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ABSTRACT OF THE DISSERTATION 

 

Genome mining on fungal polyketide natural products for discovery of novel enzymology 

 

by 

Yiu-Sun Hung 

Doctor of Philosophy in Chemical Engineering 

University of California, Los Angeles, 2020 

Professor Yi Tang, Chair 

 

 

Genome mining is a promising approach to elucidate the biosynthetic origins of natural 

products. Their structural complexity often originated from intriguing enzymatic reactions, in which 

understanding in biosynthesis could lead to discoveries of novel enzymology, which can be further 

utilized as biocatalysts for various biotechnological applications. Throughout my doctoral 

research, I have applied this methodology in biosynthetic studies for three fungal polyketide 

natural products of interest, where their synthetically challenging chemical moieties were resolved 

by enzyme catalysis in a highly regio- and stereo-specific manner. The newly characterized 

enzymes have diverse function, including isomerase, halogenase, and radical oxidase. Apart from 

their potential to be further developed into biocatalysts to conduct challenging chemical 

transformations, new drug analogs can also be developed from their bioactive parenting 

molecules. As a whole, this document not only aims to illustrate the theoretical and experimental 

details to arrive to these observations and conclusions, it can hopefully serve as motivation for 

future optimization and application of this promising concept of genome mining with extended 

applications, coupled with the rapid technological advancement. 
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1. INTRODUCTION 

Genome mining is becoming a common approach for discovering new natural products in 

the post-genomic era. Rapid development of bioinformatic tools for comparative genomics, along 

with the innovation in genome editing, facilitate examination of previously uncharacterized 

biosynthetic gene clusters. Through deciphering the linkage between natural products and their 

corresponding genetic information, novel enzymology for the construction of these bioactive and 

often complex molecules can be revealed. Consequently, industrially applicable biocatalysts can 

be developed from these discoveries upon optimization, involving either solely enzymatic or 

chemo-enzymatic cascades. The utilization of biocatalysts overcomes key traditional synthetic 

bottlenecks by ensuring the regio- and stereo-selectivity, and bio-based materials can also 

perform optimally in mild and non-toxic environment. With the advancement in genome 

sequencing technology, fungal genome mining is an emerging methodology with the potential to 

unleash the discoveries of new enzymology embedded in fungal genomics. In this dissertation, 

the emerging advancements in biocatalysis application in the industry, as well as the methodology 

of fungal genome mining will be introduced. Subsequently, our engineering approach in platform 

development for heterologous expression, and its application in the three examples of 

biosynthetic studies of fungal polyketide natural products will be discussed, with an emphasis 

placed on the resulting novel enzymology discoveries. Lastly, the potential of these discoveries 

and development as industrially useful biocatalysts will be examined. Overall, this work serves as 

a record in utilizing cutting-edge technological development to unleash the enzymological 

potential inspired by fungal natural products, which can be further translated to various industrial 

applications as powerful biocatalysts. Ultimately, this work can motivate future researchers in the 

field to achieve breakthroughs in enzymology discoveries and fungal genome mining. 
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2. BACKGROUND OF FUNGAL GENOME MINING AND BIOCATALYSTS DEVELOPMENT 

2.1 Recent approaches used in fungal genome mining 

Fungi have been a rich source of medicinally and agriculturally relevant natural products 

for the past century.1 The structural complexity of fungal natural products, evidenced by multiple 

ring systems and stereocenters, gives rise to their rich and diverse bioactivities.2 However, with 

the declining rate of discovering new natural products from fungi in recent years, the question 

arises whether the pool of fungal natural products is nearing saturation, and consequently whether 

additional efforts devoted to discovery of new fungal natural products would be worthwhile. The 

recent advances in genomics have addressed such concerns and suggest that there is still 

immense potential for the discovery of new fungal natural products. For instance, with the use of 

a molecular approach for fungal species delimitation, the most recent estimate of the total number 

of fungal species is between 2.2 to 3.8 million, in contrast to less than 10% of the fungal species 

(about 120,000) that are currently characterized.3 As a result, many of the uncharacterized fungal 

species, such as marine or endophytic fungi, have great potential for the discovery of new fungal 

natural products.  

Another concern regarding the discovery of fungal natural products is the increasing 

difficulties associated with finding new chemical scaffolds and bioactivities. Prior to genomic 

approaches, fungal natural products were mostly discovered through traditional natural product 

isolation approaches, including screening for bioactive compounds from various fungal extract 

libraries and subsequently performing bioassay-guided isolation of the compounds of interest. 

However, such bioactivity-guided screenings have become less effective and more labor 

intensive, as the re-discovery rate of known natural products is high due to the limited bioassay 

screenings available.4 Consequently, since the 1990s, there has been a gradual decline of interest 

from pharmaceutical companies in continual investment in such research programs, as there was 
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a perception that most of the medicinally and agriculturally relevant fungal natural products had 

already been discovered. Instead, these companies redirected their focus on screening for 

bioactive compounds from synthetic chemical libraries.5 Around the same time, the initialization 

of the human genome sequencing project accelerated the advancement of genome sequencing 

technologies,6 leading to drastic decrease in sequencing cost and enabled individual labs to 

sequence any organism of interest. This has led to an exponential increase in the number of fully 

sequenced fungal genomes. Efforts from the Joint Genome Institute and the Broad Institute have 

sled to sequencing and annotation of diverse fungi, of which the data is publicly accessible.7-8 

Since the first report of the complete genome sequence for the model fungus Neurospora crassa 

in 2003,9 such abundant genomic information has brought the spotlight back to these fungi as rich 

producers of metabolites. 

Genome based approaches have arguably brought forth a renaissance of natural product 

discovery and biosynthesis. Bioinformatic analysis of the fungal genome sequences suggested a 

tremendous untapped biosynthetic potential of filamentous fungi. Using anchor biosynthetic 

enzymes as beacons for discovery,  such analyses have revealed a large number of biosynthetic 

gene clusters potentially encoding a variety of classes of metabolites, including polyketides (PKs), 

non-ribosomal peptides (NRPs) and terpenes.10 The number of putative biosynthetic gene 

clusters well exceeds the number of natural products discovered to date from fungi, suggesting 

that as many as 97% of all gene clusters are cryptic under the standard laboratory culturing 

conditions.11-12 Therefore, there is a need for technological development to systematically 

“decipher” these uncharacterized gene clusters presented in the fungal genome.  These efforts 

are collectively referred to as “genome mining”, a new paradigm of exploiting genomic information 

to guide discovery of new microbial natural products and uncovering the chemical secrets behind 

the genetic “dark matter.”13 
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2.2 Discoveries of novel enzymology and the development of biocatalyst 

Biocatalysis can be broadly defined as the use of biological sources, such as living cells 

or cellular components, to accelerate chemical transformations.14-15 Humans have been utilizing 

biocatalysis for various application for centuries, from ethanol brewing to pharmaceutical 

production. The discovery of the enzyme, the biological unit that catalyzes these transformations, 

perhaps is one of most important breakthroughs in the history of biological research. Enzymatic 

catalysis provides benefits that include unparalleled selectivity, increased atom economy, and 

improved safety, which are the traditional challenges in chemical syntheses.16 In addition to the 

eons of evolution that enzymes have experienced, scientists have altered the function of these 

natural catalysts with synthetic biology, such as directed evolution, to further expand the substrate 

scope and enhance the catalytic efficiency.17-18 Moreover, scientists have observed that ordinary 

elements, such as radiation with light, can significant revise the enzymatic function by altering the 

energetics of their associated cofactors.19 Combining two or more enzymatic steps into 

biocatalytic cascade sequences has also been shown to diversify the mode of catalysis, with the 

elimination of intermediate purification.20-22 Nonetheless, these applications and optimizations are 

based on the discoveries of enzymology, which are encoded in the genome sequence of living 

organisms. With the advancement of genome sequencing technology, deciphering such genetic 

cryptography is more achievable than ever. The resulting methodology, referred to as genome 

mining, not only expands the chemical landscape but also the potential biological toolbox for 

biocatalysis. 

One classical example to illustrate the usefulness of biocatalysts in drug development is 

the chemo-enzymatic synthesis simvastatin, a major cholesterol-lowering medication. By 

identifying the dedicated acyltransferase LovD in the natural fungal biosynthetic pathway, Tang 

and coworkers collaborated with Codexis to perform many iterations of in vitro evolution, creating 

libraries of LovD variants with improved activity for scale-up process. The approximately 1000-
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fold improved enzyme and the new process pushed the reaction to completion at high substrate 

loading and minimized the amounts of acyl donor and of solvents for extraction and product 

separation. Simvastatin can therefore be produced efficiently from a renewable feedstock, thereby 

reducing the use of toxic and hazardous substances like tert-butyl dimethyl silane chloride, with 

an astonishing yield of 97% simvastatin (Figure 1). Altogether, these examples illustrate the 

potential of utilizing the biosynthetic logic from nature and incorporating them into drug 

development, where genome mining can play in a major role for novel enzymology discoveries 

from microbes.  

 

 
Figure 1. Synthetic methods for cholesterol-lowering agent simvastatin. (A) Traditional chemical 
syntheses. (B) Chemo-enzymatic synthesis with LovD mutants. 
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Overall, this chapter serves as an update and summary of the various strategies employed 

in fungal genome mining, as well as selected examples reported in the last ten years to highlight 

these strategies. With the incorporation of some of the most breakthrough technologies to date, 

such as CRISPR/Cas9 gene editing and low-cost DNA synthesis, many of the previous 

challenges in genetic manipulations of natural hosts and heterologous reconstitution in model 

hosts can be overcome. This chapter aims to illustrate fungal genome mining as a promising 

technique to uncover the full biosynthetic potential of filamentous fungi for drug discovery in the 

next decade and beyond. 

2.2.1 Bioinformatic analysis 

Next-generation sequencing has provided an affordable and high throughput technology 

for complete genome sequencing of microbial species, including many fungal species in the last 

10 years.23 As a result, there is a rapid increase in the number of fungal genome sequences 

available in the database, as exemplified by the recent completion of the “1000 Fungal Genomes 

Project” initiated by the Joint Genome Institute (JGI).24 With this growing amount of fungal genome 

sequences, development of high-throughput analytical tools to process the genomic data are 

needed for genome mining purposes. A number of useful computational algorithms were 

developed in recent years, many of which are tailored to scan through microbial genome 

sequences and predict biosynthetic gene clusters. Structural prediction, while still very 

preliminary, can be done by comparing to clusters with known natural products. The biosynthetic 

knowledge and logic of the anchoring enzymes in the gene clusters, such as polyketide synthases 

(PKSs), non-ribosomal peptide synthetases (NRPSs) and terpene synthases (TSs), etc can also 

guide and predict the structure of the natural product.25 The significance of these computational 

tools is to rapidly provide preliminary information to researchers, enabling in silico dereplication 

of biosynthetic clusters by establishing similarity and synteny between clusters from different 

organisms. Such analysis has become invaluable for researchers to decide whether a particular 
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biosynthetic gene cluster is worth experimental investigation, and if so, the type of genome mining 

approach that is most suitable to use. 

Among all the commonly used bioinformatic tools to date, the central algorithms all revolve 

around BLAST (Basic Local Alignment Search Tool), the pioneering algorithms for DNA or protein 

sequence comparison based on local similarity and statistical significance.23  BLAST can be used 

to infer functional and evolutionary relationships between sequences, as well as to help identify 

members of gene families. Many useful applications are built upon BLAST, including the 

commonly used “CD (Conserved Domain)-Search” for locating conserved domains in the query 

sequence based on databases of domains compiled from previously characterized genes. CD-

Search is particularly useful for predicting domain architecture for magasynthases such as PKSs 

or NRPSs.26 Other algorithms that can perform ab initio gene prediction for eukaryotic genomes 

are useful for analysis of fungal genomes. One example is AUGUSTUS,27 which is a Hidden 

Markov Model (HMM) based algorithm to model the intron length distribution in order to accurately 

predict the size and location of introns from the query sequences. AUGUSTUS is also capable of 

predicting alternative splicing, as well as the location of 5’UTR (untranslated region) and 3’UTR, 

which are critical pieces of information for approaches such as heterologous expression and 

transcription factor overexpression. The web-based program 2nd Find uses AUGUSTUS to search 

for secondary metabolite biosynthetic gene cluster from bacterial or fungal genome sequences. 

In addition, 2ndFind also uses Pfam (Protein Family)28 database to predict and assign putative 

protein identity to query sequence. This makes 2ndFind a powerful tool that can display the 

putative functions of genes in a given cluster. Such information is useful in determining the 

putative boundary of a biosynthetic gene cluster for fungal genome mining purposes. 

In addition to the algorithms that analyze relatively short DNA sequences or individual 

clusters, global genome analysis programs such as antiSMASH (antibiotics & Secondary 

Metabolite Analysis Shell) are widely used for rapid identification and annotation of biosynthetic 
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gene clusters from both bacterial and eukaryotic genomes.29 There are also computational 

algorithms that are more specific than antiSMASH, such as SMURF (Secondary Metabolite 

Unique Regions Finder)30 that specializes in annotation of the gene clusters containing PKSs and 

NRPSs in particular. PRISM (Prediction Informatics for Secondary Metabolomes)31 primarily 

focuses on the prediction of chemical structures for the natural products associated with the 

biosynthetic pathways. The most recent version of antiSMASH (antiSMASH 4.0) incorporates 

many of these algorithms in its software, including CASSIS (Cluster Assignment by Islands of 

Sites),32 which enables the prediction of the boundary of the biosynthetic gene cluster and the 

likelihood of genes surrounding the anchoring megasynthase to participate in the biosynthetic 

pathway. Cluster boundary can be predicted by comparing sequence similarity of promoters for 

each gene in the vicinity of the core biosynthetic enzyme. This feature can lead to the identification 

genes that are not typically predicted to be biosynthetic, including those that are routinely 

categorized to be associated with primary metabolism. Identification and characterization of such 

predicted genes could lead to novel enzymology or potential resistance genes towards the 

encoded natural products. The advancements in computational prediction algorithms for 

application to natural product discovery are summarized in a review by Blin et al. A list of web 

tools and databases for mining secondary metabolite biosynthetic gene clusters discussed in this 

review is adopted from the review and listed in Table 1.33  

Tool Functions URL Reference 
antiSMASH 4 Genome mining http://antismash.secondarymetabolites.org 29 
 BGC analysis   
 Domain analysis   
antiSMASH 
database 

BGC database http://antismash-db.secondarymetabolites.org 29 

CASSIS BGC boundary 
prediction 

https://sbi.hki-jena.de/cassis/cassis.php 32 

MIBiG BGC database http://mibig.secondarymetabolites.org 34 
 Reference data   
PRISM 3 Genome mining http://magarveylab.ca/prism 31 
 BGC analysis   
 Domain analysis   
SMURF Genome mining http://www.jcvi.org/smurf 30 

Table 1. List of selected web tools and databases for mining secondary metabolite biosynthetic 
gene clusters.33 
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To facilitate a systematic deposition and retrieval of biosynthetic gene cluster (BGC) data, 

a new data standard named “Minimum Information about a Biosynthetic Gene cluster (MIBiG)”34 

was developed, which is based on the “Minimum Information about any Sequence (MIxS)”35 

initiated by the Genomic Standards Consortium (GSC).36 The compiled experimental information 

including gene knockout phenotypes and verified gene functions for specific BGCs are included 

in the MIBiG database, along with class-specific checklists for gene clusters encoding pathways 

that produce PKs, NRPs, terpenes, alkaloids, etc. For instance, the substrate specificities of 

acyltransferase (AT) domains and starter units for polyketide BGCs, adenylation domain substrate 

specificities for non-ribosomal peptides BGCs, as well as releasing/cyclization mechanisms are 

included in this database. Currently, the MIBiG database includes more than 1700 experimentally 

characterized gene clusters (about 250 of them are fungal gene clusters), which represents a 

significant advancement in coverage of the field and exceeds previously established platforms, 

such as ClusterMine36037 (288 BGCs) and DoBISCUIT38 (103 BGCs). With voluntary user input, 

the growing database of MIBiG will provide the entire field with a centralized and readily 

accessible platform for comparative analysis and in silico dereplication of BGCs of interest.  

2.2.2 Epigenetics modulation and microbial cocultivation 

Chromosomal location and histone modification are known to be important factors for gene 

transcription for a variety of organisms. Early genome sequencing in Aspergillus illustrated that 

secondary metabolite gene clusters tend to localize sub-telomerically, a region where chromatin 

modifiers impact transcription of these clustered genes the most.39 Moreover, post-translational 

modifications such as acetylation and methylation of histones were shown to be important in 

modulating the expression of biosynthetic genes in secondary metabolism. Therefore, altering the 

level of these modification which can lead to changes in packing of the heterochromatin, can 

potentially activate cryptic fungal gene clusters. In an overly simplified scheme, hyperacetylation 

and methylation on H3K4 (histone 3 lysine residue 4) are associated with gene activation, while 
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hypoacetylation and methylation on H3K9 (histone 3 lysine residue 9) are associated with gene 

silencing.40 Previous studies showed that deletion of hdaA, encoding an Aspergillus nidulans 

histone deacetylase (HDAC), causes transcriptional activation of two telomere-proximal gene 

clusters, but not of a telomere-distal cluster.41 Deletion of three genes that are responsible for 

histone modification, hdaA, hepA (heterochromatin protein 1) and clrD (H3K9 methyltransferase) 

resulted in the increased production of sterigmatocystin and penicillin.41-43 Treatment of fungi with 

HDAC inhibitors, such as suberoylanilide hydroxamic acid (SAHA), resulted in overproduction of 

several other metabolites,44-47 suggesting a conserved mechanism of HDAC repression of 

secondary-metabolite gene clusters. On the other hand, deletion of cclA, which encodes for an 

enzyme that is involved in methylation of H3K4 in A. nidulans, led to the production of antimicrobial 

monodictyphenone and anti-osteoporosis F9775.37 Although these bioactive compounds were 

reported in other fungi before this finding, with monodictyphenone and F9775 isolated from 

Monodictys putredinis48 and Paecilomyces carneus49 respectively, this work revealed the potential 

of the model A. nidulans to produce these natural products.  Consequently, the biosynthesis of 

these compounds were elucidated using the ΔcclA mutant of A. nidulans,49 the key finding being 

the precursor of F9775 is orsellinic acid synthesized by a non-reducing polyketide synthase 

(NRPKS). Epigenetic modulation has been used in other organisms, including inactivation of a 

histone 3 deacetylase that led to pleiotropic activation and overexpression of more than 75% of 

the biosynthetic genes in the mushroom-endophytic fungus Calcarisporium arbuscula;46 and the 

production of pestaloficiols and ficiolides from plant endophytic fungus Pestalotiopsis fici.50  

In addition to epigenetic modulation, untargeted exploration of the metabolic potential of 

filamentous fungi through cocultivation with microbes has also been successful. The co-culturing 

concept originates from the observation that many of these fungal natural products exhibit 

antimicrobial activities. Physical contacts and/or environmental signals from other microbes in the 

vicinity of fungi may be necessary to activate the production of the natural products for self-
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defense purposes. Examples including the well-studied fungal-cyanobacterial symbiosis for lichen 

formation51 and bacterial-fungal cytosolic endosymbiosis for mycotoxin production.52 Recreating 

such multispecies interactions and communications in laboratory culturing conditions may 

therefore elicit the expression of previously silent gene clusters in these fungi. For example, A. 

nidulans was co-cultivated with different actinomyces, and the resulting expression of various 

biosynthetic genes were monitored through microarray experiments.53 The co-cultivation led to 

the production of orsellinic acid and its derivatives due to the upregulation of these gene clusters. 

The much sought-after PKS responsible for the biosynthesis of these compounds was revealed 

through knockout studies,53 and this PKS was surprisingly found to be widespread in many other 

fungal species, including mycobionts of lichens. Further characterization of the fungal-bacterial 

interactions including electron microscopy confirmed that intimate physical interaction between 

the fungi and bacteria are necessary, instead of the previous hypothesis that diffusible signals are 

sufficient. In this case, production of new metabolites through co-cultivation is due to bacterial-

triggered Saga/Ada mediated histone acetylation.54 Chromatin immunoprecipitation showed that 

the Saga/Ada-dependent increase of acetylation H3K9 and H3K14 occurred during interaction 

between fungus and bacterium.  

Other examples of fungal-bacterial coculture mediated natural product discovery include 

the production of pestalone, a potent antibiotic against methicillin-resistant Staphylococcus 

aureus (MRSA), resulting from the co-culture of a marine-derived gram-negative bacterium of the 

genus Thalassopia sp. (CNJ-328) and the marine fungus Pestalotia.55 In addition, co-cultivation 

of the same bacterium with the fungus Libertella sp. led to the production of cyctotoxic 

libertellenones by the fungus. In this case, such diterpenoids were neither produced in a Libertella 

monoculture nor by adding supernatant or extract of the bacterial culture, which suggested again 

that physical contacts between the microbes are necessary.56 A. fumigatus was also shown to be 

involved in a microbial interaction from coal mine drainages , and co-cultures of a Sphingomonas 
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strain with A. fumigatus led to the emergence of a new diketopiperazine glionitrin A, which has 

antibiotic activity against both MRSA as well as cytotoxic activities against four human cancer cell 

lines.57 Apart from fungal-bacterial co-culturing, fungus-fungus cocultivation has also been used 

for the discovery of new natural products, including acremostatins isolated from a mixed culture 

of Acremonium sp. and Mycogone rosea,58 aspergicin discovered from a culture of two Aspergillus 

species,59 and cyclo-(L-leucyl-trans-4-hydroxy-L-prolyl-D-leucyl-trans-4-hydroxy-L-proline) 

produced in the co-culture broth of two mangrove fungi Phomopsis sp. K38 and Alternaria sp. 

E33.60 These examples from fungal-microbial cocultivation illustrate the potential of using non-

genetic methods for the discovery of new natural products. 

2.2.3 Fungal genome editing using CRISPR/Cas9 system 

CRISPR/Cas9 (Clustered regularly interspaced short palindromic repeats and CRISPR-

associated protein 9) is a genome editing breakthrough developed from the bacteria immune 

system in Streptococcus pyogenes.61 It includes two major components: Cas9 is an endonuclease 

that catalyzes a double stranded DNA break, while single-guided RNA (sgRNA) acts as the 

guidance for Cas9 based on sequence complementarity to the targeted DNA. Genome editing 

can be performed through the formation of the ribonucleoprotein (RNP) complex between sgRNA 

and Cas9, with higher efficiency compared with traditional methods such as homologous 

recombination alone. The CRISPR system has been optimized to perform genome editing in 

various organisms including Saccharomyces cerevisiae (yeast),62 mammalian cells,63 and 

plants.64 Inspired by the success of CRISPR editing in yeast, a CRISPR system has been 

developed for Aspergilli, with the first example of genome editing in Aspergillus nidulans.65 Since 

then, the CRISPR system has been applied to a wide range of filamentous fungi to test its utility 

in fungal genome editing, including in Neurospora,66 Trichoderma,67 and Penicillium.68 In some 

cases, the CRISPR system enabled genome editing in fungal species with difficult or intractable 

genetic systems.  This makes CRISPR a valuable tool for fungal natural product genome mining. 
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An example of successful genome editing using CRISPR/Cas9 whereas there were no 

previous reports of genetic modification is with the fungus Talaromyces atroroseus.69 Gene 

knockout was successfully performed on this strain with CRISPR, which led to the identification 

of the gene responsible for the production of ZG-1494α, as well as its derivative talaroconvolutin 

A, an inhibitor of platelet-activating factor (PAF) acetyltransferase.70 By co-transforming the 

CRIPSR plasmid with constitutive expression of CRIPSR-Cas9 along with the homology plasmid 

with antibiotic selection to the target fungus, this study successfully confirmed the involvement of 

a PKS-NRPS enzyme in synthesizing ZG-1494α and derivatives, and enabled combinatorial 

biosynthesis in in A. nidulans as a heterologous host.71 From a genetic tool development 

perspective, this example illustrates the versatility of the CRISPR system developed for 

Aspergillus can be used without significant modification for genome editing in other less-well 

characterized fungal species. 

CRISPR/Cas9 system can be further modified to modulate gene expression through 

deactivation of the DNA cleavage activity of Cas9 and further tethering to a transcription activator 

or repressor. This so called CRISPR/deactivated Cas9 (dCas9) system has not been studied in 

filamentous fungus but has been applied to yeast for controlling expression of gene of interest.72 

Studies have shown successful transcriptional regulation upon the optimization of few 

parameters, such as the binding location of the sgRNA and regulatory elements fused to dCas9. 

This technique can be particularly useful for studying the biosynthesis of natural products 

produced by filamentous fungi as a genome mining tool. As mentioned previously, many fungal 

biosynthetic gene clusters do not have pathway-specific transcription factors, thereby precluding 

the use of transcription factor overexpression for pathway activation. However, the 

CRISPR/dCas9 system can be engineered to bypass this obstacle and activate the gene of 

interest directly. Indeed, CRISPR/dCas9 activation can be applied to multiple genes at the same 

time, as shown in other organisms.73 Lastly, by tuning the parameters for transcription regulation 



14 
 

using the CRISPR/dCas9 system, one can potentially modulate the expression of individual 

pathway genes at different levels, which can be an effective method to identify biosynthetic 

intermediates or perform precursor-directed biosynthesis. Therefore, CRISPR/Cas9 is a powerful 

tool for genome editing in filamentous fungi and has enormous potential in fungal genome mining, 

most of which are waiting to be realized.  

2.2.4 Heterologous expression in Saccharomyces cerevisiae  

The tools discussed above are all developed for directly working with the fungi of interest, 

and to activate the expression of a biosynthetic pathways in the original host. An equally powerful 

method of genome mining is the use of genetically well-established model organisms as 

heterologous production hosts. This is especially applicable for working with clusters from 

genetically intractable or unculturable fungi, from environmental DNA, or studying fungal hosts 

from which the cluster of interest is not available. Among the heterologous hosts available, 

Saccharomyces cerevisiae (Baker’s yeast) is a widely used host for genome mining of fungal 

natural products. Yeast is arguably the most well-characterized and the most well-understood 

fungus. It is highly efficient in homologous recombination which enables rapid assembly of 

heterologous pathways from oligonucleotides and PCR fragments. Due to the ease of genetic 

manipulation and a long history of strain engineering, there are many engineered yeast strains 

available that are tailored for the production of fungal natural products. One example is S. 

cerevisiae BJ5464-NpgA, which is a derivative of yeast strain BJ5464 that contains a 

chromosomally integrated copy of the phosphopantetheinyl transferase (PPase) gene npgA from 

A. nidulans.74 PPase converts the inactive apo-thiolation domains in PKSs and NRPSs to the 

active holo-forms by attaching the phosphopantetheine to the serine residue.75 The strain BJ5464 

itself has been optimized for expression of high molecular weight proteins such as PKS and NRPS 

through deletion of the vacuolar proteases PEP4 and PRB1. Fungal PKS and NRPS mega-

synthases in excess of 250 kDa can be expressed intact at mg/L levels in the BJ5464 strain. 
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Yeast also has a collection of constitutive and inducible promoters for expression of foreign genes. 

A frequently used promoter in the BJ5464 expression host is the strong and inducible promoter 

ADH2.76 The ADH2 promoter is repressed in the presence of glucose, and is active upon depletion 

of glucose in the media. The use of this promoter separates yeast growth and metabolite 

production and minimizes toxic effects of foreign metabolites on yeast growth.  A suite of episomal 

vectors, including both high copy (2 micron) and single copy (centromeric origins) carrying the 

ADH2 promoter has been developed for use of pathway reconstitution and mining in yeast.76  A 

further useful derivative of BJ5464-NpgA is the strain RC01, which contains a genome integrated 

copy of the cytochrome P450 reductase (CPR) from A. terreus.77 Integration of the CPR allows 

heterologous expression of P450 enzymes from biosynthetic pathways, which is common in many 

fungal BGCs.  

Among the numerous successful examples of using yeast heterologous expression in 

fungal natural product reconstitution and mining, an early example is the complete reconstitution 

of the PKS enzymes involved in lovastatin biosynthesis.78-79 The use of an engineered 

Saccharomyces cerevisiae strain BJ5464-NpgA led to the successful purification of lovastatin 

nonaketide synthase LovB (335 kDa) at a level of  4 mg/L. The chromosomally expressed NpgA 

completely modified the ACP domain. LovB expressed from yeast is fully functional and can 

execute more than 35 catalytic steps accurately to produce the first intermediate 

dihydromonacolin L. The same yeast system has been used for the reconstitution of many fungal 

biosynthetic pathways, including several from the resorcylic acid lactone family,80 multimodular 

NRPS enzymes81 and indole diterpenes.77  Multiple cryptic biosynthetic pathways have also been 

introduced into the yeast strain and led to the successful mining of new natural products.82-83  

The recently reported HEx (Heterologous Expression) platform was developed to integrate 

high-throughput assembly of gene clusters, yeast cultivation and untargeted metabolomics. This 

platform relies entirely on synthetic genes, which makes it independent of the original fungal 
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species. A success rate of producing new metabolites was observed in ~50% of gene clusters 

assembled and assayed in the HEx pipeline.84 One important component of this method is a panel 

of strong and inducible promoters to drive synchronized expression of the genes in a pathway. 

The promoters include the yeast ADH2 promoter, and promoters that have the same inducible 

features and strengths from yeast and other Saccharomyces species. The need to find these 

similar but sequentially dissimilar promoters is to enable multi-fragment, multi-gene DNA 

assembly in yeast. Using a panel of four promoters, a four-gene cluster each with its own promoter 

can be assembled in a single yeast recombination step. Other engineered components of the HEx 

platform include a faster growing yeast strain and a cost-effective procedure that allows direct 

sequence verification from yeast.   

Some pathways can also be directly reconstituted in the bacterial host E. coli. Successful 

examples of expressing fungal biosynthetic genes in E. coli are abundant. Both full pathway 

reconstitution and expression of partial pathways for bioconversion have been reported. The 

expression of 6-methylsalicylic acid synthase (6-MAS) led to the production of 6-methylsalicylic 

acid in titers of 75mg/L.85 The complete reconstitution of the antitumor agent terrequinone A 

biosynthetic pathway was accomplished by expression of five enzymes(TdiA-TdiE)  from E. coli.86 

This led to the discovery of novel enzymatic functions, including the iterative prenylation by the 

prenyltransferase (TidB), as well as the “head-to-tail” dimerization mechanism of tethered α-

ketoacyl-NRPS intermediates by the NRPS (TdiA) to set up the subsequent tetra-substituted 

benzoquinone. Certain NRPKSs such as PKS4 and PKS13 from the bikaverin87 and 

zearalenone88 biosynthetic pathways, respectively, can be highly expressed in E. coli, leading to 

the formation of the correct PKS products. Using the fungal NRPKS as scaffold generating 

enzymes, and combining it with bacterial aromatic polyketide components, bacterial aromatic 

polyketides were produced in E. coli for the first time.89 For most pathways involving mega-

synthases however, the translation and protein folding machinery of E. coli simply cannot handle 
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these large enzymes, leading to truncated or insoluble enzymes.  For these reasons, large PKS 

or NRPS containing pathways are usually directly expressed in yeast instead of E. coli. 

2.2.5 Heterologous expression in filamentous fungi 

Model filamentous fungi are also important heterologous hosts for reconstitution of fungal 

BGCs and genome mining. A principle reason is their ability to recognize and splice fungal introns. 

As a result, genomic DNA of genes of interest can be cloned directly into fungal expression 

plasmids and expressed in fungal hosts. In contrast, the intron-free cDNA (complementary DNA) 

are needed for yeast expression since yeast cannot splice the fungal intron despite the presence 

of an intact spliceosome machinery.  Obtaining the intron-free coding region can be accomplished 

if the fungal gene is transcribed in the original host, or through manual assembly of exon pieces 

if the transcript is not available.  The latter approach relies on precise intron prediction software, 

and despite significant advances in predictive ability, it is prone to mis-annotation of introns.  For 

this reason heterologous reconstitution in a more closely related filamentous fungus is much more 

feasible. Additional advantages of using filamentous fungi over yeast include a more similar 

intracellular condition for protein expression, the presence of post-translational modification 

systems if required, presence of accessory enzymes for protein function, etc.   

 However, as opposed to the well-established genomic tools that are available for yeast, 

generating an auxotroph of a filamentous fungus for using selectable markers is challenging. The 

knockout of homologs of KU70 in filamentous fungi (nkuA90 and kusA91 in A. nidulans and A. niger, 

respectively), which is responsible for non-homologous end jointing, has led to a much higher 

knockout efficiency by homologous recombination. Auxotrophic strains can be generated more 

readily in these ku70 homologs deficient strains by knocking out the selective markers via 

homologous recombination. This has led to the development of several fungal expression 

platforms that are discussed subsequently.  
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One of the early examples of heterologous expression in filamentous fungi is the 

reconstitution of the BGC for spirotryprostatins in A. niger, a tryptophan-containing nonribosomal 

peptide isolated from Aspergillus fumigatus. The reconstitution work revealed a biochemical 

crosstalk between the related fumitremorgin biosynthetic pathway and unrelated fumiquinazoline 

biosynthetic pathway.92 Another example of using the A. nidulans expression platform is 

reconstitution of the leporin B pathway from Aspergillus flavus in A. nidulans.93 This work revealed 

one of the biosynthetic enzyme in the pathway, LepI, a S-adenosyl-L-methionine (SAM)-

dependent enzyme that can catalyze stereoselective dehydration as well as three pericyclic 

transformations. This finding represents the first report of enzyme catalyzed retro-Claisen 

rearrangement and illustrates the evolution of a methyltransferase enzyme into one that catalyzes 

pericyclic reactions. A recent genome mining example is the discovery of natural products 

produced by a unusual PKS-C (C represents the condensation domain from NRPS enzymes) 

hybrid from Talaromyces wortmanii.94 Heterologous expression of the gene encoding PKS-C 

along with other tailoring genes in A. nidulans led to production of wortmanamides, which are new 

compounds synthesized from reduced long-chain polyketides amidated with a specific ω-amino 

acid 5- aminopentanoic acid (5PA). These compounds are similar to known GPCR antagonists 

isolated from bacteria.   

Aspergillus oryzae is another common heterologous host used for pathway reconstitution 

and genome mining. A major advantage of this host is that it possesses a relatively clean 

endogenous metabolic background that allow for straightforward identification and purification of 

natural products synthesized from exogenous pathways. Representative examples of using A. 

oryzae as a heterologous host include the reconstitution and characterization of the biosynthesis 

of the indole diterpene paxilline through a stepwise introduction of the six genes in the biosynthetic 

pathway.95 Abe and coworkers have used this host extensively in the heterologous production of 

polyketide-terpene meroterpenoids such as andrastin A,96 terretonin,97 and anditomin.98  In 
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studying these pathways, the authors found that A. oryzea host can consistently afford titers of 

metabolites at 30-50 mg/L, and nearly all introduced enzymes can be functionally expressed. This 

host enabled Abe and coworkers to fully map out the modular nature of related biosynthetic 

pathways. Also using A. oryzae, the biosynthetic pathway of meroterpenoid xenovulene A was 

elucidated and led to the discovery of three previously unrecognized classes of biosynthetic 

enzymes including a potential hetero Diels-Alderase.99  

Fusarium heterosporum was developed to be the first non-Aspergillus heterologous host 

for the production of the antituberculosis agent pyrrolocin A and its derivative with an exceptionally 

high yield of ~ 1 g/L.100 Such high production of the compound of interest is achieved by utilizing 

the transcriptional regulatory elements from the natively high-producing biosynthetic pathway of 

equisetin, which can achieve  >2 g/L titer in a controllable manner.101 Although this Fusarium-

based heterologous system can achieve high yield compared with other Aspergillus systems, the 

current system is limited with the expression of only 4 genes in maximum (2 genes under each 

bi-directional eqxS promoter for 2 selective markers), where continual development of this system 

would be beneficial for the investigation of larger size BGCs. 

However, a limitation for the current fungal heterologous expression system is that these 

hosts only allow the investigation of at most one or two gene clusters at a time, while the 

construction of the expression vectors can be labor- and time-intensive. This led to the 

development of a high-throughput heterologous platform termed FAC-MS (fungal artificial 

chromosomes and metabolomic scoring) shown in Figure 2.102 The advantage of this platform 

compared with the approaches described previously is the use of the fungal artificial 

chromosomes to directly clone fragments of the genomic DNA from the fungal host of interest. 

Each of these FACs allows the capture of the DNA insert up to 300 kb in size, which is more than  
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sufficient to contain the full-length gene cluster including the corresponding accessory and 

regulatory elements. The concept of using FAC for fungal heterologous expression was first 

reported in the discovery of terezine D in Aspergillus terreus.103  In FAC-MS, combining the use 

of FAC-based cloning with metabolomic scoring allows the assignment of scores to compounds 

 

Figure 2. Schematics of the FAC-MS platform.102 (a) Fungal artificial chromosomes (FACs) are 

generated by cloning randomly sheared fungal genomic DNA into fungal-bacterial shuttle vectors. 

(b) Metabolites are obtained from the extract of A. nidulans heterologous expression of the FACs. 

(c) Metabolites are subjected to untargeted mass spectrometry analysis. (d) FAC-score is 

assigned to each metabolite detected in order to separate it from the host metabolic background. 

(e) Predicted core genes for the targeted metabolites are deleted. (f) The metabolites are 

subjected for detection from the fungal extract with the newly constructed deletant FACs 

expressed to confirm the elimination of the predicted metabolites. [Figure reprinted with 

permission from Clevenger et al, Nature Chemical Biology 13, 896, (2017).] 
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observed from LC-MS analysis based on its appearance in different FAC strains. High scores are 

assigned to compounds that are detected from only one or few FAC strains, while the compounds 

that appears in many FAC strains will get lower scores and regarded as background metabolites 

from the heterologous host. The establishment of this scoring system is necessary because there 

are as many as 5000 signals observed from previous FAC experiments. FAC-MS was applied to 

three Aspergilli (A. terreus, A. wentii, and A. aculeatus), and a library of 56 FACs harboring 

uncharacterized fungal BGCs were screened, leading to the discovery of 15 new metabolites, 

including the macrolactone valactamide A. After sequencing the FACs, biosynthetic gene clusters 

were assigned to the new metabolites.  While preliminary success of this approach shows FAC-

MS is a promising high-throughput alternative to methods that focus on one cluster at a time, it 

remains unclear how silent BGCs can become transcriptionally active when cloned into FAC and 

introduced to the new host without complete refactoring of the transcriptional elements.   

2.2.6 Resistance-gene-directed genome mining 

While the approaches described above have been successful in activating cryptic BGCs 

and identifying the associated natural product, the true biological activities of the produced 

compound are typically unknown. Compared to more classical natural product discovery, in which 

a phenotypical assay guides the purification of a compound, the genomic approaches are not 

activity-guided. Given the large number of BGCs available, it is essential that genome driven 

discovery of natural products to be prioritized by biological activity. This begs the question: how 

can we predict the activity of an NP based on BGC sequence? The answer to this question can 

unlock the true potential of the tens of thousands of unexplored BGCs.  Recent examples of 

resistance-guided genome mining offer an approach to connect genome data to biological activity.  

It has been known for some time now that in order for the producing organism not to be harmed 

by the natural product it produces, self-resistance mechanisms must be in place when a toxic 

natural product is produced.104 Several of these self-defense mechanisms are known, including 
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the use of efflux pumps to actively transport the natural products to the extracellular space, the 

use of antidotal proteins to bind and detoxify the natural product, the use of specific enzymes to 

modify the target of the natural product as a means to evade inhibition, and the use of a 

functionally equivalent resistance enzyme to compensate for the inhibition of the housekeeping 

enzyme by natural product.  This last mechanism is especially intriguing as the resistance enzyme 

can be a second and homologous copy to the housekeeping enzyme that is targeted by the 

natural product. This second copy can perform the same catalytic function but is sufficiently 

mutated to be insensitive to the natural product.  The resistance gene is also typically co-clustered 

with the BGC and is co-transcribed with the rest of the cluster. The self-resistance gene can 

therefore serve as a predictive window to find new natural products of desired biological activity 

in the following work flow: 1) after identifying a desired target enzyme that is also present in 

microorganisms, one can search through genome databases for BGCs carrying duplicate copies 

of the target that is located close to a biosynthetic anchoring enzyme; 2) different synthetic biology 

approaches can be applied to produce the natural product encoded in the cluster; 3) the natural 

product is isolated and the structure is elucidated using NMR spectroscopy; and 4) inhibition of 

the target, and insensitivity towards the resistance gene are validated biochemically or genetically.    

Indeed, the resistance gene hypothesis is supported by several prominent fungal natural 

products pathways. For instance, there exists a second copy of the HMG-CoA (3-hydroxy-3-

methyl-glutaryl-coenzyme A) reductase within the lovastatin gene cluster in A. terreus in addition 

to the housekeeping copy.105 This is consistent with lovastatin targeting the HMG-CoA reductase 

in the cholesterol biosynthetic pathway. Another example is the immunosuppressant 

mycophenolic acid, of which its BGC contains an extra copy of inosine-5'-monophosphate 

dehydrogenase (IMPDH), the target of mycophenolic acid.106 Zaragozic acids, or squalestatin, 

which target squalene synthase in the cholesterol biosynthetic pathway,  have been considered 

as potential cholesterol-lowering drug. In the BGCs of these compounds, a second copy of 
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squalene synthase is found in addition to the housekeeping copy encoded elsewhere in the 

chromosome.107-108 The chemical structure of the natural products along with the schematic of 

their BGCs are shown in Figure 3. 

We recently reported the resistance-guided rediscovery of the sesquiterpenoid aspterric 

acid as a potential herbicide through the inhibition of dihydroxyacid dehydratase (DHAD), which 

is one of the key enzymes involved in the branched-chain amino acid (BCAA) biosynthetic 

pathway that is vital for plant growth.109  Using DHAD as a potential target, we found a conserved 

four-gene cluster in several fungi, including the well-characterized A. terreus.  Three of the four 

genes are biosynthetic, including a terpene synthase and two P450 enzymes. The fourth 

conserved gene has ~60% sequence homology to housekeeping DHADs well conserved in fungi.  

This additional copy suggests this may be a resistance gene, and the enzyme encoded can confer 

resistance to the natural product encoded in the cluster.  Heterologous expression in yeast using 

the aforementioned host/vector system showed that the three biosynthetic enzymes synthesize 

the sesquiterpene aspterric acid. Aspterric acid can inhibit the housekeeping DHAD from A. 

terreus and the DHAD from Arabidopsis thaliana potently (~300 nM IC50).  However, the 

resistance enzyme in the cluster is insensitive to aspterric acid at the solubility limit of 8 mM.  To 

illustrate the potential that this resistance DHAD and aspterric acid can be further developed for 

herbicidal purposes, a transgenic plant expressing the resistance DHAD was shown to be 

insensitive to aspterric acid, while growth of a normal plant is significantly inhibited when aspterric 

acid is applied.  This example showcases the usefulness of the resistance-gene targeted genome 

mining for discovering natural products with a desired biological activity. Although a known natural 

product  
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Figure 3. Schematic of BGCs with potential self-resistance enzymes (SREs) – with chemical 

structures for aspterric acid, lovastatin, mycophenolic acid, and mycophenolic acid.  

 

was rediscovered in this work, the logic of this approach enabled assignment of molecular target 

of aspterric acid, which otherwise would have been difficult. This approach can also be used to 

locate biosynthetic gene clusters of compounds of known biological activity. In the case of 

fellutamide B, which is a potent inhibitor of proteasome, a gene cluster was identified in A. 

nidulans to encode a potential resistance copy of the target, and serial promoter replacement of 

the genes in the cluster led to activation of this cluster and production of fellutamide B.110 

Collectively, these works illustrate the usefulness of using a targeted-guided approach to 

identify and prioritize BGCs.  While it is true that not all BGCs have an encoded resistance enzyme, 
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there are a sufficient number of BGCs that do, and powerful data mining algorithms may be 

needed to search through the genomes. Lastly, studying the mechanisms of resistance genes 

available in BGCs can also provide interesting insights into how Nature evolves a housekeeping 

enzyme to become resistant to its own evolved inhibitor, while retaining catalytic function. This 

information can offer useful insights into the emergence of resistance against antibiotics, 

herbicides and other useful natural products.   

* Sections 2.2.1-2.2.6 are part of my review article “Genome Mining in Fungi”.111 

2.3 Conclusion 

The advancements in genome sequencing and molecular biology have brought forth a 

renaissance of natural products discovery.  Genome mining of fungi uses several cutting-edge 

tools in bioinformatic analysis and synthetic biology, starting from powerful computational 

algorithms for identification of novel biosynthetic gene clusters, followed by manipulation and 

activation of gene cluster of interests with in vivo approaches.  Many new natural products 

previously unknown to science have been discovered using the suite of genome mining 

approaches described here.  Natural product discovery has evolved from a traditional isolation 

chemistry-dominant discipline to a multidisciplinary effort, combining skillsets from many fields.  

As a result, the relevance of natural product discovery has been restored as evidenced by the 

plethora of startup companies using genome mining as a central platform for drug discovery.  It 

is important to note, however, that natural products with beautiful structures and impressive 

biological activities, will always require rigorous chemical knowledge to determine their structures 

and improve their biological function. These skills are often overlooked in the age of data-driven 

science but are absolutely essential to keep natural products discovery a rigorous and fruitful 

discipline.    
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3. HETEROLOGOUS EXPRESSION PLATFORM DEVELOPMENT 

3.1 Challenges in fungal heterologous expression system 

 As discussed in the previous chapter, heterologous expression is one of the key 

approaches in genome mining. While there are various hosts available for performing 

heterologous expression, choosing the appropriate host often has a significant impact on the 

outcome of the examination. In particular, the pros and cons for using S. cerevisiae versus 

filamentous fungi as heterologous host are outlined in Figure 4. For instance, when examining 

the function of genes originating from filamentous fungus, using a fungal host such as Aspergillus 

nidulans could be advantageous, most likely due to the availability of corresponding accessory 

proteins for natural product biosynthesis. Moreover, with compatible intron processing 

machineries, only genomic DNA is needed for gene expression in fungal hosts, as opposed to 

the intron-free complementary DNA (cDNA) required for hosts like Escherichia coli and 

Saccharomyces cerevisiae.112-113 Despite the convenience of fungal hosts in heterologous 

expression, they often suffer from drawbacks such as a crowded metabolic background or 

production of toxins, which should be addressed to increase their usefulness. 

Although fungal hosts can often splice the exogenous intron correctly, researchers have 

begun to observe cases with introns mis-spliced by the host, when studying fungi that are 

phylogenetically distant from the host. For instance, in the heterologous expression of a cluster 

from  Magnaporthe oryzae in the heterologous host Aspergillus oryzae, one of the three introns 

was not spliced properly, as demonstrated by fluorescent studies.114 This is problematic because 

incorrect splicing often leads to faulty translation and abolishes the function of the resulting 

enzyme. However, there has yet to be a reported case of intron mis-splicing during heterologous 

expression of genes within the same genus. In fact, there are only a few choices of heterologous 

host for filamentous fungi, compared with the vast numbers of fungal genera available. This 
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limitation is mainly due to the difficulties in generating auxotrophic strains using conventional gene 

editing methods. For instance, one of the established strategies involves screening hundreds of 

colonies for a few positive colonies due to random mutation.115 Another common method utilizes 

knocking out the gene via replacement with an antibiotic-resistant gene, followed by subsequent 

recycling of the marker with toxicity selection.116 Therefore, with the advancement of genome 

editing technology such as CRSIPR/Cas9, the challenges in optimization of existing fungal hosts 

and development of new hosts in diverse gerera should be addressed with the new technologies. 

 

Figure 4. Comparison between S. cerevisiae and filamentous fungi as a heterologous host. 

 

3.2 Optimizing am existing Aspergillus platform host for heterologous expression 

A commonly used heterologous host in our lab is A. nidulans A1145 that is capable of 

expressing up to 12 genes using three plasmids.117 A detailed discussion of its development and 

examples of use in a biosynthetic study can be found in Chapter 2. Despite its application in fungal 

genome mining, a major drawback of this host stems from is its crowded metabolic background, 
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which could hinder the discovery of the targeted natural products during heterologous expression. 

Using the fungal CRISPR system optimized for Aspergillus, “marker-less” genome editing was 

shown to be achieved in A. nidulans readily.65 By examining the metabolic profile of A. nidulans 

A1145 under common expression conditions, sterigmatocystin (ST)118 and emericellamides 

(EM)119 were found to be the major contributors to the rich metabolic background. Therefore, the 

scaffold PKSs corresponding to these metabolites were knocked-out with CRISPR sequentially, 

generating A. nidulans ΔST and A. nidulans ΔSTΔEM strains. Figure 5 illustrates the successful 

application of the engineered hosts in elucidating the biosynthesis of a cholesterol-lowering agent 

zaragozic acid, allowing for the emergence of the targeted metabolites from the double knock-out 

strain.107 This strain is currently wildly used in our lab, with advantages in ease of discovery of 

new natural products and downstream purification for structural elucidation. 

 

Figure 5. CRISPR engineered A. nidulans strains (A. nidulans ΔST and A. nidulans ΔSTΔEM) 
and application in fungal genome mining. 
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3.3 Developing a new Penicillium platform host for heterologous expression 

 As the model organism of the Penicillium genus, Penicillium chrysogenum seems to be 

the most probable candidate as a new heterologous host.120 Not only it is the most well-

characterized Penicillium strain, Penicillium chrysogenum is also fast growing and non-toxic under 

most laboratory culturing conditions, which are important criteria for a heterologous host.121 

However, Penicillium chrysogenum was reported to be a prolific producer of metabolites under 

various laboratory culturing conditions, which is problematic as the crowded metabolic 

background may hinder the discovery of compounds of interest during heterologous 

expression.122 On the other hand, as a fast growing fungus with a minimal metabolic background 

under the culturing condition of interest,123 Penicillium expansum is perhaps an even better 

candidate for heterologous host development.  

Once establishing Penicillium expansum as the choice for heterologous host development, we 

sought to generate the auxotroph strains by knocking out desired markers. Common markers for 

a filamentous fungal host include the genes responsible for the biosynthesis of uracil (pyrG),124 

pyridoxine (pyroA),125 and riboflavin (riboB).126 As these nutrients are essential for the growth of 

most filamentous fungi, knocking out these markers followed by the supplementation of an 

exogenous marker along with the gene of interest is a common technique for fungal heterologous 

expression. Using CRISPR-facilitated homologous recombination as opposed to homologous 

recombination alone, the uracil auxotroph in P. expansum was generated readily, followed by the 

selection with 5-Fluoroorotic acid (5-FOA). 5-FOA is commonly used as selection for uracil 

autotrophy as the orotidine 5'-monophosphate decarboxylase encoded by pyrG can convert 5-

FOA to a toxic compound to kill the cells, while cells that live in the presence of 5-FOA indicate 

the disruption of pyrG.127 To increase the expression capacity of the newly engineered host, we 

decided to generate more auxotrophs, similar to Aspergillus nidulans A1145 and other existing 

heterologous hosts. Since it was not feasible to use antibiotic-resistant genes for genomic 
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disruption due to limited antibiotic choices, we adopted the strategy of using CRISPR to induce 

random mutation through non-homologous end joining (NHEJ) to disrupt the function of the genes 

of interest. Briefly, the CRISPR plasmid targeting the marker is transformed into Penicillium 

expansum. Other auxotrophs were generated subsequently using the workflow outlined in Figure 

6A, in which CRIPSR transformants were grown in the presence of supplement in the media, 

followed by selection in the supplement drop-out media. The final engineered strain P. expansum 

(-UPR) was generated readily after three successive knockouts as show in Figure 6B. While 

knockout efficiency ranged from 10-50% in a locus-dependent manner, the fact that auxotrophic 

strains were generated readily  in a “traceless” fashion demonstrates the immense utility of using 

a similar methodology in generating more hosts for various fungal genera. 

 

 

Figure 6. CRIPSR engineered P. expansum. (A) Standard workflow for CRIPSR genome editing 
in fungus. (B) P. expansum’s selective growth under synthetic media. 
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After the successful generation of the auxotrophic strains of P. expansum with CRISPR, 

the fastest growing engineered strain P. expansum(-U) was examined for its ability to produce a 

targeted natural product through heterologous expression. We chose to express the PKS gene 

from the wortmannilactone gene cluster, which is one of three biosynthetic projects presented 

here and will be discussed in detail in Chapter 4. Briefly, expressing this gene in both A. nidulans 

and P. expansum yields the compound with mass of 395(+), as shown in Figure 7. However, the 

metabolic background of P. expansum expression was significantly cleaner than that of A. 

nidulans. Also, there is an increase in the production of the PKS product in P. expansum 

compared with A. nidulans, which could be due to the increase in precursor supply due to the 

minimization of the background, or enhancement of enzymatic activity as the cellular machineries 

are more closely related in P. expansum, given the producing host of wortmannilactone is 

Penicillium variabile. Nonetheless, this result suggested that the newly created P. expansum host 

is functional and its performance is comparable with the existing host A. nidulans. 

 

Figure 7. Comparison between heterologous expression in A. nidulans and P. expansum. TIC: 
Total ion count; 395 (+) was the filtered-mass corresponding to the molecular weight of the PKS 
product of wortmannilactone (structure shown on the right) 
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Figure 8. Promoters studies for A. nidulans and P. expansum. Various sources are used for 
heterologous expression in A. nidulans and   P. expansum - peak corresponding to the production 
of wortmannilactone’s PKS product. 

 

Being able to generate the auxotroph is only one of many factors for creating a 

heterologous expression system. Establishing a set of promoters that are suitable to drive the 

expression of exogenous genes in Penicillium expansum is vital.128 In addition, the production 

must be stable over the time span of interest. The set of promoters from the A. nidulans system 

have proven to be robust so were a good starting point for testing. Among these, only the gpdA 

promoter from Aspergillus niger worked well in Penicillium expansum, but fortunately the gene 

expression is high and stable up to four days after inoculation. This indicated that the origin of 

replication is compatible between Aspergillus nidulans and Penicillium expansum. Therefore, the 

next step was to establish a new set of promoters for the new heterologous host. Three gpdA 

promoters were identified from Aspergillus nidulans, Penicillium expansum, and Penicillium 
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oxalicum with the aim of using the selected promoters to be part of a common set of promoters 

for a Penicillium expression system. This would ideally increase the chance for successful 

heterologous expression. The results in Figure 8 show that except for the gpdA promoter from 

Aspergillus nidulans, all other three promoters worked in both hosts. Therefore, with the new set 

of common promoters established, the engineered host can now express three genes with one 

marker and three promoters.  

 

Figure 9. Media studies on A. nidulans. (A) Metabolic profiles of A. nidulans under different media. 
(B) Growth morphology of A. nidulans under different media. 

 

Moreover, media studies by comparing the commonly used complete media CD-ST with 

other chemically-defined media suggested using chemically-defined media, such as CDB, could 

be beneficial in yielding a cleaner metabolic background, most likely to due to the weaker 

expression of endogenous metabolic pathways under a nutrient-poor environment (Figure 9). 

The subsequent deviation in growth behavior, using A. nidulans as the example host, could also 

be advantageous depending on the application. For instance, the cells of A. nidulans phase 

separatel and sediment to the bottom phase when growing under CDB, which could be beneficial 

for downstream purification by saving effort in separating media and cells with the conventional 
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filtering method (Figure 9). Similar growth morphology and metabolic background were observed 

in the engineered P. expansum host as well (data not shown), and similar media studies should 

be conducted with other available fungal hosts in order to tailor fungal characteristics for various 

applications. 

3.4 Conclusion 

 The successful generation of the engineered host A. nidulans ΔSTΔEM and P. expansum 

(-UPR), mediated by the fungal optimized CRIPSR genome editing technology, were shown to be 

beneficial in performing heterologous expression compared with the previously existing host. 

They provided a cleaner background, enabling the discovery of natural product targets which 

were neglected due to low yield and coelution with endogenous metabolites. Expanded choices 

of promoters also allow the researcher to express more genes at a given time, which is often a 

bottleneck when examining biosynthetic gene clusters with larger sizes. Lastly, the data regarding 

the culturing media and growth morphology of the fungal host could also be beneficial parameters 

to adjust, depending on the purpose of a specific experiment. Overall, the availability of these 

additional engineered hosts proves to be beneficial, as they can serve as an alternative to 

currently available choices for fungal heterologous expression, which is an essential approach for 

fungal genome mining. 
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4. BIOSYNTHESIS OF WORTMANNILACTONES 

4.1 Significance in studying the biosynthesis of wortmannilactones 

 Wortmannilactones are anti-parasitic polyketides produced by the fungus Penicillium 

variabile129 and Talaromyces wortmannii.130 Wortmannilactones possess several interesting 

structural features, namely the 2-oxabicyclo[2.2.1]heptane linked to a dihydropyran by a polyene 

chain, which were shown to be essential for their inhibitory activities against NADH-fumarate 

reductase (NFRD).131 Other natural products featuring the 2-oxabicyclo[2.2.1]heptane skeleton 

have been isolated from various organisms, including algae132 and fungi.133-136 Cymathere 

ethers,132 discovered in the early 1990s, were the first natural products identified with a 2-

oxabicyclo[2.2.1]heptane skeleton, and were followed by shimalactone A,133 coccidiostatin A,134 

prugosene A1,135 and ukulactones A136 (Figure 10A).  

2-oxabicyclo[2.2.1]heptane is an interesting chemical moiety to be studied, as it features 

a synthetically challenging C-C bond formation between two quaternary stereocenters. Recent 

biosynthetic studies suggested the origin of the 2-oxabicyclo[2.2.1]heptane. Fujii et al. have 

shown that a highly-reducing polyketide synthase (HRPKS) ShmA biosynthesizes the polyketide 

backbone pre-shimalactone, followed by epoxidation by an FAD-dependent monooxygenase 

(FMO) ShmB to form the pre-shimalactone epoxide. The bicyclo-rings formation follows non-

enzymatically from the pre-shimalactone epoxide to form shimalactones, as observed both in vivo 

and in vitro (Figure 10B).137 Moreover, the involvement of the HRPKS and FMO in the formation 

of the 2-oxabicyclo[2.2.1]heptane moiety was also reported from the biosynthetic studies of 

aspernidgulenes in Aspergillus nidulans.138 However, as in the case of aspernidgulenes, only the 

ring-open form aspernidgulenes A1 was observed (Figure 11B), whereas 2-

oxabicyclo[2.2.1]heptane was observed in shimalactone biosynthesis. Therefore, by 

characterizing the biosynthesis of wortmannilactones, we saught to gain mechanistic insights 
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regarding the formation and cleavage of the 2-oxabicyclo[2.2.1]heptane moiety, as well as to 

discover previously uncharacterized enzymes involved in these biosyntheses. 

 

Figure 10. Natural products that consist of the 2-oxabicyclo[2.2.1]heptane moiety. (A) 
Wortmannilactones and structurally related natural products (with 2-oxabicyclo[2.2.1]heptane 
moiety highlighted in red). (B) Previous biosynthetic studies of shimalactones. 

 

4.2 Discovering the biosynthetic origin of wortmannilactones 

We sequenced the previously reported wortmannilactone producing strain P. variabile 

HXQ-H-1129 and revealed a total of twenty-six putative HR-PKSs in its genome. With the structural 
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similarities between aspernidgulenes and wortmannilactones, the gene sdgA encoding the 

corresponding HRPKS from aspernidgulene biosynthesis was used as a query. Comparative 

genomic analyses suggested a candidate gene in contig 257, termed as worA, which shared 

about 50% identity with sdgA and putatively encoded for the HRPKS (Figure 11). Moreover, 

similar to sdgA and shmA, worA also contains a methyltransferase (MT) domain while lacking an 

enoyl-reductase (ER) domain. This supports the polyketide backbone of wortmannilactones to be 

 

 

Figure 11. Comparative genomics for wor biosynthetic gene cluster. (A) Alignment between wor 
and other homologous gene clusters. (B) Proposed biosynthetic pathway for asperniduglene A1. 
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the proposed polyene heptaenoyl-β-ketolactone (5), which could be further tailored into the final 

product by an epoxidase and possibly other biosynthetic enzymes (Figure 14). Production of 

wortmannilactones E (3), F (1), and H (2) was confirmed by cultivating P. variabile HXQ-H-1 in 

potato-based medium containing the histone deacetylase inhibitor suberoylanilide hydroxamic 

acid (SAHA) as reported previously (Figure 12A, i-ii).139 According to transcriptional analyses, 

worA is the only candidate that was expressed under the wortmannilactone production condition 

in P. variabile, while containing a MT domain and lacking an ER domain (Figure S1). 

Transcriptional analyses also suggested that three other genes were expressed along with worA: 

the FMO encoded by worB (homologs also present in other homologous gene clusters), an 

uncharacterized protein encoded by worC, and an isocitrate lyase-liked enzyme by word; in total 

just four genes were predicted to be in the wor biosynthetic gene cluster for wortmannilactone 

biosynthesis (Figures 11A and S2). 

4.3 Dissecting the biosynthetic pathway with heterologous expression in S. cerevisiae 

Heterologous expression of the wor gene cluster in S. cerevisiae BJ5464-NpgA140 with 

worABC, either with or without worD, led to the same metabolic profile with the production of 1 

and 4, suggesting worD is likely to be not involved in wortmannilactone biosynthesis (Figure 12A, 

iii). This confirmed that the wor gene cluster is indeed responsible for the biosynthesis of 

wortmannilactones. Although expressing worABC led to the production of 1, which was the major 

product observed in the original producing host P. variabile, 4 was also observed from yeast 

expression and possessed similar UV absorption patterns as 1. The structure of 4 was determined 

by spectroscopic methods to be the 2-oxabicyclo moiety opening form of 1, which resembled the 

observation of asperniduglene A1 in asperniduglene biosynthesis138 and prugosenes B1 in 

prugosene biosynthesis.135 Previous biomimetic studies on natural products with the 2-oxabicyclo 

moiety suggested the interconversion between the ring-closed and ring-opened form in a pH 

dependent manner.135, 141 Indeed, cleavage of the 2-oxabicyclo moiety was observed upon the  
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Figure 12. Biosynthetic studies of wortmannilactones. (A) P. variabile’s induction with SAHA and 
heterologous expression of worABC in S. cerevisiae. (B) In vitro studies of 1 under pH 4 or pH 8 
conditions. (C) Proposed mechanism of base-catalyzed hydrolysis of 1 to 4. 

 

addition of strong based such as NaOH.131 These results inspired our testing of 

wortmannilactones stability under various pHs, specifically in buffers with pH 4 and 8, which were 

the culturing pH for P. variabile and yeast respectively. Complete conversion to 4 was observed 

by incubating 1 under buffer with pH8 for overnight, while a similar conversion is not observed for 

buffer with pH 4 (Figure 12B). Therefore, our hypothesis of 2-oxabicyclo[2.2.1]heptane cleavage 

under basic condition (even in mildly basic condition) was validated from in vitro studies, and the 

proposed base-catalyzed hydrolysis mechanism from 1 to 4 is shown in Figure 12C. 
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Figure 13. Characterization of the wor biosynthetic gene cluster. (A) Expression of worABC 
combinatorically in S. cerevisiae. (B) Biotransformation of 2 in S. cerevisiae expressing worC. (C) 
Incubation of 2 under different pH conditions. (D) Proposed mechanism of WorC under acidic 
condition. 
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To further dissect the biosynthesis of wortmannilactones in order confirm the functions of 

each gene in the wor gene cluster, worABC were expressed in S. cerevisiae combinatorially. 

Expression of worA in S. cerevisiae yielded compound 5, which was confirmed to be a heptaenoyl-

β-ketolactone as proposed. Moreover, co-expressing worAB in S. cerevisiae led to the production 

of compounds 2, 6, 7, and 8 (Figure 13A, ii). NMR characterization confirmed the structure of 6 

as the furan analogue of 2, an en route product derived from a 5-exo instead of 6-endo cyclization. 

While 7 and 8 were the ring-opened forms of 2 and 6, respectively (Figure 15). 

4.4 Characterization of WorC as potential isomerase 

Based on the heterologous expression results in S. cerevisiae, WorC was suggested to 

be responsible to for the formation of 1 from 2. To further validate the function of WorC, 

biotransformation studies were carried in S. cerevisiae with 2 as substrate. Indeed, almost 

complete conversion of 2 to 1 was achieved with overnight incubation of yeast expressing worC, 

in contrast with the trace amount of 1 that is observed with yeast expressing the empty vector as 

a control (Figure 13B). As 1 and 2 are isomers with the hydroxyl group attached to different 

carbons on the pyran, these results suggest that WorC is an isomerase that could catalyze 

intramolecular transfer of a hydroxyl group between allylic carbons. In addition, the increase in 

conversion to 1 from the in vitro incubation of 2 with decreasing pH (Figure 13C), supports the 

hypothesis that WorC employs an acid catalyzed mechanism for the isomerization between 1 and 

2, with the reversibility depending on the pH of the assay conditions (Figure 13D). 

4.5 Conclusion 

Although there are quite a few homologs with relatively high identity to WorC present in 

fungal genome databases, none of the candidates have been previously characterized. In 

addition, they are typically not clustered with a megasynthase, such as a PKS or NRPS, as in the 

case of WorC. Therefore, WorC is suggested to be the first isomerase clustered with a polyketide 
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gene cluster that acts on a polyketide scaffold for hydroxyl transfer. Based on the prediction from 

TMHMM,142 WorC is a transmembrane protein with six transmembrane helices (Figure S3). 

However, it does not have any conserved domain. Therefore, as shown by the biotransformation 

of 2 in yeast, we propose that WorC is a new class of isomerase that could catalyze regio- and 

stereo-selective isomerization, employing 2 as the substrate.  

Even though the amino sequence of WorC does not affiliate with any previous 

characterized enzymes, WorC is most analogous to linalool isomerase (Lis) from Thauera 

linaloolentis (EC 5.4.4.8),143 based on the allylic rearrangement reactions catalyzed by both 

enzymes. Lis belongs to the enzyme family of intramolecular hydroxyl group transferases with the 

function of 3,1- hydroxyl-Δ1-Δ2-mutase, which catalyzes the conversion of linalool to geraniol. A 

similar reaction was described for the bifunctional enzyme linalool dehydratase/isomerase from 

Castellaniella defragrans (EC 5.4.4.4), in which the enzyme catalyzes the reversible hydration of 

β-myrcene to (S)-linalool and its isomerization to geraniol.144 While cofactor-independent 

enzymes are known for allylic rearrangements that are catalyzed by acid-base mechanisms,145 

isomerization of geraniol to linalool requires a protonation of the hydroxyl group to leave as water, 

and a shift in electron density leading to a tertiary carbocation intermediate which may be attacked 

by water or a hydroxyl ion, resulting in the formation of linalool. This proposed mechanism is 

similar to our proposed mechanism for WorC (Figure 13D). As both Lis and WorC are 

transmembrane protein with four and six trans-membrane helices respectively, this could indicate 

the importance of membrane anchoring for proper functioning of these enzymes. Moreover, Lis 

is also active in the reduced state and sensitive towards detergents, which could guide the further 

characterization of WorC. Nonetheless, WorC appears to be the first fungal enzyme in the family 

of intramolecular hydroxyl group transferases. 

  In conclusion, this work led to the confirmation of the enzymes responsible for the 

biosynthesis of wortmannilactones, a family potential anta-parasitic drugs. With only three 
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enzymes, the HRPKS (WorA), FMO (WorB), and a newly characterized isomerase (WorC), 

different forms of wortmannilactones can be biosynthesized, which illustrates the conciseness 

and diversity in biosynthesis of rather complex molecules (Figure 5). Discovery of a novel 

isomerase WorC provides the opportunity of further biocatalytic development and exemplifies the 

potential of genome mining in novel enzymology discoveries. Lastly, extended studies regarding 

formation and cleavage of the 2-oxabicyclo moiety could facilitate the generation of natural 

product analogs for performing structure–activity relationships,131 which could facilitate drug 

discoveries. 
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Figure 14. Proposed biosynthetic pathway of wortmannilactones - based on biochemical evidence present in this work.
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5. BIOSYNTHESIS OF DICHLORODIAPORTHIN  

5.1 Background on enzyme catalyzed aliphatic halogenation 

Halogenation has a significant impact on small-molecule pharmaceuticals, whether in 

enhancing biological activities146 or generating versatile precursors for a variety of synthetic 

transformations.147 In particular, synthetic chemists have developed various methodologies to 

achieve regioselective halogenation on unactivated sp3 carbon despite the challenges in 

maintaining the balance between regioselectivity and chemical yield.148 While most of the 

strategies developed employ a relatively harsh and non-ecological conditions, nature, on the other 

hand, has evolved halogenases as an economically attractive and sustainable solution to achieve 

these transformation. For instance, halogenases can catalyze direct halogenation of C–H bonds 

with inorganic halides, such as NaCl, under mild condition. However, these alkyl halides mainly  

belong to the non-heme FeII/α-ketoglutarate (FeII/αKG) family, where a radical substrate is 

generated by using high-valent metal–oxo intermediate to catalyze the subsequent halogenation 

on unactivated carbon.149 This family of FeII/αKG-dependent alkyl halides mainly acts on the 

carrier-protein-tethered substrates,150-152 with a few exceptions on standalone substrates.153-155 

Flavin dependent halogenases (FDHs), in contrast, have a lot less reported examples of 

catalyzing halogenation on unactivated carbons, mainly due to its electrophilic aromatic 

substitution mechanism and utilization of either a bound hypochlorous acid or chloramine species 

instead of radicals.156 Examples for FDHs that are proposed to catalyze aliphatic halogenation 

include CmlS for chloramphenicol157 and PloK for 3-chloro-6-hydroxymellein158 (Figure 15A). 

Despite this, the halogenation mechanism by such FDHs remained elusive, as the conventional 

electrophilic mechanism cannot satisfactorily explain such unactivated halogenation. However, 

dichlorination of chlorotonil A catalyzed by CtoA suggested that such halogenation could occur 
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on the α-carbon of a diketo moiety (Figure 15A). This type of catalysis would be compatible with 

the conventional mechanism of FDH due its significantly lower pKa compared with the terminal 

methyl carbon; a subsequent modification, such as deacetylation, could give rise to halogenation 

on the terminal carbon as in chloramphenicol.159 To date, the only characterized FDH that 

catalyzes aliphatic halogenation is AoiQ for the biosynthesis of dichlorodiaporthin, where AoiQ 

was reported to catalyze dichlorination on diaporthin 7 to form dichlorodiaporthin 1 (Figure 15B). 

Although the authors suggested that AoiQ may employ a novel mechanism to achieve such 

aliphatic halogenation,160 the low turnover observed from in vitro studies suggested that AoiQ may 

act on a different substrate. Indeed, our investigation, both in vivo and in vitro, suggested that the 

substrate of AoiQ is 2 instead of 7, which dichlorination occurs on the diketo moiety of 2 followed 

by subsequent deacetylation and reduction to yield final product 1. 

 

Figure 15. Natural products with aliphatic chlorination. (A) Representative natural products with 
chlorination on sp3 carbon by FDHs. (B) Proposed mechanism for AoiQ to catalyze the conversion 
of diaporthin 7 to dichlorodiaporthin 1. 
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5.2 Examining the function of AoiQ through heterologous expression 

AoiQ was reported to be unclustered with the aoi biosynthetic gene cluster, which was 

responsible for the biosynthesis of the precursor 7. As biosynthetic crosstalk in fungal biosynthetic 

pathways is extremely rare,92, 161 aoiQ may potentially cluster with the gene that putatively encods 

for a non-reducing polyketide synthase (NRPKS) in the vicinity instead (termed as diaA).160 By 

performing genome mining and comparative genomics across the fungal kingdom, results 

suggested that aoiQ is conserved in many other fungi along with diaA, while the rest of the aoi 

gene cluster is absent. Coincidentally, the biosynthetic gene cluster that consists of diaA is 

conserved and always colocalized with aoiQ for many different fungal strains, including 

Aspergillus nidualns and Trichoderma harzianum (Figure 16A). Apart from aoiQ, other conserved 

genes in the dia biosynthetic gene cluster are diaA-E. As a result, DiaA could be responsible for 

the biosynthesis of the polyketide backbone as an NRPKS, while other genes in the dia gene 

cluster could potential encode for downstream tailoring enzymes, with DiaB as a beta-lactamase, 

DiaC as a short-chain dehydrogenases/reductases (SDR), and DiaE as a flavin-dependent 

monooxygenase (FMO). DiaD, with a putative function as a transcription factor, could be 

responsible for regulating the expression of the dia gene cluster. 

To examine the hypothesis that aoiQ clusters with the dia biosynthetic gene cluster, 

heterologous expression in the A. nidulans ΔSTΔEM was performed.107 When expressing aoiG/F 

and aoiQ in A. nidulans, production of 1 was not observed, while only the demethylated 7 was 

observed. However, expressing diaA/B and aoiQ in A. nidulans led to the production of 1, which 

suggested that aoiQ clusters with the NRPKS diaA instead of aoiG  (Figure S1). However, since 

A. nidulans also consists of the dia gene cluster (Figure 16A), heterologous expression in 

Saccharomyces cerevisiae would be more appropriate to further dissect the biosynthetic pathway 

to avoid potential cross-talk. In contrast with the expression results from A. nidulans, expressing 
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diaA/B and aoiQ in S. cerevisiae only yielded a trace amount of 1, along with many degradated 

products as observed from the HPLC profile (Figure 16B, trace iii). However, 1 was observed 

as a major product when expressing diaC in addition to these three genes, where the reduced 

non-chlorinated 4 and 5 were observed, either with or without methylation respectively (Figure 

16B, trace iv). Moreover, expression of diaD in addition to these four genes yield a similar 

metabolic profile, which suggested that DiaD is likely to be not involved in the biosynthesis of 

dichlorodiaporthin (data not shown). 

To further investigate the potential substrate for AoiQ, expression of diaA alone in yeast 

yielded 2-4 (Figure 16B, traces i). NMR characterization suggested that 2 was the diketo 

polyketide product from NRPKS, which contained one ketide extra compared with 7. Moreover, 3 

and 4 were the reduced from of 2, on the terminal and β-ketone respectively, which could result 

from reduction by endogenous reductases from yeast. While co-expression of diaA/B yielded a 

similar metabolic profile, the yield was increased by approximately 10 fold (Figure 16B, trace ii). 

Since DiaB was annotated as a beta-lactamase, it could possibly assist the release of the NRPKS 

product 2 from DiaA, analogous to the NscA/B pairs from neosartoricin biosynthesis.162 Based on 

the heterologous expression results in S. cerevisiae, a putative biosynthesis of 1 was proposed 

and shown in Figure 16C. DiaA/B are responsible for the synthesis and release of polyketide 2, 

which can be reduced to 3 or 4 by either DiaC or endogenous reductases from yeast. The non-

reduced 2 could possibly serve as substrate for AoiQ, and dichlorination could occur on the acidic 

α-carbon, followed by deacetylation and reduction by DiaC to yield 1.  

5.3 Dissecting the halogenation mechanism of AoiQ 

Based on the expression results in S. cerevisiae, 2 was the most probable candidate as a 

substrate of AoiQ. Feeding 2 into yeast expressing aoiQ and diaC yield 1 as the major product, 
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along with 4 and 5 (Figure 17A, traces ii). However, 1 was not observed when 4 or 5 was fed to 

yeast expressing aoiQ and diaC, which suggested that they were not the substrate of aoiQ (data 

not shown). Moreover, only trace amount of 1 was observed when feeding 2 to yeast expressing 

aoiQ alone (Figure 17A, traces i), where similar results were observed from heterologous 

expression. Furthermore, in vitro studies with purified AoiQ and DiaC also showed the conversion 

of 2 to 1, where the mono-chlorinated 6 was also observed as the by-product, only in the presence 

of DiaC and absence of flavin reductase (Figure 17C).These biotransformation results, along with 

similar observation from in vitro studies, suggested that 2 was the substrate for AoiQ instead of 

the previously reported 7. 

 

Figure 16. Characterization of the dia biosynthetic gene cluster. (A) Comparative genomics for 
the AoiQ gene clusters. (B) Yeast heterologous expression for the AoiQ gene cluster. (C) 
Proposed of complete biosynthetic pathway of 1. 
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Figure 17. Characterization of AoiQ and DiaC for chlorination of 2. (A) Biotransformation studies 
in yeast with 2. (B) In vitro characterization of reduction of 2 by DiaC with 2. (C) In vitro 
characterization of halogenation of 2 by AoiQ and DiaC. (D) Proposed halogenation mechanism 
for AoiQ and DiaC. 
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In addition, the role of DiaC was also examined in vitro, where 4 was observed to be the 

major product when 2 as the substrate, and NADPH was shown to be the preferred cofactor for 

DiaC instead of NADH (Figure 17B). Although DiaC was proposed to act on the oxidized 1 as 

the intended substrate in the biosynthesis of dichlorodiaporthin, 2 was used as substrate instead 

due to the instability of oxidized 1, suggesting DiaC reduction on the β-keto may enhance the 

stability of the chlorinated products. Therefore, with both in vivo and in vitro characterization, the 

proposed enzymatic cascade catalyzed by AoiQ and DiaC with 2 as the substrate was shown in 

Figure 17D. 

5.4 Conclusion 

By determining that 2 is the actual substrate of AoiQ, both in vivo and in vitro, we suggest 

that halogenation on unactivated sp3 carbon can proceed via the conventional FDH mechanism, 

with the diketo moiety as the staring scaffold. Indeed, 2 and the previously reported substrate 7 

shared a very similar polyketide skeleton, with 2 being an extra ketide longer and maintained in 

the oxidized form when offloaded from NRPKS. With the pKa of the alpha carbon in diketo 2 being 

much lower compared with the terminal carbon in alcohol 7, this makes the abstraction of a proton 

to be more feasible by a basic residue, according to previous structural studies of FDHs. 

Alternatively, potential point mutation studies on the highly conserved lysine residue, which is 

responsible for the formation of the lysine chloramine species, can further support this hypothesis. 

Similar utilization of the diketo moiety for halogenation was also shown in organic syntheses,163 

and is consistent with the examples of natural products like chlorotonil A, where the diketo moiety 

remains in the absence of deacetylation.159  

In addition, the involvement of the SDR DiaC was also unexpected, but clearly shown to 

be the case from both in vivo and in vitro studies. DiaC was shown to selectively reduce the β-
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ketone in the diketo moiety of 2 from in vitro studies. However, the actual role of DiaC was 

expected to reduce the same location on the dichlorinated and deacetylated compound, which is 

oxidized form of 1. Such reduction was likely to stabilize the final product 1, as the oxidized form 

could be unstable, as exemplified by the degradated compounds upon expression of aoiQ in 

yeast, as well as the absence of reported cases from the natural hosts. Moreover, the premature 

reduction, whether without chlorination (4) or with mono-chlorination (6), were likely to be 

unintended and led to shunt product formation. Therefore, the timing of each catalyzing event, 

including methylation by AoiQ, were intricately tuned, which could also explain the relatively low 

turnover observed in an in vitro setting, with chlorination as the rate limiting steps. 

Perhaps a more striking finding from this study was the observation of chlorinated 

compounds, such as 1 and 6, in vitro in the absence of flavin reductase. Flavin reductase is 

required to generate the reduce cofactor FADH2 or FMNH2 in many flavin-dependent enzymes, 

and it was shown to be essential for FDHs in particular. In other studies of FDHs, exogenous 

flavin reductase was included along with the FDH of interest, with a few exceptions of flavin 

reductase included in the FDH itself. However, chlorinated compounds were not observed in the 

presence of the commonly used flavin reductase FRE and SsuE, which is likely due to the 

incompatibility of these flavin reductases with AoiQ. Searching for the compatible flavin reductase 

may increase the turnover of in vitro conversion to a similar extent to in vivo, which could enhance 

the usefulness of AoiQ to further be developed into a practical biocatalyst upon optimization for 

catalyzing the synthetically challenging regioselective halogenation of an unactivated carbon, as 

well as extending the knowledge on aliphatic halogenation by FDHs. 

The findings in this study could be insightful for biosynthetic efforts towards other 

structurally similar compounds. Chloramphenicol is another well-known antibiotic that also 

contains a dichloro-acetyl moiety, and chlorination was shown to be catalyzed by the FDH 
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CmlS.164 However, genetic studies also suggested that there were missing genetic element other 

than CmlS for chlorination.164 Coincidentally, the SDR CmlJ, which was shown to be essential for 

the production of chloramphenicol,165 could act along with CmlS similar to the AoIQ/DiaC pairs. 

Therefore, we focused our efforts on examining the function CmlJ, as well as its potential coupling 

with CmlS. Clustering of CmlJ and CmlS shown in other organisms, other than the producing host 

Streptomyces venezuelae, could serve as evidence for the potential involvement of CmlJ in 

chlorination for chloramphenicol  (Figure 18).  

 

Figure 18. Biosynthetic gene cluster of chloramphenicol (cml) with comparative genomics. 
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6. BIOSYNTHESIS OF BREFELDIN A 

6.1 Significance and challenges of studying the biosynthesis of brefeldin A 

Brefeldin A (1) was first isolated in 1958 by Singleton et al. from Penicillium decumbens.166 

Other related natural products, including the biogenetic precursor brefeldin C (2), share core 

structure of a fusion between a cyclopentane and 13-membered lactone (Figure 19).167-168 Apart 

from its outstanding bioactivities as antifungal,169 antiviral,170 and antimitotic,171 brefeldin A is 

widely used in biomedical research for its prominence effects on intracellular protein trafficking. 

Upon incubation with brefeldin A, eukaryotic cells rapidly disassemble the Golgi apparatus and 

redistribute its constituents into the endoplasmic reticulum (ER). This massive but reversible 

morphological change is caused by binding of brefeldin A to a protein complex consisting of a 

catalytic guanine exchange factor (GEF) and the small G protein adenosine ribosylation factor 1 

(ARF1), which exerts key regulatory functions for vesicle budding and transport.  

 

Figure 19. Natural brefeldins, including 1 brefeldin A (BFA) and 2 brefeldin C (BFC). 

Equally rich is the synthetic record of brefeldin A, in which than 40 different strategies in 

pursuit of brefeldin A or analogs have been described over the past decades, with focus including 

the construction of the synthetically challenging stereo-specific cyclopentane moiety. On the other 

hand, biosynthetic studies regarding the cyclopentane moiety, Including the reductive cyclization 
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catalyzed by iridoid synthase (ISY) in partnership with reductases NEPS and MLPL, to mediate 

hydride transfer from the NADH or NADPH cofactor and control the profile of stereoisomers 

formed from the spontaneous cyclization reaction.172 In addition, a ring contraction mechanism is 

utilized in the biosynthesis of gibberellic acid, where a homolytic cleavage of C–H bond mediated 

by a P450 CYP88A yields a radical that rearranges to convert middle ring from cyclohexane to 

cyclopentane.173 On the other hand, previous biosynthetic studies on 1 from our group were 

limited to the initial steps involved in the formation of the polyketide backbone, mostly due to the 

challenges in genome editing for the producing host Penicillium brefeldianum.174 Therefore, with 

the advancement of genome editing technology such as CRISPR-Cas9, as discussed in Chapter 

2, the biosynthesis of 1 was revisited, with the hope of realized analogue development upon 

elucidation of the biosynthesis of 1. However, as well as resolving the formation of cyclopentane 

with a fungal origin. 

From genome sequencing and mining of the producing strain P. brefeldianum ATCC 

58665, previous studies have identified an HRPKS involved in the biosynthesis of BFA, followed 

by reconstitution of its activity in Saccharomyces cerevisiae and in vitro. The previous proposed 

biosynthesis is shown in Figure 20. In summary, the HRPKS is proposed to synthesize the 

precisely reduced octa-ketide precursor, which could then be directly offloaded by the thio-

hydrolase enzyme followed by a P450-mediated formation of the cyclopentane ring and 

macrocyclization to afford the 7-deoxy BFA 2 (top scheme). Alternatively, the first ring annulation 

can also occur on the ACP-tethered intermediate before the thio-hydrolase release and 

lactonization (bottom scheme). The C7-hydroxylation is believed to be the final step in the process 

to obtain the final structure of 1. 
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Figure 20. Putative biosynthetic pathway for 1 as proposed by previous studies.174 

6.2 Determining the biosynthetic origin of BFA with CRISPR knockout 

With the rapid increase in the number of fungal genomes being deposited in the database, 

revisiting the gene clusters and comparative genomics could yield valuable information. As shown 

in Figure 21, the predicted gene cluster from the previous studies aligned well with another 

reported host for 1 and its dimers (dibrefeldins) called Penicillium janthinellum,175 with the 

exception of orf8 which a gene with unknown function that was transcribed during the production 

of 1 in P. brefeldianum. Similarly, all 6 genes are aligned with high identity (more than 80%) to 

another fungus called Penicillium vulpinum, which the existence of a potential resistance copy of 

the Sec7 domain could present an alternative resistance mechanism of 1 from the fungus. 

However, only P450-3 and P450-4 are aligned when looking into the putative BFA gene cluster 

in Beauveria brongniartii, where the identity of the 4 homologous genes are also greater than 

80%. Although this fungus is not yet a reported strain for production of 1, this is the only non-

Penicillium strain that possess the biosynthetic cluster of 1 on the database to date. This could 

resolve the prior debate on the presence of two excess P450s, enabling the following hypothesis 

around the biosynthesis of brefeldin A: the  PKS and TH biosynthesize the backbone of brefeldin 

A with the tailoring oxidation steps from the remaining two cytochrome P450s (P450-3 and P450-
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4). Since there is no report of confirmation of the biosynthetic origin of brefeldin A, we decided to 

the confirm the biosynthetic origin of 1. 

 

 

Figure 21. Comparative genomics for the bref biosynthetic gene cluster. 

P. brefeldianum ATCC 58665  is a common BFA producing strain utilized industrially. 

Following the similar culturing condition for the optimized production of 1 as reported,176 

production of 1 was observed readily and allowed us to the proceed in generating a BFA null 

mutant. However, the challenges in performing genome editing in the BFA producing strain P. 

brefeldianum ATCC 58665 is due to its non-sporulating nature, which is common for filamentous 
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fungi. There previous attempts at genetic manipulation were futile due to multinucleated 

protoplasts.174 With the emergence of the CRISPR editing technology, there were reports on 

successful genome editing in genetically  intractable fungi, those which cannot be modified with 

traditional methods, with the fungal optimized CRISPR system.65 Since this fungal CRISPR 

system has been successfully applied to other Penicillium spp., it could potentially work on P. 

brefeldianum.69 Using CRISPR, the gene encoding the HRPKS was knocked out successfully 

with relatively high efficient (1 in 4 colonies), and knock-out was confirmed by both PCR 

verification on the specific locus from the genome of the mutant, as well as observing the 

abolishment of the production of 1 in the KO strain of the scaffold gene PKS with liquid 

chromatography–mass spectrometry (LC-MS) (Figure 22A). This allowed for confirmation of the 

biosynthetic origin of brefeldin A for the first time, and we decided to employ similar knockout 

techniques to resolve the remaining biosynthetic pathway of 1. 

Apart from the HRPKS, three other genes were knocked-out successfully, including the 

genes putatively encoding P450-1, P450-3, and P450-4. Knocking out the genes encoding P450-

1 and P450-2 generate a similar metabolic profile as observed from the wildtype P. brefeldianum, 

which suggests either they are not involved in the biosynthesis of 1, or there are redundant copies 

of these genes located somewhere else in the gene cluster or genome. We hypothesized that 

they are likely to be not involved in the biosynthesis of 1 because the absence of these genes 

from the homologous gene cluster in B. brongniartii, as well as the lack of a homolog of P450-2. 

For P450-1, interestingly, it shares a relatively a high identity with P450-4 for a 60% identity. 

However, we demonstrated that P450-1 is not a homolog of P450-4 with heterologous expression 

in A. nidulans (data not shown) in the later part of this discussion, which further validated our 

hypothesis. On the other hand, knocking out P450-3 abolished the production of 1, without the 

emergence of any new metabolite compared with the wildtype. Therefore, it is likely that P450-3 
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is involved in the biosynthesis of 1, but either the resulting metabolite(s) is/are too unstable to be 

observed via LC-MS or tethered to the carrier protein (ACP in this case) if it is involved before the 

release of the polyketide product from the HRPKS. We were also aware of the possibility of 

unintentionally expression knock-down of other the neighboring genes as reported. 

 

Figure 22. Characterization of the bref biosynthetic gene cluster. (A) Gene knockout with 
CRISPR. (B) heterologous expression in A. nidulans 
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6.3 Discovery of cyclopentane formation with heterologous expression in A. nidulans 

Since the CRISPR knockout did not generate any new metabolites that are related to the 

biosynthetic pathway of 1, we switched to heterologous expression in A. nidulans. Previous 

overexpression of the HRPKS and TH in S. cerevisiae generated the polyketide backbone 3, as 

illustrated in Figure 20. However, subsequent expression of the P450(s) along with the HRPKS 

and TH did not yield any new metabolites. This could be because one or more P450s are not 

functional in yeast, due to the absence of compatible partnering enzymes such as the cytochrome 

P450 reductase (CPR). Moreover, when feeding the ring-opened intermediates (such as 3) 

obtained from yeast expression, and other reduced forms of the HRPKS products to the HRPKS 

knockout strain of P. brefeldianum, the final product 1 is not observed (data not shown). This 

indicates that the polyketide products observed from the previous yeast expression could be shunt 

products instead of on-pathway intermediates. 

Expression of the HRPKS and TH in A. nidulans did not yield 3 as reported from previous 

yeast expression.174 However, expression of P450-4 along with the HRPKS and TH yield 4, which 

correspond to the hydrolyzed 2 upon NMR characterization (Figure 22). With the cyclopentane 

observed in 3, it suggests that oxidation of the polyketide backbone catalyzed by P450-4 leads to 

a cascade of reactions that results in the formation of a cyclopentane, likely to be via a radical 

mechanism. Specifically, Figure 23 illustrates the proposed mechanism for the formation of the 

cyclopentane ring. We propose that a C9 radical initiated by a P450-4 could perform the alkene 

addition to the C4-C5 double bond to form the cyclopentane moiety. This is followed by an oxygen 

rebound which hydroxylated C4 as in 4. However, expressing P450-3 along with the HRPKS and 

TH, either with or without P450-4, did not generate any new metabolites. Considering the 

knockout results of P450-3 and comparative genomics with B. brongniartii, which suggests P450-

3 involvement in the biosynthesis of 1, we proposed P450-3 may strictly utilize 2 (cyclized 4) as 
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a substrate, and catalyzed the hydrolyzation at the C7 position to complete the biosynthesis of 1. 

This hypothesis is supported by previous labelling studies that suggested 2 is an on-pathway 

penultimate intermediate for the biosynthetic pathway of 1.167-168, 177 

 

Figure 23. Proposed radical-mediated cyclization in BFA biosynthesis.174 

 To validate the hypothesis that the observation of 4 after A. nidulans expression was due 

to hydrolysis by heterologous host itself, we planned to carry out feeding studies with 2 into A. 

nidulans. However, 2 was not commercially available and synthetically challenging to be obtained 

due to the presence of multiple hydroxyl groups. Therefore, we decided to use 1 as a probe to 

validate our hypothesis. Feeding 1 (BFA) into A. nidulans under similar condition as heterologous 

expression yielded 5, which was suggested to be the hydrolyzed 1 based on the predicted mass 

from mass spectrometry (MS). Indeed, there was reports of a brefeldin A esterase that would 

hydrolyze 1 as a defense mechanism to protect the host from toxicity, and homologs of this 

esterase were observed in different microbes based on genetic alignment.178 A. nidulans was 

likely to have such an esterase based on sequence alignment (AN3191), which may hydrolyze 2 
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unintentionally due to its structural similarity with 1. However, this hypothesis and the function of 

the proposed uncharacterized gene still have to be confirmed. Nevertheless, this finding can 

explain the inability to complete the biosynthetic studies in A. nidulans, for which an alternative 

host or in vitro method should be considered to examine the function of the remaining enzyme 

P450-3. 

 

 

Figure 24. Endogenous resistance mechanism from A. nidulans. (A) Hydrolysis of BFA in A. 
nidulans. (B) Potential hydrolysis of 2 by brefeldin A esterase. 
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6.4 Discovery of potential fungal resistance mechanism for brefeldin A 

 As discussed in Chapter 2, for many biosynthetic clusters, there exists a resistance copy 

of the gene encoding the target of the toxin produced by the fungus. Often these resistance genes 

are located in the vicinity of the biosynthetic gene cluster for the concerted gene regulation, and 

they also have a substantial sequence identity to the housekeeping copy, which encodes for the 

protein with same function but sensitive to the natural product. Although there other resistance 

mechanisms exist, such as a specific transporter for the efflux of these toxins, the existence of 

these resistance gene can enhance the study of the biological application of these cytotoxic 

natural products and their mode of action. Specifically, with a collaboration with Hexagon Bio, we 

discovered a potential GEF that is resistantce to the brefeldin A, with the mutated Sec7 catalytic 

domain, which is the target of brefeldin A. Previous resistance studies suggested the mutation of 

M194L in ARNO from human or M699L in Gea1 from yeast can results with resistance to brefeldin 

A, and that methionine is important for interaction with BFA based on the crystal structures. 

Moreover, directed evolution of a bacterial strain also reported that a single mutation on the 

equivalent methionine to isoleucine also would enable the corresponding GEF to confer 

resistance to BFA. Investigation of the Pencillium vulpinum GEF next to the biosynthetic gene 

cluster revealed a 50% identity to the housekeeping copy as well as the methionine to leucine 

mutation. We therefore propose that this GEF is a resistance copy that allows Pencillium vulpinum  

to withstand the toxicity from BFA. To verify this hypothesis, we plan to test the efficacy of this 

enzyme both in vivo and in vitro. In vivo experiment includes the induction of the housekeeping 

and the potential resistance copy to yeast with an erg6 knockout, which was previously shown to 

facilitate sensitivity to BFA. In vitro experiments include the purification of the corresponding 

enzymes form E. coli or yeast in order to test the catalytic activity coupled with ARF1 in the 

presence of BFA. Upon the validation of the resistance mechanism, this would be the first reported 
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natural fungal resistance GEF and would enhance the resistance mechanism studies, with 

potential application to cancer therapeutic application. 

 

Figure 25. Potential resistance copies of Sec7 in P. vulpinum. (A) Gene cluster alignment 
between P. brefeldianum and P. vulpinum. (B) Gene alignment to identity potential mutation for 
resistance  

 

6.5 Conclusion 

To summarize, we confirmed the biosynthetic origin of a well-known natural product 

brefeldin A with CRISPR genome editing and characterized the stereospecific formation of a 

synthetically challenging cyclopentane catalyzed by a P450. This represents the first example of 

the enzymatic cyclopentane formation in a non-isoprenoid natural product. Moreover, we 

potentially discovered the first fungal BFA resistance copy of GEF via a targeted-genome mining 

approach, which enables the long-sought after investigation of brefeldin A inhibitory and 

resistance mechanisms. 
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7. SUMMARY 

 Natural products have long been a source of pharmaceuticals, while microbes are cell 

factories for many important applications. However, these two seemingly separate events have a 

common linkage, which is enzyme catalysis. As we began to examine microbe in a genetic level, 

the immense potential from their intricate metabolic network are slowly revealed, with the 

techniques such as genome mining. During my doctoral research, I have examined three selected 

natural products, motivated by their structural complexity and potent bioactivities. Biosynthetic 

studies for these molecules not only enhanced the understanding on how nature makes these 

elegant structures with the efficient use of enzyme catalysis, such as the AoiQ catalyzed regio-

selective halogenation in dichlorodiaporthin and the P450 catalyzed cyclopentane formation in 

brefeldin A, it also elucidate the intricate cellular response and regulation involved in the 

production of these bioactive molecules.  

 Indeed, genome mining may have the potential to elevate natural product research to 

another golden era. Apart from discovering more bioactive compounds that can be served as 

pharmaceuticals, discoveries of novel enzymology can also collaborate with the advancement in 

synthetic chemistry to make synthesize new drug analogs in a chemo-enzymatic setting. 

Moreover, strategies such as targeted-genome mining can prioritize the biosynthetic gene cluster 

to be studied, which could result with directed drug-and-target relationship as well. With 

engineering, the workflow of genome mining can certainly be further optimized, whether in vivo 

or in silico. Overall, genome mining approach revolutionized the field of natural products. Other 

than the traditional natural product chemists, interdisciplinary opportunities are available for 

expertise from different fields to collaborate and continue optimizing the workflow that lead to 

more breakthroughs that are awaiting to come. 
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8. MATERIALS AND METHODS 

8.1. Strains and culture conditions 

Penicillium variabile HXQ-H-1 (wortmannilactone), Aspergillus oryzae RIB40 

(dichlorodiaporthin), Penicillium brefeldianum ATCC 58665 (brefeldin A) were grown on PDA 

(potato dextrose agar, BD) at 28 °C for 3 days for cell proliferation or in liquid PDB medium (PDA 

medium without agar) for isolation of genomic DNA. Penicillium variabile HXQ-H-1 

(wortmannilactone) was cultivated in PDB supplemented with 300 μM suberoylanilide hydroxamic 

acid (SAHA) at 28°C for 3 days for production of metabolites. Penicillium brefeldianum ATCC 

58665 (brefeldin A) was cultivated in MEM (malt extract media) at 28°C for 3 days for production 

of metabolites.  

Aspergillus nidulans ΔSTΔEM was grown at 28 °C on CD medium (1 L: 10 g of glucose, 

50 mL of 20X nitrate salts, 1 mL of trace elements, pH 6.5, and 20 g/L of agar for solid cultivation); 

or in CD-ST media (1 L: 20 g of starch, 20 g of casamino acids, 50 mL of 20 × nitrate salts, 1 mL 

of trace elements, pH 6.5) for heterologous expression of the gene cluster, compound production, 

and RNA extraction. For preparation of 20X nitrate salts, 120 g of NaNO3, 10.4 g of KCl, 10.4 g 

of MgSO4•7H2O, 30.4 g of KH2PO4 were dissolved in 1 L of double distilled water. For 

preparation of the trace element solution, 2.20 g of ZnSO4•7H2O, 1.10 g of H3BO3, 0.50 g of 

MnCl2•4H2O, 0.16 g of FeSO4•7H2O, 0.16 g of CoCl2•5H2O, 0.16 g of CuSO4•5H2O, and 0.11 

g of (NH4)6Mo7O24•4H2O were dissolved in 100 mL of double-distilled water, and the pH was 

adjusted to 6.5.  

All Escherichia coli strains were cultured in LB media at 37 °C. Yeast strains were cultured 

in YPD media (yeast extract 1%, peptone 2%, glucose 2%) at 28 °C. 
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8.2 General DNA manipulation techniques 

E. coli  TOP10 and E. coli XL-1 were used for cloning, following standard recombinant 

DNA techniques. DNA restriction enzymes were used as recommended by the manufacturer 

(New England Biolabs, NEB). PCR reactions were performed using Q5 High-Fidelity DNA 

Polymerase (NEB), Phusion High-Fidelity DNA Polymerase (NEB), and PFX High-Fidelity DNA 

Polymerase (Invitrogen). The gene-specific primers are listed in Table S2. PCR products were 

confirmed by DNA sequencing. E. coli BL21(DE3) (Novagen) was used for protein expression. 

The Saccharomyces cerevisiae BJ5464-NpgA (MATα ura3-52 his3-200 leu2-1 trp1 pep4::HIS3 

prb1 1.6R can1 GAL) was used as the yeast host for in vivo homologous recombination to 

construct the A. nidulans expression plasmids. 

For isolation of RNA from A. nidulans transformants, the strains were grown on CD agar 

for 6 days at 28 °C. The RNA extraction steps were performed using RiboPure™ Yeast RNA 

Isolation Kit (Ambion) following the manufacturer’s instructions. Residual genomic DNA in the 

extracts was digested by DNase I (2 U/μL) (Invitrogen) at 37 °C for 4 hours. SuperScript III First-

Strand Synthesis System (Invitrogen) was used for cDNA synthesis with Oligo-dT primers 

following directions from the user manual. 

8.3 Heterologous expression in A. nidulans 

To construct plasmids for heterologous expression in A. nidulans ΔSTΔEM, the plasmids 

pYTU, pYTP, and pYTR with auxotrophic markers for uracil (pyrG), pyridoxine (pyroA), and 

riboflavin (riboB), respectively, were used as backbones to insert genes. Genes from the targeted 

cluster and their native terminators were amplified by PCR with overhang primers using the 

genomic DNA (gDNA) of producing fungus as the template. gpdA promoters from A. nidulans, 

Penicillium oxalicum (POgpdA), and Penicillium expansum (PEgpdA) were amplified by PCR. 
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pYTP and pYTR were digested with PacI/NotI and pYTU was digested with PshAI/NotI. The 

overlapping DNA fragments and their corresponding digested vectors were co-transformed into 

S. cerevisiae BJ5464-NpgA to assemble the expression plasmids in vivo by yeast homologous 

recombination. The plasmids were extracted from yeast using Zymoprep™ Yeast Plasmid 

Miniprep I (Zymo Inc. USA), and transformed into E. coli TOP10 by electroporation to isolate 

single plasmids. After extraction from E. coli, the plasmids were sequenced to confirm correct 

assembly. 

To prepare protoplasts, A. nidulans was initially grown on CD agar plates supplemented 

with 10 mM of uridine, 5 mM of uracil, 0.5 μg/ml of pyridoxine HCl and 2.5 μg/ml of riboflavin at 

30 °C for 5 days. Fresh spores of A. nidulans were inoculated into 50 mL of liquid CD media in a 

250 mL flask and germinated at 30 °C, 250 rpm for 16 h. Mycelia were harvested by centrifugation 

at 3,500 rpm for 10 min and washed with 10 mL of osmotic buffer (1.2 M of MgSO4, 10 mM of 

sodium phosphate, pH 5.8). The mycelia were transferred into 10 mL of osmotic buffer containing 

30 mg of lysing enzymes from Trichoderma and 20 mg of Yatalase in a 125 mL flask. The cells 

were digested for 16 hours at 30 °C, 80 rpm. Cells were collected in a 30 mL Corex tube and 

overlaid gently by 10 mL of trapping buffer (0.6 M of sorbitol, 0.1 M of Tris-HCI, pH 7.0). After 

centrifugation at 3,500 rpm for 15 min at 4°C, protoplasts were collected in the interface of the 

two buffers. The protoplasts were transferred to a sterile 15 mL falcon tube and washed with 10 

mL of STC buffer (1.2 M of sorbitol, 10 mM of CaCl2, 10 mM of Tris-HCI, pH 7.5). The protoplasts 

were then resuspended in 1 mL of STC buffer. 

For each transformation, plasmids were added to 100 μl of the A. nidulans protoplast 

suspension prepared above, and the mixture was incubated for 60 min on ice. Then 600 μl of 

PEG solution (60% PEG, 50 mM of calcium chloride, and 50 mM of Tris-HCl, pH 7.5) was added 

to the protoplast mixture, followed by additional incubation at room temperature for 20 min. The 
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mixture was spread on the regeneration medium (CD solid medium with 1.2 M of sorbitol and the 

appropriate supplements: 10 mM of uridine, 5 mM of uracil, 0.5 μg/mL of pyridoxine HCl, and/or 

2.5 μg/mL of riboflavin according to the markers in the transformed plasmids) and incubated at 

37 °C for 2-3 days. 

8.4 Chemical analysis and compound isolation 

For small scale metabolite analysis in A. nidulans, transformants were grown on CD agar 

for 5-6 days at 28 °C and then extracted with acetone. A. nidulans strains expressing the gene(s) 

of interest were grown on CD-ST agar for 3 days at 28 °C and then extracted with acetone. For 

small scale analysis of in yeast, S. cerevisiae expressing the gene(s) of interest was inoculated 

in 1 mL of dropout media for 24 hours. 100μL of starter culture was used to inoculate 3 mL of 

YPD. The cells were grown at 28 °C, 250 rpm for 48 hours and extracted with an organic phase 

consisting of 75% EtOAc and 25% acetone. The organic phases were dried and dissolved in 

methanol for analysis. LC-MS analyses were performed on a Shimadzu 2020 EV LC-MS with a 

reverse-phase column (Phenomenex Kinetex, C18, 1.7 μm, 100 Å, 2.1 × 100 mm) using positive-

and negative-mode electrospray ionization with a linear gradient of 5-95% acetonitrile-H2O 

(containing 0.1% formic acid) in 15 min followed by 95% acetonitrile for 3 min with a flow rate of 

0.3 ml/min. 

For compound isolation, transformants of A. nidulans strains were grown in 4 L of liquid 

CD-ST media for 3-4 days at 28 °C, 250 rpm. Cell pellets from the large-scale cultures were 

extracted with acetone and the supernatant was extracted with ethyl acetate. After evaporation of 

the organic phases, the crude extracts were absorbed with 3 g of Celite, which was purified with 

the CombiFlash system (Teledyne) using reverse phase gradient elution with water (A) and 

acetonitrile (B) (0-5 min 10% B; 5-45 min 10-100% B; 45-50 min 100% B). Fractions containing 
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the target compounds were combined and used for further purification by HPLC with a semi-

preparative reverse-phase column (Phenomenex Kinetics, C18, 5 μm, 100 Å, 10 × 250 mm) with 

water (A) and acetonitrile (B) with 0.1% formic acid using a gradient of 0-8 min 10-30% B; 8-15 

min 50% B; 15-16 min 10% B. 

NMR spectra were obtained with a Bruker AV500 spectrometer with a 5-mm dual 

cryoprobe at the UCLA Molecular Instrumentation Center. (1H 500 MHz, 13C 125 MHz). X-ray 

crystallography were conducted in the UCLA Chemical and Biochemical Department. High 

resolution mass spectra were obtained from Thermo Fisher Scientific Exactive Plus with IonSense 

ID-CUBE DART source at the UCLA Molecular Instrumentation Center. Optical rotations were 

measured on a Rudolph Research Analytical Autopol III Automatic Polarimeter. 

8.5 Expression and purification of AoiQ from S. cerevisiae and in vitro assays 

AoiQ was cloned into the yeast expression vector XW55 with a C-terminal His-tag. In this 

plasmid, expression of aoiQ was under the control of the ADH2 promoter. Overexpression and 

subsequent protein purification of AoiQ were performed as follows: the yeast strain BJ5464-NpgA 

harboring the expression plasmid was grown overnight in 2 x 5 mL cultures of uracil dropout 

medium at 28 °C. The starter cultures were used to inoculate 2 × 1 L of YPD medium, which were 

shaken at 28 °C, 250 rpm for 48h. Cells were harvested by centrifugation, resuspended in lysis 

buffer (50 mM of Tris-HCl, 500 mM of NaCl, pH 8.0), and lysed on ice by sonication. The lysate 

was centrifuged at 15,000 g for 30 min at 4 °C to remove the cellular debris. Purification of the 

recombinant His6-tagged AoiQ using affinity chromatography with Ni-NTA agarose resin (Qiagen) 

was carried out according to the manufacturer’s instructions. Purified AoiQ was concentrated and 

exchanged into storage buffer (50 mM of Tris-HCl, 100 mM of NaCl, 10% glycerol, pH 8.0) with 
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Centriprep filters (Amicon). The purified AoiQ was analyzed by SDS-PAGE. Bradford Protein 

Assay (Bio-Rad) was used to calculate protein concentration. 

8.6 Expression and purification of DiaC from E. coli BL21(DE3) 

The diaC gene was amplified with overhang primers from the cDNA of A. nidulans 

transformant. The PCR product and expression vector pET28a were digested with NdeI/XhoI and 

ligated with T4 ligase (Invitrogen). Overexpression and subsequent protein purification of DiaC 

were performed as follows: BL21(DE3) harboring the expression plasmid was grown overnight in 

2 x 5 mL of LB medium with 50 μg/mL of kanamycin at 37 °C. The starter cultures were used to 

inoculate 2 × 1 L of fresh LB medium and shaken at 37 °C until the optical density at 600 nm 

(OD600) reached 0.6. Then expression of the gene was induced with 0.1 mM of isopropylthio-β-

D-galactoside (IPTG) at 16 °C. After 20 hours, cells were harvested by centrifugation, 

resuspended in lysis buffer (50 mM of Tris-HCl, 500 mM of NaCl, pH 8.0), and lysed on ice by 

sonication. The lysate was centrifuged at 15,000 g for 30 min at 4 °C to remove cellular debris. 

Purification of the recombinant His6-tagged DiaC using affinity chromatography with Ni-NTA 

agarose resin (Qiagen) was carried out according to the manufacturer’s instructions. Purified DiaC 

was concentrated and exchanged into storage buffer (50 mM of Tris-HCl, 100 mM of NaCl, pH 

8.0) by using Centriprep filters (Amicon). Purified DiaC was analyzed by SDS-PAGE. Bradford 

Protein Assay (Bio-Rad) was used to measure protein concentration. Aliquots of purified DiaC 

were flash frozen and stored at -80 °C. 

8.7 In vitro assays for AoiQ and DiaC (need editing) 

Enzyme assays of AoiQ and DiaC were performed in 50 mM potassium phosphate (pH 

6.5) buffer with a final volume of 100 μL. The assay contained 0.1 mM of MgCl2, 0.1 mM of MnCl2, 

1mM of FAD, 1mM of SAM, 1mM of NADH/NADPH, 150mM of NaCl and 10 μM of recombinant 
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AoiQ/DiaC (intact or boiled). Enzyme assays of DiaC were performed in 50 mM potassium 

phosphate (pH 6.5) buffer with a final volume of 100 μL. The assay contained 1mM of 

NADH/NADPH, and 10 μM of recombinant DiaC (intact or boiled). The reactions were incubated 

at 25 °C for 2 hours and extracted with 100 μL of EtOAc. Samples were centrifuged and the 

organic layers were analyzed by GC-MS as described previously. 

8.8 Biotransformation assays in S. cerevisiae 

To verify the function of enzyme(s) of interest by yeast biotransformation, Saccharomyces 

cerevisiae transformed with expression plasmid was inoculated in 1 mL of selective dropout media 

for 24 hours. 3 mL of YPD was inoculated with 100 μL of starter culture and grown for 24 hours. 

Substrate was fed to 500 μL of yeast culture to a final concentration of 400 μM and the cultures 

were shaken at 250 rpm at 28 °C for 12 hours. The cultures were extracted two times with 500 

μL of an organic phase consisting of 75% EtOAc and 25% acetone. The organic layers were dried 

and dissolved in methanol for LC-MS analysis. 
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9. APPENDICES 

9.1 Supplementary information for Section 4 

 

 

 

 

 

Figure S1. Bioinformatics and transcriptional analyses for PKSs in P. variabile HXQ-H-1 (with 
HRPKS AurA from aurovertins’ biosynthesis as query) 
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Figure S2. Transcriptional analyses and annotations for the wor biosynthetic gene cluster 
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Figure S3. Analogy between WorC and Lis. (A) Proposed mechanism for WorC and Lis. (B) 
Transmembrane topology prediction of WorC and Lis with PSIPRED. 
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Table S1. NMR data for 1, 2 and 3 in CD3OD (500 and 125 MHz for 1H and 13C NMR, resp) 

position 
3 1 2 

δH (J in Hz) δC δH (J in Hz) δC δH (J in Hz) δC 

2 - 173.4 - 173.5 - 173.5 

3 - 70.8 - 70.8 - 70.8 

4 - 209.5 - 209.6 - 209.6 

5 2.81, dq (7.0, 2.5) 44.5 2.88, dq (7.0, 2.0) 44.5 2.88, dq (7.0, 2.5) 44.5 

6 5.03, d (2.5) 86.3 5.03, d (2.0) 86.4 5.02, d (2.0) 86.4 

7 - 59.5 - 59.5 - 59.5 

8 5.79, d (15.0) 131.3 5.78, d (15.0) 131.3 5.75, d (15.0) 130.6 

9 6.46, dd (15.0, 
11.0) 

135.5 6.46, dd (15.0, 
11.0) 

135.6 6.44, dd (15.0, 
11.0) 

136.0 

10 6.31, dd (15.0, 
11.0) 

133.6 6.32, dd (15.0, 
11.0) 

133.5 6.28, dd (15.0, 
11.0) 

133.2 

11 6.44, dd (15.0, 
11.0) 

134.9 6.44, dd (15.0, 
11.0) 

134.9 6.44, dd (15.0, 
11.0) 

135.1 

12 6.31, dd (15.0, 
11.0) 

134.8 6.29, dd (15.0, 
11.0) 

134.8 6.28, dd (15.0, 
11.0) 

132.5 

13 6.58, dd (15.0, 
11.0) 

130.4 6.58, dd (15.0, 
11.0) 

130.8 6.61, dd (15.0, 
11.0) 

131.1 

14 5.92, d (11.0) 130.4 6.04, d (11.0) 130.6 6.21, d (11.0) 128.0 

15  136.0  136.4 - 138.1 

16 4.34, s 81.5 4.29, s 81.9 4.05, s 78.9 

17 - 135.6 - 134.3 - 71.2 

18 5.61, d (1.5) 130.9 5.58, (br s) 132.4 5.36, d (1.5) 130.8 

19 - 68.1 - 69.8 - 137.3 

20 3.55, q (6.5) 73.2 3.65, q (6.5) 72.6 4.18, q (7.0) 74.0 

21 1.08, s 5.0 1.08, s 5.0 1.08, s 5.0 

22 1.20, d (7.0) 11.7 1.19, d (7.0) 11.7 1.19, d (7.0) 11.7 

23 1.17, s 16.9 1.16, s 16.9 1.16, s 16.9 

24 1.87, s 15.7 1.88, s 15.8 1.90, brs 16.0 

25 1.62, s 20.1 1.58, s 19.9 1.03, s 22.8 

26 1.15, s 25.6 1.11, s 22.1 1.64, s 19.2 

27 1.16, d (6.0) 14.4 1.08, d (6.0) 14.7 1.30, d (6.0) 17.5 

The NMR data of compounds 1-3 are identical to the data reported in Helv. Chim. Acta 2009, 92, 

567. 
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Table S2. NMR data for 4 in CD3OD (500 and 125 MHz for 1H and 13C NMR, resp) 

No δC δH (J in Hz) NOE correlations 

2 179.5 -  

3 48.1 2.80, q (7.0) H-6, H-8 

4 179.5 -  

5 43.4 2.65, dq (11.0, 7.0) H3-23 

6 87.9 4.41, d (10.5) H-8 

7 49.5 -  

8 137.7 5.82, d (14.0)  

9 132.4 6.29, dd (15.0, 11.0)*   

10 133.6 6.32, dd (15.0, 11.0)*    

11 134.6 6.40 dd (15.0, 11.0)  

12 134.9 6.29, dd (15.0, 11.0)*    

13 130.1 6.56, dd (15.0, 11.0)   

14 130.8 6.03, d (11.0)  

15 136.1 -  

16 81.9 4.28, s H3-26, H3-27 

17 134.3 -  

18 132.2 5.58, brs  

19 69.8 -  

20 72.6 3.65, q (6.5)  

21 7.7 0.97, d (7.0)  

22 14.7 1.08, d (6.5)  

23 12.0 1.05, s  

24 15.8 1.88, brs  

25 19.8 1.58, s  

26 22.1 1.11, s  

27 14.7 1.11, d (6.0)  

HRMS: found m/z 427.2491 [M + H-H2O]+, Cacld. for C26H35O5
+ 409.2484 

Optical rotation: [α]25
D = +178.15 (c = 0.5, CH3OH) 
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Table S3. NMR data for 5 in CDCl3 (500 and 125 MHz for 1H and 13C NMR, resp) 

 
No δC δH (J in Hz) Key NOE correlations 

2 169.8 -  

3 50.4 3.55, q (6.5)  

4 204.5 -  

5 44.6 2.53, dq (10.5, 7.0) H3-23 

6 85.8 4.75, d (11.0) H-3, H3-22 

7 130.0 -  

8 132.4 6.19, d (10.0)  

9 126.6 6.42, m  

10 127.5 6.30-6.36, m*  

11 131.6 6.30-6.36, m*  

12 135.7 6.30-6.36, m*  

13 136.2 6.30-6.36, m*  

14 140.5 6.34, m  

15 133.7 -  

16 138.8 6.03, s H-14, H-18 

17 132.3 -  

18 136.2 5.88, s H3-24 

19 133.7 -  

20 125.9 5.48, q (7.0) H-18, H3-25 

21 8.4 1.39, d (6.5)  

22 11.4 1.08, d (7.0)  

23 12.0 1.84, s  

24 14.3 1.98, s  

25 19.2 1.96, s  

26 16.9 1.78, s  

27 14.1 1.72, d (7.0)  
 interchangeable. * overlapped. 

HRMS: found m/z 395.2588 [M + H]+, Cacld. for C26H35O3
+  395.2586; 

Optical rotation: [α]25
D = +16.62 (c = 0.3, CHCl3) 
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Table S4. NMR data for 6 in CD3OD (500 and 125 MHz for 1H and 13C NMR, resp) 
 

No δC δH (J in Hz) Key NOE correlations 

2 173.5 -  

3 70.8 -  

4 209.6 -  

5 44.5 2.89, dq (7.0, 2.5)  

6 86.4 5.02, d (3.5)  

7 59.5 -  

8 130.7 5.76, d (15.0)  

9 135.0 6.45, dd (15.0, 11.0)   

10 133.4 6.27, dd (15.0, 11.0)   

11 135.9 6.43, dd (15.0, 11.0)   

12 132.7 6.27, dd (15.0, 11.0)   

13 131.0 6.57, dd (15.0, 11.0)   

14 128.7 6.16, d (11.0)  

15 140.5 -  

16 83.1 3.94, s H3-25 

17 93.1 -  

18 127.3 5.48, s  

19 140.8 -  

20 84.3 4.70, q (6.0) H3-25 

21 5.0 1.08, s  

22 11.7 1.19, d (7.0)  

23 16.9 1.16, s  

24 15.5 1.85, s  

25 23.0 1.15, s  

26 12.3 1.69, s  

27 21.0 1.26, d (6.0)  

HRMS: found m/z 409.2363 [M + H-H2O]+, Cacld. for C26H33O4
+ 409.2378;  

Optical rotation: [α]25
D = +21.0 (c = 0.2, CH3OH) 
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Table S5. NMR data for 7 in CD3OD (500 and 125 MHz for 1H and 13C NMR, resp) 

No δC δH (J in Hz) NOE correlations 

2 179.8 -  

3 48.3 2.77, q (7.5) H-6, H-8 

4 181.1 -  

5 44.5 2.60, m H3-23 

6 88.6 4.41, d (10.0) H-8 

7 49.6 -  

8 137.6 5.79, d (14.0)  

9 132.8 6.22-6.30, m*  

10 132.1 6.22-6.30, m*    

11 134.8 6.37, m  

12 133.4 6.22-6.30, m*      

13 130.5 6.58, dd (14.5, 11.5)   

14 128.1 6.19, d (11.5) H3-25 

15 137.5 -  

16 78.9 4.05, s H3-27 

17 71.2 -  

18 130.8 5.35, brs  

19 137.3 -  

20 74.0 4.18, q (6.5)  

21 7.7 0.96, d (7.5)  

22 15.0 1.06, d (6.5)  

23 12.1 1.03, s  

24 16.0 1.89, brs  

25 22.8 1.03, s  

26 19.2 1.64, s  

27 17.5 1.30, d (6.5)  
observed in HMBC spectrum. * overlapped. 

HRMS: found m/z 427.2483 [M + H-H2O]+, Cacld. for C26H35O5
+ 409.2484 

Optical rotation: [α]25
D = +15.4 (c = 1.0, CH3OH) 
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Table S6. NMR data for 8 in CD3OD (500 and 125 MHz for 1H and 13C NMR, resp) 

No δC δH (J in Hz) NOE correlations 

2 179.3 -  

3 48.2 2.79, q (7.0) H-6, H-8 

4 179.7 -  

5 44.3 2.60, dq (11.0, 7.0) H3-23 

6 88.4 4.40, d (11.0) H-8 

7 49.3 -  

8 137.5 5.79, d (14.0)  

9 132.9 6.28, dd (14.5, 11.5)*   

10 133.6 6.28, dd (14.5, 11.5)*    

11 134.7 6.37 dd (14.5, 11.5)  

12 132.1 6.28, dd (14.5, 11.5)*    

13 130.4 6.54, dd (14.5, 11.5)   

14 128.8 6.15, d (11.0)  

15 140.0 -  

16 83.1 3.94, s  

17 93.1 -  

18 127.3 5.48, brs  

19 140.8 -  

20 84.2 4.69, q (6.0) H3-25 

21 7.7 0.96, d (7.0)  

22 14.9 1.07, d (7.0)  

23 12.0 1.04, s  

24 15.4 1.84, brs  

25 23.1 1.15, s  

26 12.3 1.69, brs  

27 21.0 1.26, d (6.5)  

* overlapped 

HRMS: found m/z 427.2481 [M + H-H2O]+, Cacld. for C26H35O5
+ 409.2484 

Optical rotation: [α]25
D = +26.5 (c = 0.7, CH3OH) 
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Figure S4. 1H NMR spectrum of compound 1 in CD3OD. 

 

 
Figure S5. 13C NMR spectrum of compound 1 in CD3OD. 
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Figure S6. 1H NMR spectrum of compound 2 in CD3OD. 

 

 
Figure S7. 13C NMR spectrum of compound 2 in CD3OD. 
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Figure S8. 1H NMR spectrum of compound 3 in CD3OD. 

 

 
Figure S9. 13C NMR spectrum of compound 3 in CD3OD. 
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Figure S10. 1H NMR spectrum of compound 4 in CD3OD. 

 

 
Figure S11. 13C NMR spectrum of compound 4 in CD3OD. 
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Figure S12. HSQC spectrum of compound 4 in CD3OD. 

 

 
Figure S13. COSY spectrum of compound 4 in CD3OD. 
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Figure S14.  HMBC spectrum of compound 4 in CD3OD. 

 

 
Figure S15.  NOESY spectrum of compound 4 in CD3OD. 
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Figure S16. 1H NMR spectrum of compound 5 in CDCl3. 

 

 
Figure S17. 13C NMR spectrum of compound 5 in CDCl3. 
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Figure S18. HSQC spectrum of compound 5 in CDCl3. 

 

 
Figure S19. COSY spectrum of compound 5 in CDCl3. 
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Figure S20. HMBC spectrum of compound 5 in CDCl3. 

 

 
Figure S21. NOESY spectrum of compound 5 in CDCl3. 
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Figure S22. 1H NMR spectrum of compound 6 in CD3OD. 

 
Figure S23. 13C NMR spectrum of compound 6 in CD3OD. 
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Figure S24. HSQC spectrum of compound 6 in CD3OD. 

 

 
Figure S25. COSY spectrum of compound 6 in CD3OD. 
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Figure S26. HMBC spectrum of compound 6 in CD3OD. 

 

 
Figure S27. NOESY spectrum of compound 6 in CD3OD. 
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Figure S28. 1H NMR spectrum of compound 7 in CD3OD. 

 

 
Figure S29. 13C NMR spectrum of compound 7 in CD3OD. 
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Figure S30. HSQC spectrum of compound 7 in CD3OD. 

 
Figure S31. COSY spectrum of compound 7 in CD3OD. 

 



96 
 

 
Figure S32. HMBC spectrum of compound 7 in CD3OD. 

 

 
Figure S33. NOESY spectrum of compound 7 in CD3OD. 
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Figure S34. 1H NMR spectrum of compound 8 in CD3OD. 

 

 
Figure S35. 13C NMR spectrum of compound 8 in CD3OD. 
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Figure S36. HSQC spectrum of compound 8 in CD3OD. 

 

 
Figure S37. COSY spectrum of compound 8 in CD3OD. 
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Figure S38. HMBC spectrum of compound 8 in CD3OD. 

 
Figure S39. NOESY spectrum of compound 8 in CD3OD. 
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9.2 Supplementary information for Section 5 

 
 
 
 
 
 

 
 
 

Figure S40. Heterologous expression of aoi and dia gene clusters in A. nidulans 
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Figure S41. SDS-PAGE protein gel for AoiQ (from yeast) and DiaC (from E. coli) 
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Figure S42. 1H NMR spectrum of compound 1 in CD3OD. 

 

 
Figure S43. 13C NMR spectrum of compound 1 in CD3OD. 
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Figure S44. HSQC spectrum of compound 1 in CD3OD. 

 

 
Figure S45. COSY spectrum of compound 1 in CD3OD. 
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Figure S46. HMBC spectrum of compound 1 in CD3OD. 

 

 
Figure S47. 1H NMR spectrum of compound 2 in CD3OD. 
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Figure S48. 13C NMR spectrum of compound 2 in CD3OD. 

 
Figure S49. HSQC spectrum of compound 2 in CD3OD. 
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Figure S50. COSY spectrum of compound 2 in CD3OD. 

 
Figure S51. HMBC spectrum of compound 2 in CD3OD. 
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Figure S52. NOESY spectrum of compound 2 in CD3OD. 

 

 
Figure S53. 1H NMR spectrum of compound 3 in CD3OD. 
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Figure S54. 13C NMR spectrum of compound 3 in CD3OD. 

 

 
Figure S55. 1H NMR spectrum of compound 4 in CD3OD. 
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Figure S56. 13C NMR spectrum of compound 4 in CD3OD. 

 

 
Figure S57. HSQC spectrum of compound 4 in CD3OD. 
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Figure S58. COSY spectrum of compound 4 in CD3OD. 

 
Figure S59. HMBC spectrum of compound 4 in CD3OD. 
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Figure S60. NOESY spectrum of compound 4 in CD3OD. 

 

 
Figure S61. 1H NMR spectrum of compound 5 in CD3OD. 
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Figure S62. 13C NMR spectrum of compound 5 in CD3OD. 

 

 
Figure S63. HSQC spectrum of compound 5 in CD3OD. 
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Figure S64. COSY spectrum of compound 5 in CD3OD. 

 
Figure S65. HMBC spectrum of compound 5 in CD3OD. 
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9.3 Supplementary information for Section 6 
 

 
Figure S66. 1H NMR spectrum of compound 4 in CDCl3. 

 

 
Figure S67. 13C NMR spectrum of compound 4 in CDCl3. 
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Figure S68. HSQC spectrum of compound 4 in CDCl3. 

 

 
Figure S69. COSY spectrum of compound 4 in CDCl3. 
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Figure S70. HMBC spectrum of compound 4 in CDCl3. 

 
Figure S71. NOESY spectrum of compound 4 in CDCl3. 
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Figure S72. 1H NMR spectrum of compound 5 in CD3OD. 

 

 
Figure S73. 13C NMR spectrum of compound 5 in CD3OD. 
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