoid biosynthesis in fungi, including starter unit for the PKS, prenylation of the PKS product,
cyclization of the terpene fragment and oxidative modification of the pathway intermediates. A. oryzae has since been used
extensively for the reconstitution of nearly all known meroterpenoid BGCs in fungi, including a recent study into the
biosynthesis of austalide F (307).>*° Readers can find a comprehensive review by Abe and coworkers documenting these
successes.>* In parallel, indole diterpene natural products, which are formed through the prenylation of the indole moiety,
followed by oxidative cyclization and rearrangement, have also been widely produced in A. oryzae. This is exemplified by the
elucidation of the paxilline (16) biosynthetic pathway by Oikawa and coworkers, as well as the recent elucidation of the
biosynthesis of lolitrem B (308) by the same group.>*** A review by Oikawa et al. describes additional examples of pathway
elucidation for fungal indole diterpene natural products.** Other fungal alkaloids that have been produced in A. oryzae

include ardeemin FQ (309) and (+)-penindolene A (310).>*>*
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Figure 65. Representative natural products produced in engineered A. oryzae.

JustasinA. nidulans, selected examples of A. oryzae as a heterologous host have been chosen for this review (Figure
66). These include: i) heterologous reconstitution of the cal BGC associated with the biosynthesis of calbistrin A (311)
showed that the PKS CalA is responsible for the production of both the polyene and the decalin-containing portions of the
molecule. CalA was therefore shown to be an interesting dual-functional PKS.>* Similarly, the biosynthesis of gregatin A
(312), which contains an alkylated furanone core, was shown to involve the fusion of two polyketide fragments generated
by a single PKS and trans-enoylreductase through heterologous expression;*" ii) the biosynthesis of byssochlamic acid
(313) and agnestadride A, two fungal polyketide-derived maleidrides, was shown to involve two ketosteroid isomerase-like
and two phosphatidylethanolamine-binding protein-like enzymes;*® iii) the biosynthetic pathways for chrysophanol (314),
skyrin (315), and rugulosin A (316), three bioactive fungal anthraquinones/bisanthroquinones, were elucidated from A.

OWZGe’. 549,550

iv) the biosynthesis of stachysalicyloid C (317) was shown to involve a ketoreductase-domain-mediated
polyketide chain release;*? v) an unusual P450 enzyme, FsoE, catalyzing C-C bond cleavage was characterized during
fuscoatroside (318) biosynthesis through expression in A. oryzae; **' vi) the BGC of the diterpene pleuromutilin (97) was
expressed in A. oryzae, representing the first basidiomycete BGC to be expressed in an ascomycete host.”’ 97 is the
semisynthetic precursor to approved antibiotics and the heterologous production may provide a high-titer source; vii)
heterologous expression uncovered the biosynthetic pathway of the furanosteroid demethoxyviridin (319), which was

shown to utilize a Baeyer-Villiger monooxygenase, an esterase, and a dehydrogenase in order to cleave a pregnane side

chain, rather than a proposed P450-mediated pathway;>? viii) heterologous expression in A. oryzae NSAR1 was used to
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identify a set of “domainless” enzymes that were characterized to be terpene cyclases, leading to the discovery of fungal
onoceroid triterpenoids such as moserinol (320);>>* ix) the Oikawa and Minami groups have studied DUF3328 enzymes
(belonging to the UstYa family from the BGC for ustiloxin B) in the context of fungal RiPP biosynthesis.>* Specifically,
DUF3328 enzymes such as CctP2, O, and R in hydroxycyclochloritine (321) biosynthesis, and AprY in asperipin-2a (322)
biosynthesis have been functionally expressed in A. oryzae;>>>>> and x) to increase the throughput of screening cryptic
BGCs, automation of the heterologous expression workflow was established. To demonstrate the potential of this
approach, different combinations of predicted terpene cyclases and modification enzymes in the genomes of several

fungal strains were cloned into a plasmid library and heterologously expressed in A. oryzae. 185 distinct terpenoids were

discovered from 26 of these clusters.>*®
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Figure 66. Representative natural products produced in engineered A. oryzae.

3.4.4 Aspergillus niger as a heterologous host

Aspergillus niger is an important fungal host in microbial biotechnology, and is used in the industrial production of

citric acid and gluconic acid.>***® Known as the “black mold”, it has been classified as a GRAS organism for fermentation.>®'
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The A. niger genome shows considerable biosynthetic potential based on BGC predictions.*****> One of the first examples of
heterologous expression of a complete fungal biosynthetic pathway is the reconstitution of the penicillin BGC from
Penicillium chrysogenum in A. niger. This work was instrumental in showing that the genes responsible for the production of
penicillin constituted a fungal BGC.”** Since then, A. niger has had a less prominent role as a host for natural product
biosynthesis compared to A. nidulans and A. oryzae.>**** A. niger has been used to heterologously produce compounds such
as fungal cyclodepsipeptides (Figure 67). The 351-kDa NRPS ESYN was expressed in A. niger, and gram-scale production of
enniatin A (323) was achieved after engineering the host to utilize intracellular a-ketovaleric acid.*®** Other
cyclodepsipeptides such as beauvericin (86) and bassianolide (324) were also heterologously produced in A. niger.>® A
recent effort to develop A. niger as a heterologous host led to deletion of the akuB gene from A. niger to yield a NHEJ-
deficient strain.>*® Targeted gene editing techniques using CRISPR-Cas9 have been developed for multiplexed gene editing
experiments, expanding the strain engineering potential for use of A. niger as a heterologous host.””” In cases where
screening of several organisms to identify an optimal heterologous host is desired, tools such as DIVERSIFY can be used to
create a single gene expression cassette that can then be simultaneously expressed in several species. A proof-of-concept

study was conducted by expressing a three-gene cassette in A. nidulans, A. oryzae, A. niger, and A. aculeatus.>®
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Figure 67. Representative natural products biosynthesized from A. niger.

3.4.5 Other Fungi as Heterologous Hosts

Other fungal species such as Penicillium rubens and Trichoderma reesei have been used as heterologous hosts for
secondary metabolite production. An Agrobacterium tumefaciens-mediated transformation (ATMT) system was developed
for P. rubens.>® In addition, P. rubens was engineered to inactivate the BGCs of several metabolites, including chrysogine

(300) and penicillin G (96), to achieve a cleaner metabolic background.”” This strain was then used to heterologously
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produce decumbenones and related polyketide calbistrin A (311). Another Penicillium strain, P. paxilli, has been used in
heterologous reconstitution experiments as well.>”'"* T, reeseij is used to produce heterologous proteins such as cellulases
at high levels.””**”> Recent explorations have shown that T. reesei holds potential as a host for heterologous production of
secondary metabolites from waste products.””® Additionally, members of the genus Fusarium, such as F. heterosporum, have

been utilized for the heterologous expression of compounds such as the tetramic acid-containing Sch210972 (276).>”’

3.5 Heterologous Expression in Plants

Reconstituting a plant biosynthetic pathway into a microbial host and achieving high titers is often challenging due
to differences in cellular physiology between the native and heterologous organisms. A more direct approach is to use
model plant hosts for heterologous expression. The importance of plants as heterologous hosts for natural products, as
well as recent biotechnological developments to improve their genetic tractability and feasibility for industrial purposes,

can be found in two insightful reviews.*’**”

The most commonly used plant for heterologous expression is Nicotiana benthamiana, due to its ease of cultivation
and genetic tractability.”® A suite of tools has been developed to facilitate both stable and transient transformation of N.
benthamiana plants (Figure 68). While transgenic expression offers a stable plant cell line that is useful for long term and
permanent expression of the pathway, constructing the transgenic species remains challenging and time consuming. A
powerful approach that has emerged is the Agrobacterium-mediated transient gene expression in N. benthamiana. This
technique was previously developed for the rapid and high-level production of proteins in plants.*®' The potential of this
host for plant metabolite biosynthesis was shortly realized thereafter. Pathway genes of interest are cloned into T-DNA of
plasmids and transformed into A. tumefaciens. Plant leaves are infiltrated with a suspension of A. tumefaciens
transformants. Following entry into the intercellular space under pressure, the bacteria can transfer the T-DNA into the
plant cells, which results in expression of the heterologous genes. The plants are then grown under greenhouse conditions
for several days, followed by leaf harvest and extraction of organic metabolites for analysis. Pathway precursors and
intermediates can also be infiltrated into the plant leaves, making the plant a host for biotransformation. This method has
been widely adopted in the plant natural product community, and has led to significant breakthroughs in the elucidation,
reconstitution and engineering of a number of high-profile plant natural products. Indeed, combined with modern plant

transcriptomics and coexpression analysis, multiple gene candidates can be rapidly introduced into N. benthamiana to test

117



proposed roles in biosynthesis. This approach can also be used for combinatorial biosynthesis or preparative synthesis.>*
The latter was demonstrated by Osbourne and coworkers in the biosynthesis of different amyrin-derived triterpenes from

N. benthamiana at as high as ~4 mg/g dry leaf, with each gram of dry leaf corresponding to approximately 2-3 plants.>*
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Figure 68. Overview of Agrobacterium-mediated transient expression of heterologous genes in N. benthamiana.
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A milestone demonstration of the combination of chemical hypothesis, transcriptomics and metabolomics using
N. benthamiana as a host is the biosynthetic reconstitution of (-)-podophyllotoxin (11), a phenylpropanoid natural product
found in the mayapple plant.”° 11 is also the semisynthetic precursor to etoposide, which is an inhibitor of DNA polymerase
IT and an important anticancer drug. Sattely and coworkers selected 29 candidate genes and transiently expressed them
combinatorially in N. benthamiana followed by mass spectrometry analysis (Figure 69). The lab demonstrated 10 genes
were sufficient for the biosynthesis of 4-desmethyl-epipodophyllotoxin (325), which is a more immediate precursor to
etoposide semisynthesis. Among the genes identified is a nonheme, a-ketoglutarate-dependent oxygenase that catalyzes
oxidative C-C bond formation that converts the intermediate (-)-yatein (326) to the fused 5-6-6-5 tetracyclic framework in (-)-
deoxypodophyllotoxin (327) that is the characteristic core of podophyllotoxins and etoposide. This enzyme has been used
by the Renata group in the chemoenzymatic synthesis of 11.°* The Sattely lab subsequently optimized the host by
increasing flux to coniferyl alcohol (328), the precursor to the pathway.*® By expressing a total of 16 genes in tobacco, up to

4.3 mg/g dry plant weight 325 was accumulated.
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Figure 69. Biosynthetic pathway of 11, identified using heterologous expression in N. benthamiana.

An additional important phenylpropanoid-derived plant natural product reconstituted using N. benthamiana is
colchicine (91) from autumn crocus (Figure 70).*® 91 is an inhibitor of microtubule assembly and has been used in
traditional medicines for treating inflammatory disease. The most interesting structural feature is the 6-7-7 ring system, in
which the central cycloheptene ring is generated through an oxidative coupling of phenyl rings derived from L-tyrosine and
L-phenylalanine, via the known (S)-autumnaline intermediate (329). Nett and Sattely used the combination approaches
outlined above to show 16 genes are sufficient to arrive at N-formyldemecolcine (330) in the first report, including the P450
enzyme CYP75A110 that catalyzes the aforementioned aryl coupling reaction to yield isoandrocymbine (331). Six
methyltransferases required in the pathway were identified from 11 candidates that were expressed at high levels during
periods when colchicine production was turned on in the native producer. In a follow up study, the same authors identified
the remaining three genes responsible for converting 330 to 91. When combined with the previously determined pathway

genes, total biosynthesis of 91 in N. benthamiana was accomplished.
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Figure 70. Biosynthetic pathway of colchicine (91) reconstituted in N. benthamiana.

In addition to phenylpropanoids, terpene-derived natural products are abundant in plants, and many have
essential therapeutic values to humans. The Osbourne and Sattely groups targeted the limonoid family of triterpenes, a
very large (>1500) family of compounds containing the insecticide azadirachtin (332) from the neem plant (Figure 71).>**The
N. benthamiana platform is particularly well-suited for studying triterpene biosynthetic pathways due to the availability of
the 2,3-oxidosqualene (333) precursor used by plants for B-amyrin (334) biosynthesis. Osbourne and Sattely first identified
the three enzymes conserved in many limonoid-producing plants that are involved in the transformation of 334 to a
protoliminoid precursor, melianol (335).** Based on this information, the same group of authors significantly extended the
pathway in N. benthamiana to two complex limonoids, azadirone (336) and kihadalactone A (337), both containing the
limonoid class-defining furan structure. As a testament to the scalability of this host, many of the key intermediates in the
pathway were isolated and confirmed by NMR spectroscopy. The pathway was recently updated with the identification of a
carboxylesterase that markedly improved the yield of 336 in the heterologous N. benthamiana host through removal of the

C21-acetoxy group present in 338 as a deprotection step, leading to more efficient formation of the furan ring in 336.°%
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Figure 71. Biosynthetic pathway of limonoids 336 and 337 reconstituted in N. benthamiana.

While the yeast reconstitution of QS-21*'° (191a-b) was discussed above (Section 3.3.1.2), biosynthetic
reconstitution in N. benthamiana played an indispensable role in elucidating all the genes in the pathway (Figure 72). Using
methyl jasmonate as an elicitor for triterpene saponin biosynthesis in the plant Saponaria vaccaria, Scheller and coworkers
identified numerous gene candidates from comparative transcriptomics.®® Using both N. benthamiana and S. cerevisiae as
heterologous hosts, the author confirmed the involvement of genes involved in the oxidative modification of 334 to the
aglycon quillaic acid (QA, 339), formation of the rare nucleotide sugar UDP-D-fucose, and the glycosyltransfer steps. The
Osbourne group worked with the soapbark tree Quillaja saponaria, and used N. benthamiana to reconstitute the
biosynthesis of QA-TriX-FRXX (340), a bridgehead intermediate that can be used for adjuvant pathway engineering. A total
of 16 genes were necessary to complete the pathway. Furthermore, the authors identified three enzymes that can
elaborate the pathway to produce QS-7 (341) that has desired adjuvant properties.*® To extend the complexity of the

pathway, the same lab reconstituted the complete, 20-step biosynthetic pathway to QS-21, which requires the installation
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of an arabinosylated acyl chain to 340. This information, together with further engineering to provide a de novo source to

the acyl chain, led to the complete biosynthesis in yeast.*
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Figure 72. Biosynthetic pathways of 341 and 191b characterized using heterologous expression in N. benthamiana.

The biosynthetic pathway of the anticancer diterpenoid paclitaxel (7) from the Taxus (Yew) trees has been intensely
pursued for over thirty years, starting from the mature trees and cell cultures of Taxus, to microbial hosts such as E. coli and
yeast, to culminate in recent completion in N. benthamiana.”® Genes involved in the generation of the carbon core
taxadiene (90) (taxadiene synthase), hydroxylation of the skeleton at Cs, Ci3, Cio, C; and C;, as well as downstream acylation

steps have been characterized and reconstituted in various hosts (Figures 73 and 74).***” However, key steps involved in
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the formation of the highly functionalized baccatin III (343), including the enzymatic origin of the key oxetane feature in 7,
are missing. Functional expression of yew-originating enzymes in N. benthamiana, including taxadiene synthase, taxadiene
C5-a-hydroxyalse (T5aH) and a reductase partner was demonstrated by Wang and coworkers.”® Studies using GFP fusions
showed T5aH is localized in the chloroplasts and ER in tobacco, respectively. Subsequent redirection of T5aH into the
plastid, as well as overexpressing bottleneck enzymes in the MEP precursor pathway led to significant increases in taxane
titer. Sattely and coworkers characterized the activity of T5aH in N. benthamiana in detail and revealed the accumulation of
numerous over-oxidized products that decreased the titer of the desired product mono-hydroxylated taxadien-5a-ol (100).
** The expression level of T5aH was then tuned through promoter swapping to increase the level of 100 threefold. This
enabled the simultaneous expression of the first six genes in the pathway in N. benthamiana, which resulted in the
formation of the advanced intermediate taxadiene-5a,10B-diacetoxy-13a-ol (342) (Figure 73). This tour-de-force analysis
demonstrated the complexity of the pathway and the necessity to fine-tune the expression of early pathway genes to avoid

shunt product formation, which can be detrimental to the efforts to reconstitute downstream steps.
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Figure 73. Early stages of the paclitaxel biosynthetic pathway as characterized by heterologous expression in N.

benthamiana.

A key breakthrough in paclitaxel biosynthesis was the identification of the enzyme required in forming the
signature oxetane ring. Three groups simultaneously reported the identification of the missing enzyme, albeit with
different conclusions regarding the gene identity, timing, and mechanism of the reaction. Zhang and Fernie used N.
benthamiana to screen enzymatic candidates responsible for Cy hydroxylation, Cy oxidation, C; hydroxylation, and oxetane

formation.*® They identified the gene candidates, including an a-ketoglurarate, nonheme iron-dependent epoxidase that
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is proposed to catalyze epoxidation of the exocyclic olefin. Expression of 13 genes led to formation of ~150 ng/g plant
weight of baccatin III (343). The same group subsequently reconstituted the biosynthesis of the phenylalanine-derived acyl
chain that is transferred to C;5-OH. Expression of five genes together with feeding 343 to N. benthamiana resulted in the
detection of low amounts of 7 (64 ng/g of plant material). Kampranis and coworkers used yeast and N. benthamiana to
demonstrate that CYP725A4, the assigned T5aH, has the additional function of generating the oxetane ring. Initial
expression of CYP725A4 with CPR resulted in observation of dioxygenated taxanes, in agreement with that reported by
Sattely.®' However, preparative scale isolation using the transient expression in N. benthamiana led to one compound that
has the oxetane installed at this early stage. Biotransformation showed that endotaxadiene and exotaxoadiene can be
converted to the oxetane, which led to the proposal that CYP725A4 catalyzes two consecutive epoxidation reactions en

route to oxetane formation.

The Yan and Lei groups reached yet another conclusion by screening members of the CYP725A subfamily from
Taxus using taxa-4(20),11-diene-2a,50,7B,9a,10B,13a-hexaol-hexaacetate as the substrate.®® The authors identified a new
enzyme, TOT1, to be the responsible enzyme, using a combination of biotransformation, in vitro biochemical
characterization, and computational modeling (Figure 74). The authors proposed a Fe™-bound oxonium intermediate for
direct oxetane formation rather than the previously hypothesized mechanism involving an epoxide intermediate.
Additional identification of the Cy hydroxylase (T9aH1) allowed the authors to achieve complete reconstitution of 343 in N.
benthamiana, while showing the redundant functions of two previously identified enzymes, T10pH and DBAT. While it is
certainly intriguing that the three groups reached different conclusions, especially the heterologous reconstitution of 343
using different oxetane-forming candidates, these studies completed the long-sought after biosynthetic pathway of 7 and
open up new synthetic biology opportunities. Subsequently, the Sattely lab identified an NTF2-like protein, FoTO1, that
favored the production of 100 from 90 and suppressed the formation of over-oxidized shunt products when taxadiene
synthase and T5aH are coexpressed.®® Additionally, seven new genes were identified that enabled the heterologous
reconstitution of the de novo biosynthetic pathway of 343 at levels comparable to the natural abundance in the needles of
Taxus. A key to this success was to transcriptionally profile various cell states instead of conventional transcriptomics and
co-expression analysis. This study is therefore valuable not only for its contributions towards unlocking the entire

biosynthetic pathway of 7, but also for the novel approach to identifying biosynthetic genes in a complex plant system.

124



: o PAM } on Ligase SCoA |
H —_— —_— '
' NHz !

L-phenylalanine B-phenylalanine p-phenylalanoyl-CoA

T13cH, T9aH,
T2aH, T7BH,
TAT, TBT, TOT1 T2'aH, DBTNBT
—_— o . 07 NH
—_— —_— H
taxadien-5a-ol (100)
baccatin Ill (343) 3'-N-debenzoyl-2'-deoxytaxol paclitaxel (7)

Figure 74. Late-stage biosynthetic pathway of paclitaxel characterized by heterologous expression in N. benthamiana.

In addition to these examples discussed above, many important pathways have been reconstituted in N.
benthamiana using the combination of transcriptomics and metabolomics approaches described above. These include
pathways producing strychnine (344), cocaine (345), ginkgolide B (346), lycopodium alkaloids such as huperzine A (347),
Solanum alkaloids such as a-tomatine (348), Amaryllidaceae alkaloids such as the FDA-approved Alzheimer's drug
galantamine (349), isoflavone phytoalexins such as capsidiol and glucoraphanin, gramine, and more (Figure 75).°%" It is
not an understatement to say that the tobacco model plant has completely revolutionized plant natural product research

and engineering.
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Figure 75. Notable natural products produced heterologously in N. benthamiana.

In addition to N. benthamiana, the ripening tomato fruit was shown to be a possible heterologous host due to its
highly active plastidial MEP pathway, providing a suitable platform for FPP and terpenoid overproduction.®’® Metabolic
engineering of the cultivated tomato plant, Solanum lycopersicum cv. Ailsa Craig, was shown to be suitable for the
production of sesquiterpenes such as patchoulol. Tomato glandular trichomes, epidermal structures capable of secreting
and storing secondary metabolites, have also been explored in the context of natural product heterologous expression and

could lead to new innovations and tools in the future.t'¢%'®
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4 Structural Diversification of Natural Products

In the previous sections, we summarized the impact of synthetic biology on the genome mining of natural
products and enzymes discovery, both in the native producing host and in model heterologous hosts. Once the link
between BGC and natural product is established, and enzyme functions are interrogated, the next goal is to engineer the
biosynthetic pathways towards the production of unnatural analogs or “new-to-nature” compounds. The goal of these
efforts is to alter the structures of natural products to improve their pharmacological properties, such as their potency and
stability, as well as lower toxicity. Many classic examples of pathway engineering have been documented, starting with the
earlier approaches that do not rely on biosynthetic information, to more recent examples that pinpoint exact enzymatic
step to be engineered. In this section, a review of several key approaches will be presented. First, we will highlight recent
strategies to engineer assembly-line megasynthetases that are based on new definitions of domain and module
boundaries (Section 4.1). Second, pathway engineering based on building block diversification will be discussed, including
precursor directed biosynthesis (PDB), mutasynthesis, and, to a lesser extent, biotransformation (Section 4.2). These
strategies have been applied towards the diversification of cores for numerous classes of natural products, including
polyketides, NRPs, RiPPs, terpenes and terpenoids, and alkaloids, as well as manipulating the cosubstrates utilized by
tailoring enzymes for core decorations. Lastly, the concept of combinatorial biosynthesis in which enzymes from related or
unrelated pathways are mixed to generate analogs will be discussed (Section 4.3). All these approaches have benefited

from advances in synthetic biology, most notably protein engineering methods such as directed evolution.

4.1 New Approaches to Engineer Assembly-line Enzymes

The colinear, assembly-line logic of bacterial type I polyketide synthases (PKS) and nonribosomal peptide
synthetases (NRPS) has been established for over 30 years.***'*%° The prospect of engineering these megasynthases for
new natural product is emboldened by the modularity of the assembly lines. The implication is that it should be possible to
rationally manipulate the modules through deletion, addition, or swapping to combinatorially access new-to-nature
compounds. Yet, while many successes have been reported to support this promise, overall rational reprogramming
attempts are mostly hampered by significantly reduced or abolished activity of the resulting enzymes.?® In recent years,

d, 621-626

multiple X-ray and electron microscopy structures of these megasynthases have been elucidate and together with
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modern bioinformatics and machine learning approaches, have enabled transformative approaches to reenergize pursuits

of PKS and NRPS engineering. Here, we will review several of the most recent successes.

4.1.1 PKS Module Engineering

Over the past three decades, efforts to engineer PKSs through module-swapping have relied upon the “traditional”
definition of a module, that consists of the ketosynthase (KS) domain in the position furthest upstream and the thiolation
(acyl-carrier protein, ACP) domain in the position most downstream (Figure 76A). Deletion, addition and insertion of
modules have resulted in formation of desired analogs in some examples. However, in most cases this strategy has not
been successful in producing substantial quantities of targeted compounds. It is widely accepted that such swapping
attempts destabilize the intimate protein-protein interactions required for assembly-line biosynthesis.®”” A new definition
of PKS modules was proposed by Keatinge-Clay based on bioinformatics analysis of trans-AT type I PKSs.*?® The authors
noticed that sets of domains that genetically migrate together during PKS evolution are not consistent with the traditional
module definition. Instead, the tailoring domains and the ACP domain genetically migrate with the downstream KS
domain, rather than the upstream one. This led to a new module definition, in which an ACP is kept with the downstream KS
in @ module as shown in Figure 76A. To test this hypothesis, Keatinge-Clay and coworkers used the venemycin PKS that
produces venemycin (350) as a model system.®” The three module PKS consists of two polypeptides: VemG contains the
loading and the first module, while VemH contains the second module and the releasing thioesterase (TE) domain, as
traditionally defined. In the new definition (evolutionary definition), VemG module 1 consists of the loading module (AT-
ACP) and the first KS domain, to give a module 1 of AT-ACP-KS. Module 2 is split between the two polypeptides to consist of
AT-ACP from the traditionally defined module 1 in VemG and the first KS domain in VemH. The new module 3 consists of the

remaining AT-ACP-TE domains in VemH.
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Figure 76. Evolutionary module boundaries are more robust in module swapping than traditional boundaries. (A)
Comparison of traditional boundaries and new, evolutionary boundaries used to define modules for venemycin PKS. (B)
Hybrid Pik and Vem PKSs constructed using both traditional and new boundaries result in synthesis of 351. However, the

hybrid PKS from new boundaries is far more robust when the turnover rates are measured.

Using both the tradition and evolutionary definitions, module swapping with the pikromycin PKS module 1 was
performed, which led to the production of the propionate primed a-pyrone 351 in both cases (Figure 76B). Kinetic analysis
showed the hybrid PKS built with the new domain boundaries displayed >25-fold higher turnover number than that built
with traditional boundaries. Further domain swapping experiments between the venemycin and pikromycin PKSs led to
the consistent observation that swapping using newly proposed boundaries led to significantly more robust hybrid PKSs.
Combinatorial swapping was then performed to generate a library of compounds that can be obtained at preparative
scale. Building on this success, the Keatinge-Clay lab built a three-peptide hybrid PKS Pik1567 (Figure 77). By optimizing

expression levels in E. coli with T7 promoter tuning, the hybrid four-module PKS produced the tetraketide product 352 at
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~100 mg/L titer.®*® With this new paradigm of how a module is defined, excised, and swapped, it is anticipated that more

efficient engineering of even larger type I PKSs will be successful.

Figure 77. A four-module PKS built using evolutionary boundaries led to efficient synthesis of tetraketide 352.

Recently, Piel and coworkers used multiple-sequence alignments to gain insight into the natural recombination
sites that have evolved between KS and downstream domains. The goal is to use these sites as fusion points for the rational
engineering of functional PKSs.®®' In-depth analysis of sequence alignments and the covariance of extracted motifs
revealed protein sequences near a subdomain C-terminal to KS domains, referred to as the flanking subdomain (FSD), are
highly conserved. The FSD was previously demonstrated to be involved in polyketide organizational dynamics by
facilitating lateral PKS interactions required for higher-ordered PKS assemblies.®*>** Specifically, computational analysis
pinpointed a motif with the sequence of LPTYPFXsW, which was previously shown to also be present between KS and AT
domains in cis-AT PKSs.®**** Proposing this sequence to be universal to nearly all type I PKS modules as a site for
engineering, the authors performed a large scale campaign to modify PKSs. The LPTYPFXsW motif was used as a site to
engineer diverse analogs of the complex natural products lacunalide A (353a) and B (353b) (Figure 78). This resulted in a
high level of success, as demonstrated in the biosynthesis of truncated lacunalide analogs 353c-j through module deletions
and chimeric assembly-line construction. Therefore, this simple yet powerful approach enabled the authors to produce

synthetically inaccessible polyketides in a highly rational and efficient manner.®'
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Figure 78. The engineering strategy employed by Piel and coworkers enabled the generation of a library of 353a-b

derivatives 353c-j.

4.1.2 NRPS Module Engineering

Historically, a minimal module in an NRPS assembly line has been defined as C-A-T (condensation-adenylation-
thiolation), and C-A didomains must be kept intact during engineering efforts to avoid perturbations to assembly line
functionality.®*®* However, just as is the case with type I PKSs, recent insights gained from bioinformatics analyses suggest
that these traditionally accepted boundaries should be revised, as indicated by findings that natural recombination
hotspots tend to be less invasive when used as module and domain boundaries compared to those traditional definitions.
42637641 Numerous studies have challenged so-called canonical domain boundaries and have instead focused on identifying
evolutionary sites of recombination that are more tolerant for engineering efforts.******'** For example, in-depth in silico
analysis of the evolution of NRPS diversity by Baunach et al. indicated recombination (e.g. inter- and intragenomic

recombination, speciation, horizontal gene transfer) to be the key driver of NRPS diversification and directly translates into
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the structural diversity of their products.®* A key finding was that recombination events take place almost exclusively in A

domains, specifically resulting in partial substitutions within the A, subdomain.**

Recently, Bode and coworkers developed a series of new rules for engineering NRPSs using functional units called
eXchange Units (XUs), rather than prototypical modules (Figure 79A).**° In a thorough structural analysis of NRPS domain-
domain interactions in Xenorhabdus and Photorhabdus proteobacteria, the authors defined an XU is comprised of an A-T-C
domain architecture, rather than the traditional C-A-T.%**%*%% The XUs could serve as swappable units based on a
conserved motif in the interdomain C-A linker. The study demonstrated that one or two XUs could be successfully swapped

without the significant drop in product titers frequently observed when using the traditional module boundaries.

While the XU strategy has been validated in different model systems and enabled the successful production of new
peptides, a key limitation stems from the inability of downstream C domains to elongate the unnatural upstream peptidyl
substrate as a result of swapping.**® To address this limitation, Bode and coworkers introduced the eXchange Unit between
Condensation domains (XUC) concept.®® Through structural analysis of C domains, a new fusion point to target for domain
exchanges was identified.”**** The identified region is in a flexible loop within the C domain and divides the C domain into
its N- and C-terminal subdomains. Such regions serve as boundaries of the swappable XUC units bearing the module
architecture Cy-A-T-Coup. An advantage of XUC-defined boundary is that the original interface between the C domain and
the adjacent A domain is preserved.®®® Only 80 XUC building blocks are required to build any peptide using the 20
proteinogenic amino acids, whereas 800 XU building blocks would be required to achieve the same feat.®** However, one
disadvantage is an XUC containing a C domain cannot be combined with an XUC containing an epimerase (E) domain.
Another caveat is that XUC building blocks lack compatibility between different genera, hence limiting the use of XUCs to

NRPSs sourced from the same genera.
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Figure 79. NRPS engineering using XU, XUC and XUT exchangeable units developed by the Bode lab. (A) Types of
modular units used; (B) Application of the exchange units towards de novo synthesis of the proteasome inhibitor 34b

inspired from 34.

Most recently, Bode and coworkers used computational modeling and principal component analyses to further
investigate intergenomic recombination sites.*” The authors’ systematic analysis led to their discovery of a previously
unreported recombination site within the T domain with a conserved FFxxGGxS motif. To validate the eXchange Unit
between T domains (XUT) approach, the authors sought to design an artificial biosynthetic assembly line to produce
bioactive peptides that inhibit the eukaryotic proteasome, with the fungal natural product fellutamide B (34) as a molecular
inspiration. Using both XU and the new XUT fusion sites, Bode and coworkers were able to draw from numerous NRPS
fragments and effectively recombine them to construct a designer NRPS assembly line, which produced the targeted

compound 34b at 21.6 mg/L, and displayed desired biological property (Figure 79B). A crystal structure of 34b in complex
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with the yeast 20S proteasome was also obtained to validate the molecular design. This impressive demonstration is an

important step towards realizing the true potential of the NRPS assembly lines.
4.2 Redirecting Biosynthetic Pathways with Precursors

The simplest and most classic method to diversify the structures of natural products from a producing organism is
through the alteration of precursors and/or biosynthetic intermediates. Whether through feeding synthetic substrates to
native or engineered hosts, or directly generating substrate analogs in vivo, precursor-oriented diversification has been
used to produce new derivatives of natural products. This method requires gatekeeping enzymes incorporating unnatural
substrates to be promiscuous, and that downstream tailoring enzymes are tolerant of structurally altered biosynthetic

intermediates.
4.2.1 Precursor-Directed Biosynthesis

Precursor-directed biosynthesis (PDB) is a method that in its simplest form, requires little engineering of microbial
hosts.”” PDB entails the hijacking of native or engineered biosynthetic machinery to incorporate unnatural precursors into
the product.®’** In 1948, Behrens and coworkers fed various short chain acids to microbial cultures of Penicillium
chrysogenum (Figure 80), probing their potential to generate new penicillin derivatives for bioactivity assays without
detailed insight into biosynthesis of penicillins.®® In modern approaches of PDB, knowledge of the biosynthetic pathway
and biochemical property of enzymes are leveraged in the preparation of unnatural precursors. In principle, precursors

can be fed to producing organisms or crude extracts targeting both early and late steps in the biosynthetic pathway, as

651

exemplified in the generation of unnatural erythromycin (1)™' and halogenated monoterpene indole alkaloid (MIA)

analogs, as examples.**%?
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Figure 80. Earliest example of PDB involved feeding simple precursors to liquid fermentation cultures of P. chrysogenum.

Diverse R-groups were incorporated in the penicillin products.

Although used interchangeably at times, PDB is typically associated with providing unnatural precursors to
scaffold-building enzymes such as PKS, NRPS, etc.; while late-stage substrate feeding to engineered strains is known as
mutational biosynthesis (mutasynthesis, see 4.2.2). During PDB, the precursor must be able to penetrate the cell
membrane and be stable and nontoxic to the producing organism.®? The precursor must also be kinetically competitive
against the native substrate present at intracellular concentrations. When the unnatural building blocks cannot
outcompete natural substrates which is often the case, PDB will result in accumulation of both natural and unnatural
products, with the latter being minor or trace co-products even when precursors are provided at saturating
concentrations.®**® These difficulties may be overcome through engineering gatekeeping enzyme substrate promiscuity

or removing the supply of competing natural precursors as in mutasynthesis.

One powerful, and now classic, example of PDB is the generation of antimycin A3b (354a) analogs by Yan et. al.*
The authors simultaneously manipulated the precursor supply of three parts of the biosynthetic pathway: NRPS starter
unit, PKS extender unit, and post assembly-line tailoring (Figure 81). Specifically, 6-fluorotrytophan was fed to Streptomyces
sp. NRRL 2288 to generate the unnatural 4-fluoroanthranilate that can be incorporated as a starter unit by the NRPS-PKS
assembly line. A wide variety of C;-alkyl modifications were generated by feeding nine enoyl-CoA variants, which produced
unnatural alkyl malonyl-CoAs by action of the promiscuous reductive-carboxylase AntE. Cg-acyl modifications were
generated by feeding 33 variants of acyl-CoAs for the final O-acylation step catalyzed by AntB. These enzymes displayed
unusual substrate promiscuity and 380 analogs were generated and tested for biological activity. An impressive 65% of the
analogs displayed enhanced cytotoxicity against the murine leukemia P388 cell line, while 21% of them demonstrated
enhanced antifungal activity against Candida albicans compared to 354a. In particular, 354b displayed a 66-fold increase in

cytotoxicity, while 354c¢ exhibited 2.0-fold antifungal activity compared to 354a.
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Figure 81. PDB of 380 antimycin derivatives by exploring the substrate promiscuity of three pathway enzymes.

Recent applications of PDB span numerous classes of natural products (Figure 82). For examples, i) Chen and
coworkers exploited 4-halo, 4-methoxy, and 4-methylphenylalanine derivatives to generate analogs of the uridyl-peptide
antibiotic sansanmycin H (355) from Streptomyces sp. SS., with fermentation titers greatly exceeding that of 355.°° Both 4-
bromophenylalanine and 4-chlorophenylalanine derivatives of 355 exhibited four-fold enhanced antibacterial potency
against Staphylococcus aureus, which was attributed to increased lipophilicity; ii) Codd and coworkers applied PDB towards
the production of a series of desferrioxamine B (356) analogs with variations in the diamine portions of the molecule,
whereas semisynthetic efforts had previously only allowed for modifications to ancillary fragments chemically coupled with
the natural product.®®"*® Aliphatic diamines fed to Streptomyces pilosus outcompeted cadaverine to generate a variety of
derivatives with altered metal-chelating abilities; iii) Nett and coworkers supplied various substituted aryl carboxylic acids
to the pseudochelin pathway in M. xanthus and generated a series of pseudochelin A (357) and myxochelin B derivatives

663

with activity towards human 5-lipooxygenase;”™ and iv) similarly, by feeding aryl carboxylic acid substrates to

Chrysosporium sp., Capon and coworkers generated analogs of chrysosporazine A (358) and neochrysosporazines from
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strains CMB-F214 and CMB-F294, respectively.®® Analogs produced were useful in structure-activity relationships (SAR)
studies as inhibitors of P-glycoprotein. The benzamide, acetamide, and methyenedioxy moieties were found to be essential

towards its inhibitory activities.
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Figure 82. Application of PDB to enhance the bioactivities of natural products.

4.2.2 Mutational Biosynthesis

While mutational biosynthesis, or mutasynthesis, and PDB are often conflated, they represent distinct approaches
toward pathway engineering.®®>** Mutasynthesis directly addresses issues associated with PDB regarding competition of
unnatural precursors with native substrates. Enzymes associated with natural precursor supply are genetically inactivated
or downregulated, making unnatural analogs the only substrates for incorporation. The unnatural or synthetic analogs are
referred to as mutasynthons. Mutasynthesis was initially applied over 50 years ago on mutants of the neomycin producer

Streptomyces fradiae,****®’ but has since been applied to many other compound classes including alkaloids, %

70671 nolyketides,®' and their hybrids.®’>*’* For example, i) the prodiginine biosynthetic pathway in the producing

peptides,
strain P. putida KT2440 was inactivated via knockout of the pigD gene (see section 2.1.2.5), which is the condensation
enzyme involved in the biosynthesis of the precursor 2-methyl-3-amylpyrrole (MAP, 54). In the native pathway, MAP is then

coupled with 4-methoxy-2,2"-bipyrrole-5-carboxaldehyde (MBC, 53) as a cosubstrate by PigC.®”> Feeding monopyrroles with

varying alkyl substitutions to the deletion mutant enabled access to an array of prodigiosin (55) derivatives (Figure 83A); ii)
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as an example of mutasynthesis using a heterologous host, Nett and coworkers recently generated a series of
physostigmine (359a) derivatives by feeding synthetic analogs of the natural intermediate 5-O-methylcarbamoyl-N-
acetylserotonin (MAS) to M. xanthus engineered to express the last three pathway enzymes (PsmBCD) (Figure 83B).°*® Other
enzymes omitted from the biosynthetic pathway are responsible for the biosynthesis of MAS from L-tryptophan. The
authors reported production of the drug candidate phenserine (359b), a compound which was only previously accessible
via total synthesis; and iii) platensimycin and platencin (105) are both diterpenoid carboxylic acids amidated with 3-amino-
2,4-dihydroxybenzoic acid (ADHBA).®’® By deleting ptmB1 required for biosynthesis of ADHBA in the producer Streptomyces
platensis SB12029, Shen and coworkers incorporated 18 differentially substituted aminobenzoic acid substrates to

generate analogs.

A
CsHyq
Pgn A e 'fe}
WnGackaut | _..-"‘_“:‘
" =
MAP |54
D"-.
L)
N N =
H H
- a‘-‘
MBC (53
HA :[ |: Pt + "
-, o Ly HN
manapyrenie "' R

analogs prodigosin (55): B' = Me, B¥ = n-pentyl

B
a :-é.u PammBiD N physostigmine (359a)
— W, R= ,HTﬂ.?;
= h'||_ " 0

MAS analogs phenserine (3500}
I

R= Ph"'w“-ﬂ"o'?f

Figure 83. Examples of mutasynthesis. (A) Generation of prodigiosin (55) analogs; (B) generation of physostigmine (359a)

analogs.
4.2.3 Biotransformation

Biotransformation is a classic form of structure diversification. The endogenous enzyme activities of a host are

harnessed to modify the structures of fed natural products, effectively “extending” a biosynthetic pathway towards analog
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generation.®”’ Biotransformation can generate diverse natural product analogs, with stereoselective and regioselective
modifications that are otherwise difficult to accomplish through semisynthetic means. Whole cell biotransformation also
has the benefit of protecting and stabilizing enzymes within the intracellular environment and recyclable cofactors.®”®
Microbial biotransformation has been utilized on industrial scale in conjunction with chemical synthesis for the
manufacturing of chiral intermediates and end products, with applications in the production of pharmaceuticals including

indinavir and atazanavir.t”®

The steroid industry has applied whole cell transformation, mainly taking advantage of the redox enzymes,®° to
generate pharmaceutically relevant compounds using precursors like phytosterols, sapogenins, and cholesterol as

starting materials.®'

A key discovery by Peterson and Murray showed that progesterone could be readily hydroxylated in
yields up to 95% at C;; by incubation with Rhizopus nigricans.®***® This is now an industrial biotransformation during which
R. nigricans is used to modify 16-epoxyprogesterone (generated semisynthetically from the yam-derived diosgenin) into
the 11a-hydroxy-16-epoxyprogesterone intermediate, which is diversified to various commercial corticosteroids, such a
dexamethasone, prednisone, and prednisolone.®® Recent work demonstrated additional biotransformation hosts that can
modify natural products with the steroidal skeleton.®®*** As an example, the plant-origin sapogenin neoruscogenin (360)
isolated from Ruscus, when fed to the fungus Alternaria eureka, resulted in the accumulation of new derivatives with the
cholestane and furostanol-type steroidal frameworks (Figure 84A).°” Similarly, cyclocephagenol (361) fed to A. eureka
resulted in dehydration, methyl migration, and ring expansion modifications in generation of 21 new products (Figure
84B).%® Most products exhibited promising neuroprotective activity and antioxidative activity. Biotransformation of

astragenol using the endophytic fungi Syncephalastrum racemosum AS 3.264 and Alternaria alternata AS 3.4578 resulted in

acetylation, cycloetherifications, and ring expansion modifications.®®
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Figure 84. Biotransformation of (A) 360 and (B) 361 using A. eureka as a host.

Research groups continue to search for new microorganisms to be applied as hosts for biotransformation. %%
After screening 28 endophytic fungi for the biotransformation of f-mangostin (362) isolated from Garcinia mangostana,
Arunrattiyakorn et al. found that feeding to cultures of Xylaria feejeensis GMO06 resulted in generation of ring-fused
xanthines, such as the (-)-mangostafeejin B (363), with an unprecedented hexacyclic heterocyclic skeleton (Figure 85).
Feeding of curcumenol (364) to Mucor polymorphosposporus resulted in a series of rearrangement and ring contraction
products (Figure 86).°° Other recent applications of bioconversion include feeding of licochalcone A (365)*' to Aquilegia
coerulea and quercetin (17) to Isaria fumosorosea,®* after which sulfonation and glycosylation of the substrates were
observed, respectively. While most biotransformation applications have focused on using wild-type organisms as hosts, a
recent example has shown the potential in using engineered hosts that express oxidative enzymes.®”® In an interesting

example of biotransformation, Gliedar and coworkers engineered Pichia pastoris to overexpress the human P450 3A4,
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enabling the diversification of papaverine (366) and strychnine (344) to novel products with net carbon- and nitrogen-
oxidations. As more organisms and enzymes are probed for their biocatalytic utility, the range of chemical modifications to

complex natural products achievable by biotransformation will certainly expand.
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Figure 85. Feeding of 362 to X. feejeensis enabled the generation of 363 with an unprecedented chemical scaffold.
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Figure 86. Examples of natural products that have undergone structural diversification via biotransformation.

4.2.4 Examples of Redirecting Polyketide Biosynthesis

4.2.4.1 PDB with Assembly-Line PKSs

Pioneering work in applying PDB toward polyketide structural diversification was performed with bacterial type I
PKSs, specifically the megasynthases responsible for erythromycin (1) and pikromycin biosynthesis. The three PKS enzymes
(DEBS1, DEBS2 and DEBS3) that synthesize 6-deoxyerythronolide B (99) are the prototypical polyketide assembly lines.

Unnatural acyl-CoA and synthetic diketide S-N-acylcysteamine (SNAC) thioesters were used to probe the starter unit
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specificity of the loading module and the KS domain of module 2 (traditional definition), respectively (Figure 87A).°*%*> Acyl-
SNAC thioesters mimic the acyl-S-phosphopantethenoates of acyl-CoA and acyl-ACP.**%*’ To eliminate competition of
propionate incorporation by the loading module, the loading AT domain was inactivated, followed by feeding of
monoketide-SNAC to prime the assembly line. Similarly, inactivation of the KS domain in module 1 allowed exclusive
priming of module 2 with diketide-SNAC.**"**® In one example, feeding acyl-SNAC 367 as a precursor led to the production
of phenyl 6-deoxyerythronolide B (99b), which was then biotransformed by S. erythrea A34 to the corresponding phenyl

erythromycin analog (1b) (Figure 87B).

Figure 87. PDB of type I PKS using acyl-SNACs as substrate mimics. (A) Scheme of intercepting type I PKS with unnatural

starter and extender units; (B) PDB to produce 1b.

Feeding of acyl-SNACSs has also been applied to iterative fungal PKSs, especially to confirm if a proposed acyl-chain
is indeed an intermediate. This is more challenging than the modular PKSs, as only a single set of domains is present and
inactivation of either the KS or AT domain abolishes all enzyme activities. Instead, Vederas and coworkers synthesized and

fed "C-labeled acyl-SNACs as precursors to the dehydrocurvularin and hypothemycin PKSs to compete with natural acyl
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intermediates, and used ">C NMR of the resulting products to verify incorporation of the advanced acyl intermediates.®®’®

In a classic example of acyl-SNAC feeding, feeding of the triene-containing, hexaketide acyl-SNAC to the lovastatin
nonaketide synthase, followed by NMR characterization verified that the Diels-Alder reaction is enzyme catalyzed.”' Dual
PKSs pathways in fungi produce compounds such as resorcylic acid lactone through a distribution of labor between a
highly reducing PKS and a nonreducing PKS. To diversify the products, the highly reducing PKS can be removed, followed
by feeding of acyl-SNAC substrates that can directly prime the KS domain of the nonreducing PKSs.”* Similarly for aromatic
fungal PKSs, the biosynthesis of numerous naphthopyrone analogs was observed following feeding of linear, branched,
and functionalized (such as nitrile-containing, ether-containing, thioether-containing, halogenated) fatty acyl-SNACs as

starter-units to the iterative PKS PksA.”®

Different nucleophiles in the PKS assembly line have been shown to intercept the acyl-SNAC during PDB, leading to
a distribution of products. This was demonstrated by Sherman and coworkers in the feeding of advanced hexaketide acyl-
SNAC 368a to the final PikAIV module of narbonolide synthase. Analysis of products showed a 4:1 ratio between the
directly-cyclized 12-membered macrocycle 10-deoxymethynolide (369) versus the chain-extended and cyclized 14-
membered macrocycle narbonolide (370) (Figure 88A).” In contrast, feeding of the native PikAIII pentaketide acyl-SNAC
(371) to PIkAIII together with PikALV resulted in the desired 370 as the major product (Figure 88B). The formation of 369
with PikAIV was attributed to the capturing of 359a by the active site serine of the TE domain in favor of the KS domain
cysteine, while the shorter 371 is not recognized by the TE. By modifying the acyl-SNAC carrier to thiophenol as in 368b to
deter TE recognition, the product profile was shifted to 370 as the major product (Figure 88C). With this knowledge in hand,
Sherman and coworkers supplied pentaketide thiophenol thioesters mimicking the natural substrate to PikAIII-TE. This
resulted in the production of four desmethyl analogs of 369.”% In subsequent work, the group also demonstrated the TE
could be engineered via a single active site mutation to cyclize an epimer of the native hexaketide substrate.”® This gain-of-
function macrocyclization was rationalized through quantum mechanical modeling to occur through a concerted acyl
substitution rather than a stepwise addition-elimination mechanism associated with the wild-type TE domain. Highlighting
the utility of thiophenol thioesters as an alternate to acyl-SNACs, Sherman and coworkers synthesized the hexaketide
thiophenol thioester to prime module 5 of the juvenimyicin PKS in their efforts to chemoenzymatically synthesize

juvenimicin and rosamicin macrolides.”’
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Figure 88. PDB with narbonolide PKS with advanced acyl thioesters.

4.2.4.2 Engineering Extender Unit Supply

The promiscuity of the AT domains in cis-AT PKSs has been explored for analog generation at targeted positions in
a polyketide product.”®’® The unnatural extender units, however, must be in the form of activated a-carboxyacyl-CoA
thioesters. Feeding of acyl-CoA derivatives to the producing organisms is unfeasible because of poor membrane

permeability and synthetic challenges. To overcome the extender unit supply issue, three routes of direct enzymatic
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production of the a-carboxyacyl-CoA have been demonstrated.”"® Each route requires coexpression of additional enzymes

and feeding of precursors, essentially extending the PDB one step prior to the assembly line.

One route is the ATP-dependent thioesterification of malonate derivatives using malonyl-CoA synthetase (MatB),
which has received considerable attention due to straightforward synthesis of malonic acid derivatives.®*>*””""7"* For
instance, MatB_Sc from the monensin (372)-producing organism Streptomyces cinnamonensis was found to be promiscuous
in the activation of substituted malonates (Figure 89A).”'* Using this approach, malonate diesters are typically fed to the
cultures due to stability and nontoxicity. The diesters are hydrolyzed to malonate upon cell entry for MatB_Sc catalyzed
CoA-thioesterification. Schulz and coworkers supplied malonate derivatives with varied chain lengths, degrees of
unsaturation, and heteroatom substitutions to fermentation cultures of S. cinnamonensis, and detected accumulation of
new derivatives of 372 via incorporation by the promiscuous module 5 AT of the PKS. In a work by Williams and coworkers,
a Thr207Gly/Met306Ile double mutant of MatB from Rhizobium trifolii was engineered with enhanced selectivity for
nonnatural extender units, including isopropyl-, butyl-, phenyl-, and azido-malonate analogs.”"*This mutant has since been
used as a supplier of unnatural extender units to probe PKS substrate specificity, and to generate unnatural polyketides,
such as analogs of kirromycin and 6-deoxyerythronolide B (99).°*7">""° The promiscuous MatB from S. coelicolor’* has also

been used for these purposes.””'”’%

Y?* has also

The reductive carboxylation of a,B-unsaturated acyl-CoAs by crotonyl-CoA reductase/carboxylase (CCR
been utilized in the generation of unnatural extender units, as prominently featured in the antimycin example in Figure 81.
Several BGCs encode a pathway-specific CCR enzyme to supply a rare extender unit to the PKS core enzyme, such as
ethylmalonyl-CoA,”” allylmalonyl-CoA,’”* and chloroethylmalonyl-CoA.”” In an effort to further expand the substrate scope
of AntE to synthesize aromatic extender units in vivo, Abe and coworkers used structure-guided engineering to enlarge the

728

binding pocket.” AntE Val350Gly mutants readily accepted 3-(2-thienyl)acrylic acid and para-methylcinnamic acid to be
subsequently incorporated into antimycin analogs. In vitro assays indicated that mutants could also act upon para-
coumaric acid and 3-indoleacrylic acid, although the corresponding antimycins were not generated in vivo due to substrate
intolerance of the antimycin PKS. KntE is a CCR involved in the biosynthesis of kitaniitetronin A (373) and converts 2-

hexenoyl-CoA to butylmalonyl-CoA as an extender unit. The knt BGC for kitaniitetronin biosynthesis was heterologously

expressed in a S. albus AkntE mutant that expresses the promiscuous AntE CCR instead.””® The enhanced promiscuity of
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AntE enabled the synthesis and incorporation of cinnamic acid, and a variety of other six-carbon a,B-unsaturated fatty acids

to generate seven new tetronate compounds (Figure 89B).

The third and less utilized route is a-carboxylation of acyl-CoA by acyl-CoA carboxylases (ACCase).”” In ACCases, the
a- and B-subunits catalyze the carboxylation of activated biotin and the subsequent carboxylation of acyl-CoA, respectively.
7 The B-subunit encoded by arm13 from the armeniaspirols biosynthetic pathway is unusual in its expanded substrate
scope towards medium-chain acyl-CoAs.””' Arm13 forms a catalytical complex with saAccA2a (ACC a-subunit) from
Streptomyces armeniacus to catalyze the carboxylation of a wide variety of aliphatic and aromatic acyl-CoAs (Figure 89C).
Feeding the methyl ester precursors to the fermentation broth led to a-carboxylation, and subsequent incorporation to

produce several new analogs of armeniaspirol A (374).
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Figure 89. Unnatural polyketide extender unit can be generated via feeding of unnatural carboxylic acids and esters to
strains expressing promiscuous enzymes including (A) malonate-CoA synthetase; (B) crotonyl-CoA

reductase/carboxylase; or (C) acyl-CoA carboxylase.

The incorporation of orthogonal reactive handles into natural products using PDB can facilitate “click” conjugation
with various functional groups for structural diversification. The Zhang lab used the JamA-C enzymes from jamaicamide
BGC to introduce extender units with a terminal alkyne for incorporation into polyketides.”* Fatty acyl-CoA ligase JamA and

fatty acid desaturase JamB catalyze the transfer of 5-hexenoic acid (375) to the ACP JamC, and the desaturation to terminal
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alkyne to form 5-hexynoyl-JamC (376), respectively (Figure 90). Coexpression of jamABC with antCDEFGM from antimycin
BGC in E. coli resulted in the production of alkyne-bearing 8-deacyl antimycin analog 377. The ACP-bound 376 is proposed
to be processed by endogenous fatty acid metabolism to 5-hexynoyl-CoA (378), prior to carboxylation by AntE and
incorporation by AntD as an extender unit. 376 was also explored as an unnatural starting unit to prime a truncated
LipPKS1 lacking the loading domain.””® Enhancing the protein-protein interactions between LipPKS1 and JamC via docking
domain manipulation and site-directed mutagenesis of JamC was required for successful priming by the unnatural starter

unit.
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Figure 90. Incorporation of alkyne-containing extender unit into polyketide structures using the JamABC cassette.

4.2.4.3 Engineering Acyltransferase Domains

The AT domain of PKSs has been extensively explored through structural, computational and mutagenic studies
towards the incorporation of unnatural extender units into polyketide structures. Several free-standing trans-ATs have
shown considerable substrate promiscuity and have been used, including ZmaF”* and KirCIL’" Rittner and Sherman
incorporated fluorine atoms into both 10-deoxymethynolide (369) and narbonolide (370) by swapping the native AT
domains of DEBS module 6 with the substrate-tolerant MAT from metazoan type I FAS.”” Feeding pentaketide and

hexaketide thiophenol thioesters to this hybrid DEBS module 6, in the presence of fluoromalonyl-CoA and
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fluoromethylmalonyl-CoA resulted in the generation of macrolactones with flouro and fluoromethyl substitution at the a-
carbon. Adding isolated 2-fluoro-10-deoxymethynolide (369b) to the biotransformation host Streptomyces venezuelae Y112
generated fluorinated derivatives 2-fluoro-YC-17 (379) and 2-fluoromethymycin (380) (Figure 91). Using a computational-
guided approach, Englund et al. altered the extension substrate of DEBS M6+TE by exchanging the AT domain with those
that can accept sterically bulkier extender substrates, such as phenylmalonyl-CoA, isopentylmalonyl-CoA, and
hexylmalonyl-CoA.%** Based on kinetic analysis, successful AT domain swapping requires the KS-AT linker (KAL) and post-AT

linker 1 (PAL1) be maintained to preserve proper protein folding.
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Figure 91. Promiscuous AT can be explored to generate fluorinated macrolides.

Efforts to engineer AT selectivity through mutagenesis have also been successful. To improve the recognition of AT
domain of DEBS module 6 towards propargylmalonyl-CoA, Williams and coworkers generated saturation mutagenesis
libraries of Tyr189 and Ser191 that are part of the specificity-determining YASH loop.”"® Screening of this library led to the
identification of a Tyr189Arg mutant that can incorporate the unnatural substrate with twice the efficiency into 6-
deoxyerythronolide B (99) over the native methylmalonyl-CoA. By using a mutant trans-AT from the disorazole biosynthetic
pathway (DszAT) to complement an inactive cis-AT domain, Sirirungruang et al. successfully inserted fluorine into 99 via
fluoromalonyl-CoA to generate 2-fluoro-2-desmethyl 6-deoxyerythronolide (99c) (Figure 92).”° Crystal structure of DszAT

revealed that Phe190 near the active site plays a key role in sterically enclosing the oxyanion hole and orienting malonyl-
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CoA as a preferred substrate. They hypothesized that expanding the oxyanion hole would reduce the stringent steric
requirement for malonyl-CoA and allow fluoromalonyl-CoA to be electronically preferred as an inductively activated
extender unit. Based on these observations, the authors constructed and screened a saturation mutagenesis library at
Phe190. The Phe190Val mutant showed high specificity towards fluoromalonyl-CoA and reduced specificity for malonyl-
CoA, enabling site-specific incorporation of fluorine at positions 2- or 4 of 99 by inactivating the corresponding cis-AT

domains.
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B-deoxyerythronolide (88c)

Figure 92. Using engineered trans-AT to alter extender unit specificity.

Similarly, using the AT domain of DEBS module 6 as a model system, Williams and coworkers performed molecular
dynamics (MD) simulations to identify mutation sites for generating analogs of 99.”"° MD simulations led to mapping of
amino acid residues proximal to the YASH loop or the VDVVQP motif that can be mutated to probe extender unit specificity,
many of which were not previously associated with AT specificity. Thirteen out of thiry-two mutants were found to confer
specificity towards alternate malonyl-CoA extender units based on competition assays with methyl, ethyl, propargyl,

isopropyl, butylmalonyl-CoAs. The Tyr74Arg substitution, for instance, resulted in a two-fold increase in selectivity for
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propargylmalonyl-CoA relative to the wild-type. MD results and in vitro assays also implicated two uncharacterized,
conserved regions in the AT domain residues 739-747, and 611-617, in playing substantial roles in extender unit specificity.
Swapping these two motifs with the analogous motifs from the hexylmalonyl-CoA selective AT from module 1 of
cinnabaramide PKS, or the butylmalonyl-CoA-selective AT from module 13 of thailandin PKS, resulted in chimeric AT

domains that were more specific for these larger extender units.

4.2.5 Examples of Redirecting NRP Biosynthesis

4.2.5.1 PDB and Mutasynthesis of Assembly-line NRPSs

The most common PDB of nonribosomal peptides is through feeding of unnatural amino acids or other
noncognate acids to the producing organism, in anticipation that the assembly lines will be able to accept and elongate
these residues into the final product. A classic example of this strategy, in addition to that discussed for penicillin (Figure
80), is the feeding of allylglycine, B-cyclohexylalanine, and D-serine to Tolypocladium inflatum to generate cyclosporine
analogs.””” These nonnative amino acids replaced a-aminobutyric acid, N-methyl-4-(2-butenyl)-4-methyl threonine, and b-
alanine residues, respectively, in the final products. Given the substrate scope and promiscuity of A domains can vary
significantly, the success rate of PDB also vary greatly between different NRPSs, and different modules within a NPRS.
627738741 If the A domain is promiscuous, as found in cyanobacterial NRPS that produces microcystins, PDB can be applied to
incorporate more diverse analogs.”* For example, Dittmann and coworkers biosynthesized numerous “clickable” cyclic
heptapeptide microcystins through supplementing azido and alkynyl amino acid derivatives to the cyanobacteria
producers.””® Conjugating one of the analogs with a fluorescent 7-hydroxycoumarin allowed the authors to visualize
microcystins intake into HEK293 cell lines expressing the human organic anion transporting polypeptides 1B1 or 1B3 using

time-lapse microscopy.’*

NRPS-containing BGCs commonly encode dedicated enzyme(s) to synthesize nonproteinogenic amino acids for
incorporation into the final product. Inactivation of these dedicated enzymes would shut down the NRPS pathway, unless
the amino acid substrates are chemically complemented through feeding. Mutasynthesis strategies can therefore take
advantage of this through feeding of unnatural substrates to blocked mutants. Hitachimycin (381) from Streptomyces

scabrisporus contains an (S)-p-phenylalanine (382) residue that is generated by the clustered phenylalanine-2,3-
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aminomutase HitA (Figure 93A).”** Inactivation of HitA followed by feeding of (S)-B-phenylalanine analogs led to the
synthesis of several derivatives of the macrolactam antibiotic. Several analogs exhibited more potent cytotoxicity against
Hela cells compared to 381, including those containing meta-halogenation in the supplied 382 mimics. A similar approach
was to inactivate the four-genes pathway responsible for 4-methyl-3-hydroxyanthranilic acid (383) biosynthesis in
Scutellaria costaricana SCSIO ZS0073 (Figure 93B). Feeding the mutant with halogenated analogs resulted in a series of
actinomycin D Xop (384) analogs with modifications on the chromophore.”® Similarly, inactivation of the IlaM and IlaN
involved in the biosynthesis of 3-nitrotyrosine (385) from Streptomyces atratus with subsequent feeding with 3-halogenated
tyrosines and 3,5-dinitrotyrosine enabled the preparative isolation of 16 analogs of ilamycin F (386a) (Figure 93C).”* The
halogenated analogs generally demonstrated potent antitubercular activity, with 386b exhibiting a MIC of 0.29 uM against
Mycobacterium tuberculosis H37Rv. In contrast, direct PDB with the wild-type S. atratus was not successful due to preference

of the corresponding NRPS A domain for 385 over unnatural amino acids.
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Figure 93. Mutasynthesis of NRP through inactivation of pathways for nonproteingenic amino acid biosynthesis.

One application of repurposing NRPS enzymes/domain towards generation of non-natural products is the
chemoenzymatic cyclization of linear peptides by the macrocyclization TE domains.””” While this is a challenging reaction to
perform synthetically, the TE domains can achieve excellent regioselectivity in macrocyclization using linear substrates
acylated to the upstream thiolation domain.”**”*° Penicillin-binding protein (PBP)-type thioesterases (TE) have been mined
and applied towards the generation of large libraries of macrocycles. Using one such enzyme SurE from surugamide

biosynthesis in Streptomyces albidoflavus, ethylene-glycol esters of linear peptides (6mer, 8mer and 11mer) synthesized
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from solid-phase peptides synthesis can be readily cyclized.” Functional groups such as alkyne and azide were tolerated
by the PBP-TE, which were subjected to copper-catalyzed azide-alkyne cycloaddition reaction to yield novel bicyclic
macrocycles. The PBP-TE Ulm6 from S. albus, was shown to readily cyclize S-butyl-3-mercaptopropionate (SBMP) thioester
of hexa-, penta- and tetrapeptides.” Nearly all tested peptides with an N-terminal L-amino acid and a C-terminal b-amino

acids were accepted.

4.2.5.2 Engineering Adenylation Domains

The substrate selectivity of A domains has been frequently engineered through mutagenesis. In bacterial A
domains, substrate specificity is largely determined by ten residues in the substrate-binding pocket, referred to as the
specificity code.””® The residues that control specificity of fungal A domains are not as well-defined, although new rules
from bioinformatics analysis are emerging.”>* Micklefield and coworkers performed a single Lys278GIn mutation in the A
domain of module 10 of the NRPS CdaPS3 involved in CDA4a biosynthesis to change the amino acid specificity from (2S,3R)-
3-methyl glutamic acid (mGlu) to (2S,3R)-3-methyl glutamine, which was incorporated to generate a CDA4a analog.”” In a
study by Eguchi and coworkers as a follow up to the mutasynthesis of hitachimycin (381) (Figure 93A), the authors noted
Phe328 and Thr293 are in proximity to the meta and ortho positions of (S)-B-phenylalanine (382), respectively. Large to small
mutations at the two positions allowed the incorporation of substituted 382, including, (S)-meta-nitro-B-phenylalanine, (S)-
meta-cyano-B-phenylalanine, (S)-ortho-methyl-B-phenylalanine and (S)-ortho-bromo-B-phenylalanine.”® In efforts to
engineer the substrate specificity of the aryl acid A-domain DhbE, which natively accepts 2,3-dihydroxybenzoic acid (DHB)
for bacillibactin biosynthesis, a yeast cell surface display platform with fluorescence-activated cell sorting (FACS) was
implemented by Yin and coworkers.””” Two mutants had over 200-fold reprogrammed selectivity for 3-hydroxybenzoic acid
and 2-aminobenzoic acid relative to the native substrate. Tanabe and coworkers expanded the substrate scope of a
homologous DHB-activating enzyme EntE via a single Asn235Gly mutation, which enhanced loading of 3-nitrobenzoic acid

and 3-cyanobenzoic acid relative to the wild-type. ”*®

Messenger et al. undertook an interesting metagenomic approach for high-throughput, large-scale A domain
diversification.”” Next-generation sequencing of degenerately amplified A domains showed that a single sample of soil

metagenomic DNA can harbor thousands of unique A domains.”®®’®" Conserved motifs within NRPS sequences served as
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viable recombination sites for large-scale domain substitutions and enabled 119 functional domain substitutions into the
pyoverdine NRPS to generate 16 novel analogs. This was a significant increase from the largest previous report of
performing substitutions with 12 unique domains. In this case, screening was facilitated by UV-fluorescence of the
dihydroxyquinoline moeity of pyoverdine. While conceptually different than active site mutagenesis, metagenomic domain

substitution offers an alternative approach to generate protein sequence diversity.*"'

Working with the massive 2.0 MDa
enduracidin NRPS that produces enduracidin A (387a), Thong et al. used CRISPR-Cas9 mediated strategies to exchange A
domains both within the enduracidin NRPS, as well as introducing domains from diverse NRPSs (Figure 94).°’ These efforts

afforded ten new lipopeptide variants, such as 387b-e, that were produced in titers up to 82% relative to the wild-type in

Streptomyces fungicidicus.
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Figure 94. Enduracidin A analogs (387b-e) were generated by swapping A domains in its NRPS assembly-line.

4.2.5.3 Engineering Condensation Domains

Whereas the clear substrate gatekeeping domain in an NRPSs is the A domain, engineering efforts can be further
hindered if other domains are unable to process nonnative substrates. It has been demonstrated that this issue is

762-764

especially prevalent in the case of C domains, which is reflected in varied selectivity during the condensation reactions.

Often, C domains exhibit a high degree of selectivity with respect to the acceptor substrate,’®”’% but can also be selective
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for changes in the donor substrate.**’®’”>”’* However, in contrast to A domains where a general guideline of specificity

rules has been established for increased engineering success,’®*’”

no such rules currently exist for engineering C domains.
Folger et al. developed a yeast display platform’”® for the rapid analysis and engineering for C-domain substrate specificity.
77 In this strategy, full-length functional NRPS modules were displayed on the surface of yeast to link the condensation
activity of the displayed C domain to a fluorescent output. FACS was then used for screening variant libraries and selection.

This workflow was used on the model surfactin synthetase C domain (SrfA-C) to reprogram the substrate selectivity from

amino acids to fatty acid substrates.

Condensation domains responsible for initiation and termination of lipopeptide biosynthesis have been explored
as domain swapping candidates to generate lipopeptide analogs. Incorporation of the lipid starter unit for lipopeptides
such as daptomycin, a process known as lipoinitiation, is gatekept by a starter condensation (Csarer OF Cs) domain. The acyl
moiety is delivered to the C; domain either as an acyl-ACP or as a free-standing acyl-CoA followed by condensation with the
first amino acid. To explore C; domain promiscuity, Zhong et al. identified two NRPS-derived peptides, the linear holrhizin A
(388a) and the cyclized rhizomide A (389a), which differ in the length of the starter unit alkyl chain (C8 for 388a and C2 for
389a).’** The NRPSs involved in biosynthesis of 388a and 389a were identified, and the two Cs domains were shown to have
high sequence identity, despite the different acyl chain length preference. Switching the C; domain between the two NRPSs
lead to the corresponding switch in starter unit size and afford the C2-holrhizin A (388b) and C8-rhizomide A (389b) (Figure
95). Structural-guided mutagenesis mapped several key residues that are determinants of acyl chain length specificity.
Mutant Cs domains that can accept chain length from C2 to C18 for lipoinitiation were identified, which can be useful

domains for lipopeptide engineering.
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Figure 95. Swapping of NRPS starter condensation domains (Cs) enabled generation of new lipopeptides.

The amidation of the C-terminal carboxylate with putrescine (205) in the glidonin family of lipopeptides (such as
390) was shown to be catalyzed by the terminal C domain in the NRPS. The putrescine amide is important not only for the
bioactivity, but also for enhancing the water solubility of the lipopeptide, suggesting that the introduction of the putrescine
amide as a C-terminal cap could be used to improve chemical and bioactivities of other lipopeptides.”’® The C domain-
mediated incorporation of putrescine is promiscuous with respect to both the NRPS substrate and the amine. C domain
swapping with the rhizomide A and holrhizin A NRPSs enabled the successful incorporation of putrescine into both 388a
and the linear form of 389b, affording the derivatives 388c and 389c, respectively (Figure 96). Alternative diamines 1,7-
diaminoheptane, 1,6-diaminohexane, and 1,5-diaminopentane could all be used as the amine nucleophile for C-terminal

amidation.
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nonribosomal peptides.
4.2.6 Examples of Redirecting RiPP Biosynthesis

Many reports in the diversification of RiPP structures have explored the promiscuity of PTM enzymes toward

unnatural precursors. Enzymes catalyzing head-to-tail macrocyclization, pyridine formation,”” radical-based oxidative

780-784 785-788 9

crosslinking, cyclodehydration, epimerization,”® and methylation’®®”®" have become popular candidates for

792-795 an d

generating modified RiPPs. Precursor peptides can be generated using in vitro or in vivo translational machinery
the flexizyme technology,’®® as well as via synthetic means such as solid phase peptide synthesis.””” The ribosomal
approach, whether in cells or using cell-free extracts, allows mutagenesis of the DNA template encoding the core peptide
to be incorporated as part of the workflow. In addition, longer precursor peptides that contain the recognition elements
such as RRE for interactions with the tailoring enzymes can also be translated from the ribosome.”*® On the other hand,
using synthetic approaches allows nonproteinogenic amino acids to be readily introduced into the core peptide. Schmidt
and Schultz showed that combining ribosome precursor peptide synthesis and suppressor-tRNA based unnatural amino

acid incorporation can diversify RiPPs sequences beyond the proteinogenic amino acids.”

157



A dedicated prolyl oligopeptidase POPB implicated in the macrocyclization and leader peptide removal during the
maturation of cycloamanides was used to generate macrocyclic peptides, without requiring the leader sequence.*® To
generate a large library of cyclic peptides using this enzyme, E. coli mutants expressing variations in the amanitin precursor
peptides were grown in polycultures. 100 out of 127 precursor peptides that range from seven to 16 residues in length,
were accepted by the POPB to produce macrocyclic peptides. In another application of PDB, precursor peptides analogs of
presegetalin B1 were fed to PCY1, a segetalin macrocyclase for macrocyclization, to afford segetalin B1 analogs. An
assessment of the length of the C-terminus sequence indicated that only three residues were required for substrate
recognition. Subsequently, PCY1 was shown to accept a wide array of substrates containing unnatural and non-amino acids
with catalytic efficiency greater than the previously characterized POPB macrocyclase *'** Several representative products

(391a-e) of PCY1 are shown in Figure 97.

Figure 97. PCY1 is a promiscuous head-to-tail peptide macrocyclase.

Lanthipeptides are a large class of RiPPs defined by the presence of lanthionine and methyllanthionines residues,
which are generated by the dehydration of serine and threonine residues, respectively, followed by cyclization from a

cysteine residue in the peptide. A DNA library of 6,000 lanthipeptide precursors fused to the leader sequence of nisin A (21)
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was generated via combination of units of rotationally constrained fragments from 12 natural lanthipeptides.®*” Following
modification by PTM enzymes, a bioactivity-based assay was used to identify over 100 hits with enhanced activity against
pathogenic bacteria. From this large-scale effort, it was found that residues flanking the serine, threonine, and cysteine
involved in thioetherification are less flexible to change due to recognition by enzymes that process the lanthipeptide
precursors. In a study aimed to overcome such limitations, numerous different precursor peptides were found to be
colocalized with a class II lanthipeptide synthetase such as SyncM in different organisms. ’®” Using PDB with different
precursor peptides, SyncM was shown be the most promiscuous lanthipeptide-generating enzyme to date and can
function independently of any specified residues near the crosslinking sites. Macrocycles up to 14 residues with diverse

topologies, such as 392a-c, were efficiently cyclized in both directions along the peptide (Figure 98).

Figure 98. SyncM performs lanthipeptide cyclization with diverse substrates. The lines indicate lanthionine and

methyllanthionines linkages.

The radical SAM enzyme PapB is a lanthipeptide-maturation enzyme involved in the formation of six thioether
crosslinks between cysteines and the B and y carbons of aspartic/glutamic acid residues in the precursor peptide PapA.**
Substrate scope assays indicated that while the leader peptide was crucial for acceptance, the residues between cysteine

and the thioether crosslinking site could vary from three to six residues, indicating that specificity is based on side-chain
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recognition rather than primary sequence. Using PapB, a thioether analog (in place of its disulfide) of the FDA-approved

therapeutic agent octreotide was generated.®”

The two intramolecular crosslinks involving the two tryptophan residues in the precursor peptide DarA (393) are
catalyzed by a single radical SAM enzyme DarE, followed by proteolysis to give darobactin (167). Miller and coworkers
modified DarA to include different residues at all positions except the tryptophan residues at positions one and three,
which resulted in the generation of 17 new analogs of 167 when fed to E. coli expressing DarE (Figure 99).52% Interestingly,
alanine and arginine were accepted at position 5 in place of lysine and can be crosslinked with tryptophan at position 3.
While most analogs could not be isolated and assayed due to low titers, the isolated derivative W;N,W3S,KsSsW- (167b) was
more potent compared to 167 when tested in antibacterial assays. A subsequent campaign by Mitchell and coworkers
probed acceptance of DarA variants with different residues at crosslinking sites (i.e. positions 1, 3, and 5).*”” Of the 51
different variants modified by DarE, most scaffolds were desaturated or singly crosslinked, and only 10 products retained
both intrapeptide crosslinks present in 167. From this study, the authors concluded that DarE preferentially forms C-O
ethereal crosslinks between two aromatic side chains bewteen residues 1 and 3, and C-C crosslinks between aromatic and

nonaromatic side chains between residues 3 and 5.
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Figure 99. DarE is an oxidative crosslinking maturation enzyme. Residue substitutions tolerated by DarE are noted on

the right.

The newly discovered spliceotide family of RiPPs are featured by their characteristic a-keto-B-amino acids-
containing peptide backbone, which are formed by radical-SAM-dependent spliceases via tyramine excision.®®®®” The first
discovered instance of this novel maturation enzymes was by the Piel group in their characterization of the radical-SAM

enzyme PlpX and its auxiliary protein PIpY. The two enzymes act in tandem to modify the Nif11-like precursor peptides
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PIpA2 and PIpA3 encoded within the same biosynthetic locus (Figure 100A).2® Precursor-peptide variants of PIpA3 were
assayed for acceptance by PlpX and PlpY. The study showed that the enzymes are well-tolerant of mutations to the core
peptide and only require a minimal 11-residue sequence with a conserved XYG motif, in which X can be seven different
residues and Y is the tyrosine to be excised. Using the enzyme as a biocatalyst, Piel and coworkers demonstrated
bioorthogonal conjugation of the ketoamide-containing peptides with a fluorogenic dye.*® Further, the group used PlpX
and PIpY to generate 394, which is a close homolog of the a-keto-B-amino amide containing CVS 4453 (395), a compound
that inspired the clinically approved protease inhibitor boceprevir (396). Subsequent engineering studies indicated that
incorporation of a minimal 10-residue splice tag into various proteins, such as maltose binding protein and glutathione S-
methyltransferase, enabled site-selective ketoamide formation in the proteins expressed from E. coli. Tyramine splicing can
take place whether the tag is fused at the N- or C-terminal, or inserted internally into a protein sequence, although greatest
yields were observed for N-terminal tags.®’® These results indicate that the splice tag may be used as a bioorthogonal

handle for protein labeling.
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Figure 100. PIpX and PlpY excise tryptamine from precursor peptides. (A) Scheme of the reaction and (B) a precursor

peptide variant was used to synthesize 394.
4.2.7 Examples of Redirecting Terpene Biosynthesis

Redirecting terpene biosynthesis using unnatural precursors in vivo is much more challenging than polyketides and
peptides. This is due to the difficulties associated with preparing analogs of isoprenyl pyrophosphates and the cell
impermeability of the pyrophosphates. In addition, the native terpene precursors such as IPP, DMAPP, as well as FPP, GGPP
and squalene, are essential for cellular function, and cannot be depleted for mutasynthesis. As a result, diversification of
terpene biosynthesis is primarily focused on altering the cyclization through engineering of the terpene synthase
(TS)/terpene cyclase (TC), and the combinatorial mix-and-matching of tailoring enzymes such as P450 monooxygenases

(see section 4.3.2).
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Unnatural terpene precursors have, however, been used as tools to probe TC mechanisms in vitro, whether through
enzyme inhibition for crystallographic analysis or redirecting the carbocation-driven cyclization outcomes.*'"*'> Many
analogs of the linear substrates can be accepted by TCs, including those containing halogens, heteroatoms,®*"
cyclopropanes,®® altered branching methyl regioisomers,®"” or altered double bond positions.®'**'* While some terpene

analogs can follow the same cyclization steps as the natural substrate,®"’

in most cases variations in cyclization are
observed due to both steric and electronic effects. One such example involves the TC Bot2 from Botrytis cinerea as shown in
Figure 101. Whereas the sesquiterpene cyclase normally synthesizes presilphiperfolan-8--ol (397) from FPP, analogs of
FPP (398a-d) were cyclized into products 399a-d that are nearly unrecognizable compared to 397. To generate unnatural
GGPP analogs that are more challenging to prepare synthetically, Kirschning and coworkers supplied unnatural FPP

building blocks to GGPP synthase from Streptomyces cyaneofuscatus.®*® Resulting GGPP analogs were then supplied as

precursors to spata-13,17-diene synthase to generate three cyclododecane compounds and a macrocyclic ether.
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Figure 101. Cyclization of FPP and analogs by the sesquiterpene cyclase Bot2.
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Several approaches have emerged in recent years to metabolically generate nonnative pyrophosphate precursors.
The first is the isopentenol utilization pathway (IUP) already discussed in section 3.2.3.4. This strategy can be considered a
form of PDB to synthesize isoprenyl pyrophosphate analogs from the corresponding alcohols. In addition, heterologous
expression of S-adenosylmethionine (SAM)-dependent IPP methyltransferases from Streptomyces monomycini led to in vivo
methylation of IPP to give C6 (400, 401) and C7 analogs (402, 403) of IPP and DMAPP in E. coli (Figure 102A).**' These
substrates can be accepted by GPP and FPP synthases to afford C11, C12, C16, and C17 prenyl pyrophosphates.
Subsequently, these methylated linear precursors can be cyclized by terpene cyclases to form atypical terpenes, such as
polymethylated zeaxanthin analogs including 239b. Major products contained one to three SAM-derived methyl groups on

the carotenoid backbones.

The homomevalonate pathway discovered in Lepidoptera uses propionyl-CoA instead of acetyl-CoA to synthesize
C6 precursors such as homoisopentenyl pyrophosphate and homodimethylallyl pyrophosphate, which are readily
incorporated into C16-C18 analogs of FPP.?** Heterologous expression of this homomevalonate pathway, a propionyl-CoA
ligase, and terpene cyclases in E. coli afforded production of several new C16 terpenes detected via mass analysis of crude
extracts.*” However, due to close structural resemblance between these methylated analogs and the natural C15 products,
isolation and characterization of the new compounds was challenging. Another terpene methylation strategy uses
SpSodMT from sodorifen biosynthesis.** This unusual enzyme methylates and cyclizes FPP to the 16-carbon presodorifenyl
diphosphate (PSPP, 404), which can be converted into a variety of C16 terpenoid scaffolds such as 405-407 (Figure 102B).
SpSodMT was engineered to produce ten C16 pyrophosphate building blocks, which would then be processed into 24
different primary and tertiary alcohols, and olefins by endogenous yeast metabolism. A novel pathway to biosynthesize
noncanonical C16 terpenoids was recently identified by Reuter, Barra, and coworkers, through the identification of a
unique family of methyltransferases that catalyze the formation of (2E 7F)-6-methyl-farnesyl diphosphate from FPP,

followed by various cyclization reactions catalyzed by TC.*** Five new C16 terpenoid natural products were identified.
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Figure 102. Methylated isoprenyl pyrophosphates as building blocks for unnatural terpene synthesis. (A) IPP

methyltransferases facilitates synthesis of methylated zeaxanthin analogs; (B) SpSodMT and engineered mutants

facilitate synthesis of C16 terpenoids.

4.2.8 Examples of Redirecting Alkaloid Biosynthesis

4.2.8.1 PDB and Mutasynthesis using Tryptophan Analogs

L-Tryptophan is a key building block to many classes of alkaloids with its reactive indole ring remaining largely
intact through the various biosynthetic pathways. One such example is the class of MIAs, which are biosynthesized through
the universal precursor strictosidine (50).** For this reason, the feeding of halogenated or substituted L-tryptophan and
tryptamine analogs has been extensively applied to generate alkaloid derivatives. For example, Clark and coworkers
supplied fluorinated L-tryptophan analogs to cultures of Bacillus atrophaeus IMG-11 and isolated analogs of the tryptamine-
containing metabolites bacillamide A and C.**® The 6-fluoro substitution improved antialgal activity of derivatives. One
utility of using halogenated L-tryptophan precursors (Cl, Br and I) is the resulting halogenated aromatic ring can serve as a

165



reaction handle in metal-based cross-coupling chemistry for further semisynthetic modifications.®*** This was
demonstrated with the PDB of 5-bromo-violacein (150b) and 5-bromo-deoxyviolacein derivatives in E. coli (Figure 103).%*

Suzuki-Miyaura cross-coupling performed directly in cell cultures extracts with a series of aryl boronic acids enabled the

preparative synthesis of 5-aryl-violacein products (150c).
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Figure 103. Cross-coupling of halogenated violacein derived from PDB using tryptophan analog.

Caputi and O’Connor generated plant-derived MIA derivatives by incubating various halogen- and methoxy-
decorated tryptamine analogs and secologanin with strictosidine synthase (STR) from Catharanthus roseus.®' This provided
a substrate scope assessment of STR towards unnatural tryptamine analogs. Biotransformation of the modified
strictosidine (50) was then performed in N. benthamiona engineered to heterologously express late-stage enzymes,
resulting in the synthesis of analogs of downstream MIAs such as alstonine (213) and stemmadenine acetate (408) (Figure
104). While STR was tolerant of tryptamine analogs, the downstream enzymes required to generate 213 and 408 only
accepted the fluorinated analogs of 50. During efforts to engineer the de novo production of MIAs from S. cerevisiae, 7-
halotryptamine analogs were supplied to the yeast strains to result in the production of a fluorinated serpentine (212), as

well as chlorinated and fluorinated analogs of corynantheidine (409). #*
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Figure 104. Biosynthesis of halogenated MIAs through feeding of halogenated tryptophan or tryptamine. Numbers on

ring labeled represent sites of diversification.

4.2.8.2 Engineering Supply of Tryptophan Analogs

Several enzymes that can halogenate tryptophan at the 5, 6 or 7 positions of the indole ring have been reported,
including PyrH*** and XszenFHal (XsHal)®* at Cs; SatH**® and Thal at Cs;*° and PrnA*” and RebH*® at C;. The panel of L-
tryptophan halogenases with different regioselectivities has been used to access diverse indole-derived building blocks for
synthetic chemistry,®® as well as natural product structural diversification through PDB.**° One example is work by Salas
and coworkers in the synthesis of chromopyrrolic acid analogs in S. albus (Figure 105).2' RebH, which is associated with the
biosynthesis of rebeccamycin (410), is involved in chlorination of L-tryptophan to give 7-chlorotryptophan, which is then
incorporated into 11,11"-dichlorochromopyrrolic acid (411). By swapping RebH with Thal or PyrH, the chlorination position

around the indole ring in chromopyrrolic acid was changed to Cy, or Cq, respectively.
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Figure 105. Swapping tryptophan halogenases led to the production of 411 analogs.

An application of this regioselective halogenation was demonstrated with the biosynthesis of halogenated
brassinin (412a) analogs as antifungal pesticides (Figure 106).2* The enzymes associated with the synthesis of brassinin
were characterized to be relatively promiscuous for L-tryptophan analogs.®*® Coexpression of PyrH and a flavin reductase
partner RebF with the brassinin pathway in N. benthamiana resulted in accumulation of 5-chlorobrassinin (412b) in leaves.
Expressing RebH alongside RebF resulted in accumulation of 7-chlorobrassinin (412c). Supplying the hairy roots of N.
benthamiana expressing RebH/RebF pair with potassium bromide was required for detection of 7-bromobrassinin (412d),
because of low bromide levels in plants. 412b was found to not only be more potent than 412a against the generalist

pathogen B. cinerea, but also be comparable to pyrimethanil which is an active component of commercial pesticides.
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Figure 106. Using different L-tryptophan halogenases led to the production of 412b-d.

The O'Connor group integrated the RebH/RebF and PyrH/RebF pairs into C. roseus.®*® In addition, a mutant STR was
introduced to enhance incorporation of the halo-L-tryptamines generated from the native tryptophan decarboxylase (TDC).
The RebH/RebF gain-of-function plants were found to accumulate 12-chloro-19,20-dihydroakuammicine in hairy roots.
Given that 19,20-dihydroakuammicine is not a major alkaloid in wild-type plants, it is believed that downstream tailoring
enzymes are unable to process this 12-chloro analog. Similarly, PyrH/RebF gain-of-function plants were found to
accumulate a variety of MIA analogs, such as 10-chloroajmalicine and 15-chlorotabersonine. As an alternative to
expressing halogenases for MIA diversification, Zhang and Jensen supplied fluorinated, chlorinated, and brominated
indoles to a yeast strain that produced MIAs, and relied on the yeast tryptophan synthase (Trp5), a pyridoxial-5-phosphate
(PLP)-dependent enzyme that synthesizes L-tryptophan from indole and serine, to synthesize the halogenated L-tryptophan

precursors (Figure 107).*® The authors noted the production of nineteen analogs of serpentine (212) and alstonine (213).
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Figure 107. Biocatalytic access to MIA analogs via unnatural supply of haloindoles as a precursor to halotryptophan.

Using these halogenases, Alper and coworkers optimized E. coli to produce chlorinated and brominated L-
tryptophans.®* These precursors were further modified to analogs of 1-acetyl-3-carboxy-B-carboline. Goss and coworkers
developed the GenoChemetic platform to combine halogenated natural products derived from L-tryptophan halogenases
with an array of cross-coupling methodologies.*”’” Brominated analogs of cystargamide, barrettin, and pacidamycin D were

semisynthesized by Sonagashira,?**** Buchwald-Hartwig,** and Heck®" reactions, respectively.

4.2.9 Examples of Redirecting Tailoring Enzymes

While PDB is typically associated with providing substrate analogs for the core biosynthetic enzymes, exploring the
cofactor/cosubstrate specificity of tailoring enzymes can also lead to alteration to the natural product structures. These
include the electrophilic SAM used by methyltransferases, UDP-sugars for glycosyltransferases, activated acyl groups such

as thioesters used by acyltransferases, etc.

4.2.9.1 SAM Analogs for Methyltransferases

For the vast majority of methyltransferases in metabolism, SAM is used as the electrophilic methyl donor.
Nucleophiles such as alcohols, amines, thiols and electron-rich carbons can be regioselectively methylated by dedicated
methyltransferases. SAM is naturally synthesized from methionine and ATP by SAM synthetase.’® To explore
methyltransferases for unnatural alkylation reactions, it is necessary to provide SAM analogs that are modified at the

methylsulfonium position. In an early example, a 5-N-mustard variant of adenosine that is known as a DNA alkylating
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reagent, was accepted by the methyltransferase RebM to generate new rebeccamycin analogs.®*® More recent examples
have focused on the enzymatic generation of SAM analogs followed by alkyl transfer to nucleophiles. For example,
fluorinated SAM analogs have been generated towards site-selective fluoroalkylation. Seebach and coworkers used halide
methyltransferases to prepare fluorinated SAM (F-SAM, 413) starting with S-adenosylhomocysteine (SAH, 414) and
fluoromethyliodide (415) (Figure 108A).*° 413 generated in situ was used by methyltransferases to fluoromethylate various
nucleophiles. To limit the degradation of 413 to homoserine lactone, Dong and coworkers biocatalytically synthesized
fluoro-decarboxy-SAM (F-dcSAM, 416) starting with decarboxy-SAH (dcSAH, 417) (Figure 108B). 416 was readily accepted by
different methyltransferases to fluoromethylate natural product scaffolds, such as caffeic acid (228) to fluoroferulic acid
(229b), and carminomycin (418) to fluorodaunorubicin (419).%°! Kinetic analysis indicated that several enzymes accepted
407 with higher efficiency than SAM. Using a different approach to circumvent degradation of 413, Booker and coworkers
chemoenzymatically generated Te-adenosyl-L-(fluoromethyl) homotellurocysteine, which is more resistant to
epimerization and homolactone formation at 37 °C in the pH range of 2-12.%°* The unusual cofactor enabled regioselective
production of fluorooxaline and 419. Due to the larger size of tellurium compared to sulfur, the Ky is notably higher

compared to that of SAM.
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Figure 108. The use of fluorinated SAM analogs for fluoromethylation of natural products. Biocatalytic production of (A)
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SAM cofactors with ethyl,®*®* allyl, crotyl, propargyl and benzyl®> sulfonium have been used to alkylate
nucleophilic centers in the presence of natural or engineered methyltransferases. NovO and CouO have been used to
transfer ethyl and fluoroethyl groups to coumarin scaffolds.** Human methionine adenosyltransferase (NnMAT2A) has been
applied to generate unnatural SAM analogs in vivo using synthetic methionine derivatives. An engineered hMAT2A was
used together with the N-methyl glycopeptide methyltransferase MtfA from the chloroeremomycin biosynthetic pathway,
to generate several vancomycin (3) analogs, such as 4-fluorobenzyl and 3,3-difluoroallyl variants.*’ Similarly, regioselective
O-allyl and O-ethyl analogs of rapamycin (420) were generated using the hMAT2A Ile332Val mutant and the

methyltransferase RapM (Figure 109).2® Carboxy-S-adenosylmethionine (carboxy-SAM) is a naturally occurring

carboxymethylation cofactor. Micklefield and coworkers used the synthase CmoA to generate carboxy-SAM and carboxy-S-
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adenosylethionine,®® which were accepted by an engineered N-methyltransferase to afford various N-carboxymethylated

and N-carboxyethylated THIQ compounds.
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Figure 109. Generation of 420 analogs using engineered SAM synthetase and RapM.

4.2.9.2 Unnatural Sugars for Glycosyltransferases

The sugars that decorate natural product aglycones dramatically alter the physical properties, and are often

indispensable in endowing biological activities.** Natural product can be glycosylated with monosaccharides as in

2 863

staurosporine®' and doxorubicin,®** with disaccharides as in avermectin®® and vancomycin (3)*® and with
oligosaccharides such as avilamycin®* and saccharomicin.®® While common sugars such as b-glucose, b-mannose, etc. are
used to modify natural products, BGCs often encode dedicated biosynthetic enzymes to generate unusual deoxysugars for
subsequent glycosylation. Dedicated glycosyltransferases transfer the sugars, in their thermodynamically activated form
of NDP-sugars, to nucleophiles present in natural products, most commonly alcohols. Much knowledge on the biosynthesis
of unnatural sugars have been accumulated in the last twenty years and are reviewed by Liu and coworkers.®® With such
information in hand, mutasynthesis to changing the sugars attached to natural products can be performed by inactivating
the genes involved in biosynthesis of the natural sugar, and expressing enzymes involved in alternative sugar biosynthesis.

Examples of such efforts include the biosynthesis of analogs of doxorubicin (421),* gilvocarcin V (422),*® YC-17, etc. (Figure

110).%%°
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This approach is particular useful when the glycosyltransferase that modifies the natural product is promiscuous
towards different sugars. This was the case with the glycosyltransferase EImGT from the elloramycin A (423) biosynthetic
pathway, which glycosylates 8-demethyltetracenomycin C aglycone with TDP-L-rhamnose.?”” Salas and coworkers
integrated plasmids bearing unnatural sugar biosynthesis genes into S. albus to produce L-olivosyl-, L-rhodinosyl, and b-
olivosyl-elloramycin analogs.” Since then, a wide variety of 423 analogs containing unnatural sugars have been reported
using this method.*”*®* Shabaan and coworkers metabolically engineered S. coelicolor M1146 to express genes involved in
8-demethyltetracenomycin C biosynthesis alongside EImGT, and introduced sugar biosynthetic pathways to generate 4'-

keto-D-digitoxosyl-, b-fucosyl-, b-allosyl-, and b-quinovosyl- analogs of 423.5”
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Figure 110. Select natural products targeted for sugar diversification.

One powerful approach to combinatorially vary the sugars attached to natural products is to take advantage of the
substrate promiscuity of glycosyltransferases—a process termed glycorandomization or chemoenzymatic

glycodiversifiication.*” The Thorson and Liu groups have applied glycorandomization in diversification of several natural

) 877
r

products, such as novobiocin (424),*”’ calicheamicin (425),*® methylumbelliferone,®” avermectin,® pikromycin,®®' and

methymycin.®®? In a classic example, Thorson and coworkers generated a large library of vancomycin (3) derivatives.®® The

884 and

authors first performed enzyme engineering to expand the substrate scopes of E. coli galactokinase (GalK)
Salmonella enterica LT2 a-D-glucopyranosyl phosphate thymidylyltransferase (E,)** to access a panel of NDP-sugars.**

Then, taking advantage of the substrate promiscuity of the vancomycin glycosyltransferase GtfE, 31 glycosylated analogs
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of 3 were generated. For instance, a 6-azido-6-deoxy-D-glucosylvancomycin (3b) derivative was generated via feeding of the
corresponding 6-azido-6-deoxy-D-glucose and could be further elaborated via “click” chemistry to 17 additional analogs of

3, some of which (such as 3c) were more potent than 3 (Figure 111).
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Figure 111. Biocatalytic prduction of NDP-sugars for vancomycin analog generation.

Sipanmycin A (426a) from Streptomyces sp. strain CS149 displays potent antibacterial and cytotoxic bioactivity; the
B-D-xylosamine-B-D-sipanose disaccharide O-glycosylated to the macrolactam aglycone is essential for the bioactivity
(Figure 112A). ® To probe the substrate promiscuity of the glycosyltransferases, Salas and Olano introduced genes
encoding enzymes that can synthesize TDP-D-olivose, TDP-L-amicetose, or TDP-L-digitoxose into the native strain. The new
TDP-sugars replaced the B-D-sipanose to generate four analogs (426b-e) without the need to delete any B-D-sipanose
biosynthetic genes. B-D-olivomycose and B-D-forosamine were unexpectedly incorporated upon the integration of TDP-
olivose and TDP-amicetose biosynthetic pathways, respectively, and are believed to be a result of -D-sipanose biosynthetic
enzymes acting upon intermediates of the newly integrated sugar pathways. In the case with 426c and 426e, the new
compounds were biosynthesized at levels greater than that of the native compound. The authors also attempted to replace
B-D-xylosamine using mutasynthesis by deleting three genes involved in UDP-xylosamine biosynthesis, but this did not

result in any new compounds likely due to the more stringent substrate scope of the first glycosyltransferase.
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Along these lines, glycosyltransferases have been exchanged to alter sugar incorporation and glycosyltransfer
regioselectivity. For example, GT723 is the unclustered glycosyltransferase that installs a-D-glucose onto the actinopyrone
PMO050463 (427) to give PM050511 (428a) (Figure 112B).**® Using a glycosyltransferase homolog GT1507 from piercidin
pathway with 65% identity, a variety of UDP-hexoses were transferred to PM05463, to result in the formation of the N-
acetyl-p-glucosamine, N-azidoacetyl-D-glucosamine, or D-xylose analogs of 428a, which are 428b, 428c. or 428d,
respectively. GT1507 had additional substrate promiscuity to glycosylate actinopyrone metabolic intermediates preceding

427, which led to the formation of 14 non-natural actinopyrone analogs.
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Figure 112. Modifying the sugar groups on polyketide scaffolds. (A) 426a as an example; (B) 428a as an example.

By exchanging glycosyltransferases from homologous pathways, Liu and coworkers generated a polyether
compound with potent activity against bladder cancer.®®® Lenoremycin (429), endusamycin (430), and CP-80219 (431) are
glycosylated polycyclic ethers with moderate bioactivity against bladder cancer. These compounds share identical
aglycone structures, but each vary in the regioselectivity of methylation and glycosylation modifications (Figure 113A).
From SAR studies, the distance between the sugar unit and the carboxylic acid at C; is correlated with potency, in the
decreasing order of 429 (Cy,), 430 (C;s), and 431 (C,,). 429, however, possesses nonnegligible toxicity which is undesirable

for use as a chemotherapy lead.**® Aiming to keep the glycosylation at C;, in 429 while introducing the C,, methylation
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present in 430, the authors first inactivated the EndP3 in the BGC of 430, which is responsible for C;s hydroxylation. The
EndG5 glycosyltransferase was then swapped with the LenG5 glycosyltransferase from BGC of 429, which resulted in the
production of the hybrid compound End-16 (432) (Figure 113B). 432, with a subtle C;, methyl group addition, was shown to
be a potent inhibitor of BLCA cell proliferation with diminished side effects. Additionally, 432 resulted in very minor
damage and histopathological changes to spleen and liver tissue in subcutaneous xenograft models compared to cisplatin,

which has been historically associated with side effects as a first-line treatment of bladder cancer.
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Figure 113. Glycosyltransferase swap between BGCs of lenoremycin and endusamycin enabled generation of 432.

Glycodiversification was applied towards the generation of various aminoglycosides, a natural product family that
features aminosugars linked to an aminocyclitol core.®”' Starting from paromamine (433), the gentamicin and kanamycin
pathways differ in the sugar moiety that is transferred (Figure 114). In gentamicin biosynthesis, GenM2 catalyzes the

transfer of xylose to generate gentamicin A2 (434), which is further modified into gentamicin C1 (435); while in kanamycin
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biosynthesis, KanE transfers glucose to 433 to give 3"-dehydroxy kanamycin C (436) followed by additional modifications.
Sun and coworkers swapped the native GenM2 with KanE in the gentamycin producing strain Micromonospora echinospora
to generate six new hybrid aminoglycosides, including genkamicin C1 (437). Analogs were active against critical priority
pathogens, such as Acinetobacter baumanni that is resistant to gentamicins and kanamycin B (14), while displaying low

ototoxicity using zebrafish embryos as test organisms.

]
OH FEH

T .
[l nta
’:(%ﬁ gentamycin =

HiH P HyH
GanM2 END : Laiborin iun .
T muu, M
o a

o |UDP-xylose
= & o o
= HO oM HO
OH = - ~
Hq'l o x ta . £ oM
| %%' S o gentamicin AZ (434) gentamicin C1 (435)
NH E
1 "\
H = .
paromaming (433) g fH WH
B H o s ]
- a gentamycin
o HaH o] HaM
= KanE HaH tallaring 4
- HH, e “‘mw ’
UDP-glucosa o o
OH OH
o XT3 kﬂ.q::
oH HH
F"=dehydroxy ¢ OH
kanamycin G (436) genkamicin C1 (437)

Figure 114. Genearation of aminoglycoside derivatives through exchange of glycosyltransferases.

4.2.9.3 Unnatural Acyl Donors for Acyltransferases

Acyltransferases are a large class of tailoring enzymes that transfer thermodynamically activated acyl groups, such
as thioesters of CoA or ACP, onto nucleophilic oxygen or nitrogen centers in natural products. Acyltransferases can use a
wide variety of acyl groups, ranging from short to long-chain fatty acyl thioesters, to more functionalized acyl groups
specific to a natural product. Like glycosylation, acyl transfer is a critical step in the maturation of natural product
structures and are often indispensable for the biological activity. One well-documented example is in the last step of
lovastatin (2) biosynthesis, in which the acyltransferase LovD catalyzes the transfer of a-methylbutyryl group from the PKS
LovF to monacolin J (438) (Figure 115). This reaction installs the “side chain” in 2 that is essential for the inhibition of HMGR.
LovD was engineered to produce the semisynthetic cholesterol-lowering drug simvastatin (439) (Figure 115),** which
contains the a,a-dimethylbutyrate side chain and is more potent than 2. Directed evolution of LovD was performed to

increases its catalytic efficiency towards a small molecule thioester donor, dimethylbutyryl-S-methyl mercaptopropionate
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(DMB-SMMP, 440), as well as performance under slightly basic conditions in which 439 is precipitated to drive the reaction
to completion. Heterologous production of 439 from S. cerevisiae was accomplished by coexpressing the evolved mutant

LovD9 with the Jov biosynthetic enzymes (except LovF) and feeding with 440.

LowDd

simvastatin (439) lovastatin (2)

Figure 115. Biosynthesis of the semisynthetic 439 using engineered acyltransferase and small molecule acyl thioester

440.

To alter the 1,8-dihydropyrrolo[2,3-b]indole-2-carboxylate moiety present in pyrroindomycin A (441), Liu and
coworkers inactivated the pyrK7 gene that is involved in the maturation of L-tryptophan to 1,8-dihydropyrrolo[2,3-bJindole-
2-carboxylic acid in the producing strain Streptomyces rugosporus (Figure 116).** Subsequent supplementation of aromatic
carboxylic acids resulted in six novel analogs of 441. Similarly, Liu and coworkers reported the replacement of the 3-methyl-
2-indolic acid unit (synthesized via NosL from L-tryptophan) tethered to Glu6 and Cys8 of nosiheptide (442a) with
benzothiophene. In this RiPPs pathway, Nosl catalyzes the transfer of 3-methyl-2-indolic acid onto the carrier protein Nos),
which is used as a substrate by the acyltransferase NosK to acylate Cys8 in the thiopeptide. These enzymes were tolerant of
the unnatural 3-methyl-2-benzothiophenic acid, which was fed to a AnosL Streptomyces actuosus mutant and was

incorporated to generate 442b, the thiophene analog of 442a.
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Figure 116. Targeting acyl transfer steps in biosynthesis for product diversification.

Exploring acyltransferase specificity for the generation of “clickable” analogs such as alkyne- and azide-containing
fatty acids can lead to further synthetic modifications.Kirschning and Ott generated a magnetic-nanoparticle/ansamitocin
conjugate (443) to probe a paramagnetic drug release system and direct ansamitocin to cancerous tissue.*** A “clickable”
ansamitocin alkyne analog (444) was generated by feeding hex-5-ynoic acid to the ansamitocin-producing Actinosynnema
pretiosum. The terminal alkyne containing compouds was subsequently conjugated to a thermally sensitive
oxanorbornadiene linkage and supermagnetic nanostructure particle (SPION) (Figure 117A). As demonstrated in xenograft
mouse models, exposure of the nanoparticle to an external electric field at cancerous tissues resulted in a thermally

activated retro-Diels-Alder reaction at the linker and release of the anticancer drug (Figure 117B).
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Figure 117. PDB was used to generate 444 that is the precursor to the magnetic-nanoparticle/ansamitocin conjugate

443.

4.3. Combinatorial Biosynthesis

In the previous sections, we focused on natural product structural diversification by PDB, mutasynthesis or
biotransformation. These approaches rely on the feeding of precursors and intermediates to biosynthetic pathways.
During these discussions, we have shown examples in which biosynthetic genes from different pathways are introduced to
aid in the de novo biosynthesis and incorporation of precursors, as well as modification of the intermediates. Broadly
speaking, this approach can be classified as combinatorial biosynthesis, in which enzymes from different pathways are
combined to biosynthesize a new compound, typically not found in Nature. While combinatorial biosynthesis can be as
simple as switching a glycosyltransferase to diversify the sugar pendant on a natural product, this concept can also involve
de novo pathway design to assembly otherwise completely unrelated enzymes into a single pathway. Some examples

discussed in heterologous biosynthesis (section 3), in which enzymes from different kingdoms are sourced to complete a
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functional pathway towards a final product, can thus be considered as ultimate examples of combinatorial biosynthesis. To
close out this review, a few examples of combinatorial biosynthesis and pathway engineering will be summarized.

Comprehensive coverage of this topic can be found in reviews by Goossens®” and Leadlay.**

4.3.1 Modifying Biosynthetic Pathways to Generate New Compounds

The concept of combinatorial biosynthesis was first demonstrated in 1985, wherein Hopwood and coworkers
explored the possibility of “hybrid” antibiotics via interchanging biosynthetic genes from related pathways found in
different species.””®”’ The authors reported the novel antibiotics mederrhodin A (445) and dihydrogranatirhodin (446)
(Figure 118). 445 features the medermycin (447) core scaffold with an additional phenolic alcohol found at the same
position in actinorhodin (103), while 446 has structural features from both dihydrogranaticin (448) and 103, differing at a
single stereocenter. Although these changes are relatively minor, such early demonstrations laid the foundation to

modern day combinatorial biosynthesis.
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Figure 118. Early example of combinatorial biosynthesis by Hopwood and coworkers.

Several new polycyclic tetramate macrolactams (PoTeMs) compounds were generated via the addition of redox
enzymes from related pathways. For example, the OX4 gene encoding a P450 from the heat stable-antifungal-factor (HSAF)
biosynthetic pathway was expressed in the heterologous host Streptomyces sp. SR111 that is engineered to produce
combamides A (449) and B (450). This hybrid pathway resulted in production of two new PoTeM derivatives, combamides E

(451) and combamides F (452) with a 5,5,6 tricyclic system not observed among the nature combamides congeners (Figure
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119).*® Similarly, the substitution of ComC with several cytochrome P450s from other PoTeMs resulted in derivatives with
varying degrees of hydroxylation at different positions in the 5,5,6 tricyclic core when expressed in conjunction with
0X4.%° Along the same lines, Chen and coworkers rationally biosynthesized dimerized alboflavusins by introducing
unrelated P450 biaryl coupling enzymes HmtS and CIpS to the biosynthetic pathway. The dimer products displayed

enhanced antibacterial and antitumor activities compared to their monomeric forms.*®

combamide & |448)

ChmD
Dxd

combamide F (452} combamide E (451)

Figure 119. Coexpression of ox4 with cbmA-E resulted in the generation of new hybrid PoTeMs 451 and 452.

Cox and coworkers assembled eup and as genes involved in the biosynthesis of the tropolone sesquiterpenoids
eupenifeldin (288) and xenovulene A (38), respectively, in A. oryzae to generate new compounds (Figure 120).”' The two
tropolone sesquiterpenoids derive from a common stipitaldehyde (453) intermediate but vary in the subsequent chemical
transformations, including redox modification of 453; the hetero-Diels Alder (hDA) reaction using either humulene (39) or
epoxy-humulene (454); and the late-stage oxidative tailoring steps. By rationally mixing enzymes from the two pathways,
seven new tropolone sesquiterpenoids were generated. To generate analogs of 288, the pericyclase EupF from the BGC of
288, which uses 454 to catalyze intermolecular hetero-Diels-Alder cyclization, was replaced with AsR5 from the BGC of 38,
which accepts 39. Subsequent 288-specific tailoring enzymes modified the unnatural intermediate to produce compounds
such as 455 (Figure 120A). Similarly, to generate analogs of 38, the 288-specific tailoring enzymes such as EupR5 and EupR6

were used in place of 38-specific tailoring enzymes AsL4 and AsL6, to modify the cycloaddition adduct xenovulene B (456)
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(Figure 120B). This combination of genes generated compounds such as 457 and 458. The monobenzopyran moieties
found in 455 and 457 were proposed to derive from oxidative ring contraction reactions not natively associated with any

natural tropolone sesquiterpenoid and derivatives.
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Figure 120. Access to new sesquiterpenoids using (A) the pericyclase from the BGC of 38 to modify the eupenifeldin core;

or (B) tailoring enzymes from the BGC of 288 to modify 456.

4.3.2 Mixing and Matching of Terpene Cyclase and Oxygenase Pairs

Combinatorial biosynthesis has been successful in generating new terpenoid compounds due to the promiscuity
of oxidative tailoring enzymes from related pathways. Many productive examples of mixing TCs with oxidative tailoring
enzymes from different terpene BGCs have been reported.*®****°* For example, in a high-throughput study, Voigt and
coworkers built 1,088 pathways in E. coli from the pairing of 40 bacterial P450s and 17 TCs. Most of the P450s exhibited
substrate promiscuity on multiple terpene scaffolds.” Similarly, the recently characterized SptF from the biosynthesis of
fungal meroterpenoid emervaridones is a Fe(II)/a-ketoglutarate-dependent oxygenase with a broad substrate tolerance
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towards diverse meroterpenoids.® This multifunctional enzyme catalyzes a range of oxidative manipulations, such as
hydroxylations, desaturation, epoxidation, and skeletal rearrangements to furnish emervaridone B (459), emervaridone C
(460), 461, and 462 from andiconin D (463). Replacement of the homologous enzyme AndF responsible for desaturating
andilesin C (464) to anditomin (465) with SptF resulted in production of the diastereomeric pair of 466 and 467 (Figure
121A). In an example of in vitro combinatorial biocatalysis, SptF was incubated with fungal meroterpenoids with varied core
scaffolds (Figure 121B). Using preandiloid B (468) as a substrate, SptF catalyzed C; hydroxylation to give 469. SptF also
catalyzed oxidative ring contraction of tetronin J (470) and tetronin C (471) to form the cyclopropane-containing 472 and
473, respectively. The same versatile enzyme was further found to catalyze hydroxylation at various positions in the sterol

hormones androsterone, testosterone, and progesterone.
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Figure 121. SptF is a promiscuous oxygenase that modifies meroterpenoids. (A) Modification of andilesin C (464) and (B)

oxidation of other fungal meroterpenoids.

The Tissier group successfully reconstituted ten diterpene synthases and four cytochrome P450 oxygenases in
various combinations in yeast. This effort led to the biosynthesis of over 200 distinct diterpenoids, 162 of which are new-to-
nature diterpenoids.’” Similarly, Tang and coworkers used yeast as a platform for the pairing of TCs and P450s from
different bergamotene pathways to generate new sesquiterpene products.”® Fma-TC and Fma-P450 are from the
biosynthetic pathway of fumagillin in Aspergillus fumigatus, while Tv86-TC and Tv86-P450 are mined from Trichoderma
virens. Fma-TC and Tv86-TC are atypical TCs that convert FPP into B-trans-bergamotene (474) and a-trans-bergamotene
(475), respectively. Both P450s are multifunctional enzymes that act on their respective pathways to give dramatically
modified compounds such as 476-479 as shown in Figure 122. Pairing the TC with the noncognate P450 partner led to
structural diversification of sesquiterpenes 480-483.° Similarly, pairing two fungal P450 enzymes BcBOT4 and PeniB,
responsible for the maturation of phytotoxin botrydial and the insecticide penifulvin A, respectively, with seven TCs in yeast
led to new polyquinane sesquiterpenoids containing modifications such as epoxidations, carboxylation, hydroxylation, etc.
%2 Kampranis and coworkers developed a high throughput combinatorial biosynthesis workflow using yeast wherein
combinations of terpene cyclases and cytochrome P450s were iteratively refined based on inhibitory activity against
protein-tyrosine phosphatase 1B of yeast mutant extracts.® Amongst over 1000 assayed combinations, 20 triterpenoids

exhibited potent activity against protein-tyrosine phosphatase 1B, four of which represent new compounds.
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Figure 122. The mixing and matching of two sesquiterpene cyclases and their associated P450s enabled the generation

of a wide variety sesquiterpenoids.

Asai and coworkers utilized heterologous expression to build unnatural biosynthetic pathways that produce
decalin-containing diterpenoid pyrones.’’ Flavin-dependent monooxygenases and methyltransferases from five different
BGCs were added or swapped between pathways, enabling the generation of ten previously unknown compounds with
varied carbon skeletons and oxidative modifications. The Cox group demonstrated the utility of combinatorial biocatalysis
to generate a web-like biosynthetic network of chimeric pathways containing oxidative enzymes acting upon the
aristolochene (484) core in concert (Figure 123). °"" Through manipulation of six different genes in A. oryzae, twenty
compounds could be derived. Further diversity was generated by the endogenous oxidative machinery of A. oryzae,

producing on-pathway “shunt” compounds that could be further tailored by introduced P450 enzymes.
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Figure 123. Combinatorial expression of oxidative enzymes that act on 484.

4.3.3 De Novo Pathway Design

In an interesting application of pathway design via natural product “fusion,” Keasling and Hartwig sought to
integrate the newly discovered carbene-transfer reaction catalyzed by an engineered P450 enzyme into cellular
metabolism and produce new-to-nature natural products.””® In a proof-of-concept study, the authors integrated the
biosynthetic pathway for a-diazoester azaserine (160) from Salix fragilis into S. albus, to produce the carbene precursor. In
addition, the authors expressed the enzymes required to produce styrene (485) as the carbene acceptor. The engineered
mutant of P450-T2, which natively accepts L-mimosine as a substrate, could catalyze the cyclopropanation of 485 using 160
to generate “fusion” product 486 (Figure 124). While the wild-type P450-T2 was active in catalyzing the cyclopropanation
reaction with moderate diastereoselectivity, competing reaction catalyzed by free heme resulted in reduced
diastereocontrol in cellulo. To enhance P450-T2 catalytic turnover, five rounds of directed evolution were conducted,
yielding an engineered P450-T2 with dr >99% and 250-fold higher turnover rate than the wild-type. This example illustrates
how pathway discovery (that of 160), pathway engineering (that of 485) and protein engineering (that of P450-T2) can be

integrated to enable unprecedented chemistry in biology that can be harnessed for chemical synthesis.
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Figure 124. Engineering of a P450-T2 mutant enabled the enzymatic “hybridization” of 485 and 160 to 486 via

cyclopropane formation.

5 Conclusions and Outlook

There is no denying that interest in natural product-based drug discovery in the pharmaceutical industry declined
in recent decades, largely due to the decreases in hit rates from microbial and plant sources. In the post-genomics era,
however, a resurgence of academic, entrepreneurial, and industrial efforts towards natural product discovery has taken
place. Such explosion of creative efforts to discover, produce, and engineer natural products has transformed the field into
one thatis highly interdisciplinary, bringing together bioinformaticians, computer scientists, synthetic biologists, chemists,
enzymologists, etc. Synthetic biology in particular has become a mainstay in the field as the emphasis shifts from
organism-based discovery to genome-based discovery. Forty years after the initial discovery of a natural product
biosynthetic gene cluster (BGC) by Sir David Hopwood, it is now routine, and arguably preferred, for a BGC to be completely

characterized and the associated natural product to be identified without working with the native organism.

To emphasize the role of bioinformatics and machine learning on the field, Section 2 described advances in
computational tools to find BGCs and predict associated natural products, as well as to elucidate and dereplicate natural

product structures using analytical tools such as MS and NMR. These computational tools have become more sophisticated
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and higher-resolution over time, and have seen widespread adoption and customization by the community. The use of
programs such as antiSMASH for BGC identification has become an indispensable first step in most workflows. The
challenge of computational BGC dereplication is a significant one and is being tackled by curated community databases.
Machine learning is playing an increasingly important role in BGC identification and annotation, as exemplified by the use
of AlphaFold3 to predict functions of proteins. At the backend, dereplication tools such as GNPS have become

indispensable for many as the first step in analysis of complex metabolite extracts.

Synthetic biology tools play a prominent role in translation of bioinformatic predictions into natural products,
analogs, as well as biosynthetic enzymes. Once a certain predicted BGC has been selected for characterization, multiple
approaches to interrogate the encoded natural products can be used, in both the native host and in heterologous hosts.
Modern synthetic biology tools such as CRISPR-based gene activation, promoter engineering and ribosomal engineering
have all found applications in natural product discovery. However, the one approach in which synthetic biology has played
the most important role is the development of heterologous expression hosts for biosynthetic pathway characterization
and engineering. From the examples presented in Section 3, it is clear that while the core concept of heterologous
expression has been practiced for decades, the influx of new tools to construct pathways, engineer host and source
biosynthetic genes has elevated the approach to a new level of complexity with respect to the length of pathways and
number of genetic modifications possible. Essentially all classes of natural products have been heterologously produced in
different model bacterial, fungal and plant hosts, highlighted by the impressive accomplishments of vinblastine and QS-21
biosynthesis in yeast. BGCs prioritized for bioactivities and novel structures can be readily mined using heterologous hosts,

resulting in discovery of natural products with desired biological targets and new chemical scaffolds, respectively.

Natural products have served as leads for semisynthetic generation or chemical synthesis of more effective
analogs. For example, the polyketide avermectin was isolated by Omura, while the more potent 22,23-dihydro derivative of
avermectin B; known as ivermectin was obtained via chemical modification by Campbell. Similarly, the discovery of natural
statins such as lovastatin and mevastatin has inspired semisynthesis of simvastatin and total synthesis of atorvastatin, all
of which were blockbuster cholesterol lowering drugs. Section 4 provides examples of how biosynthetic pathways can be
rationally engineered for the generation of complex natural product analogs with high structural precision, which are

difficult to access by semisynthesis or total synthesis. Since each step of a biosynthetic pathway can be manipulated at the
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gene level, many possible methods to engineer the structure of the final product can be identified and executed. Further
involvement of tools such as directed evolution and metabolic engineering will set the stage for the integration of abiotic
chemistry into microbial hosts, leading to much broader expansion of the chemical spaces associated with known natural

products.

In sum, the convergences of several paradigm-shifting technologies, including cost-effective DNA synthesis, Next-
generation DNA sequencing, CRISPR-based gene targeting, directed evolution, machine-learning based protein function
prediction, etcin the last decade, have reenergized natural product discovery and engineering. We anticipate in the coming
decade, integration of other synthetic biology and analytical technologies, such as photobiocatalysis, cell-free biosynthesis,
Al-driven cellular engineering, and electron microscopy for structural elucidation, will further accelerate the discovery of

new compounds from nature, as well as engineering of new compounds to nature.
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