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Abstract

Heterologous expression of natural product biosynthetic gene clusters (BGCs) has become a 

widely used tool for genome mining of cryptic pathways, bottom-up investigation of biosynthetic 

enzymes, and engineered biosynthesis of new natural product variants. In the field of fungal 

natural products, heterologous expression of a complete pathway was first demonstrated in 

the biosynthesis of tenellin in Aspergillus oryzae in 2010. Since then, advances in genome 

sequencing, DNA synthesis, synthetic biology, etc. have led to mining, assignment, and 

characterization of many fungal BGCs using various heterologous hosts. In this review, we 

will highlight key examples in the last decade in integrating heterologous expression into 

genome mining and biosynthetic investigations. The review will cover the choice of heterologous 

hosts, prioritization of BGCs for structural novelty, and how shunt products from heterologous 

expression can reveal important insights into the chemical logic of biosynthesis. The review is 

not meant to be exhaustive but is rather a collection of examples from researchers in the field, 

including ours, that demonstrate the usefulness and pitfalls of heterologous biosynthesis in fungal 

natural product discovery.

1. Introduction

Genome mining, a term first mentioned in the context of natural product in 2005,1 has 

brought a renaissance to the research fields of natural product discovery, biosynthesis 

and chemical biology. More recently, the marriage of biosynthesis and synthetic biology 

has further broadened interests in natural products. Advances in next-generation DNA 

sequencing, DNA synthesis and gene editing technologies have rapidly enhanced our 

abilities to identify, construct and characterize biosynthetic gene clusters (BGCs). Among 

the different approaches to mine new natural products or rediscover biological activities 

of known compounds, heterologous expression of BGCs in model organisms is a key 

strategy.2,3 Heterologous expression of BGCs, coupled with host engineering, has been 

successfully demonstrated for nearly all major families of natural products from bacterial, 
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fungal, plant and animal pathways.4–7 Our lab has been involved in the genome mining 

of natural products from filamentous fungi in the last decade. Genome sequencing of 

Ascomycota, such as Penicillium and Aspergillus species, have revealed a significant 

amount of BGCs are unexplored and have no associated metabolites.8,9 It is estimated that 

over 97% of fungal BGCs are not associated with known natural products, a number that is 

in line with that estimated for bacterial BGCs.10,11

In this review, we highlight a number of examples from ours and other researchers in 

genome mining of fungal BGCs. In section 2, we describe the general workflow of 

BGC refactoring and expression in different heterologous hosts. Several commonly used 

hosts, such as Aspergillus nidulans, Aspergillus oryzae, and Saccharomyces cerevisiae 
are discussed with representative examples. Considerations to increase successes of 

reconstitution are discussed. In section 3, we focus on strategies to expand natural 

product chemical space through mining of BGCs with unique features. In section 4, we 

recount several case studies in which intermediates and shunt products from heterologous 

reconstitution led to new discoveries of biosynthetic logic. Collectively, this review 

illustrates the successes and failures of genome mining in fungi, and underscores the vast 

unexplored biosynthetic potential in this kingdom of eukaryotic organisms.

2. Overview of Heterologous Expression of Fungal Natural Products

2.1. Why heterologous expression?

While the focus of this review is on the use of heterologous hosts for fungal BGC 

expression, the importance of working with native producing strains cannot be overstated. 

If the original producing host can be sourced from the many different collections around 

the world, working directly in a genome-sequenced strain has unmatched advantages. First, 

the strain can be grown under a plethora of media conditions to produce different metabolic 

profiles. This is the “one strain many compounds” (OSMAC) strategy that can activate a 

subset of BGCs.12–14 Second, the compounds produced in a native host are highly likely 

to be the final natural product of the pathway; and may be produced at sufficient titers for 

full structural characterization. This is especially important in cases where the BGC is too 

large to be refactored using heterologous host/vector systems, or has ambiguous definitions 

of cluster boundaries.15 Lastly, if the fungal strain can be genetically modified, many tools 

can be directly applied to the native host including BGC-specific transcriptional factor (TF) 

overexpression,16–19 global epigenetic modifications,20,21 CRISPR-Cas9 mediated pathway 

activation,22 and top-down genetic inactivation to assign functions to individual pathway 

genes (Figure 1).23

Clearly, if the native strain cannot be sourced or is genetically intractable, transplanting 

the BGC of interest into a chassis organism for heterologous expression is the only 

alternative. Heterologous hosts are genetically well-characterized with robust molecular 

biology tools. An ideal heterologous host is also fast growing and has a minimal metabolic 

background. For bacterial BGCs, E. coli and different Streptomyces organisms are used 

frequently.24–27 For plant BGCs, Saccharomyces cerevisiae (Baker’s yeast, also referred to 

as yeast throughout the review) is the go-to microbial chassis,28 while the tobacco plant 

Nicotiana benthamiana is the most used plant heterologous host.29 For fungi, a number of 
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strains are available, including Saccharomyces cerevisiae and well-characterized Aspergillus 
sp. that are discussed in section 2.2. Several other fungal species have also been reported to 

be useful heterologous hosts.30,31

Even when the native fungal host can be genetically manipulated, heterologous expression 

offers several enabling advantages in analysis of BGCs. First, with a reduced metabolic 

background and rewired precursor fluxes dedicated to heterologously expressed pathways, 

the titers of the target metabolite may be engineered to be significantly higher than from 

the native host. However, metabolite titers in a heterologous host can be highly variable and 

depend on the BGC of interest. Titers from less than 1 mg/L to well over 1 g/L have been 

reported under similar growth conditions for different BGCs. The exact reasons for such 

variation are not well-understood; and empirical methods are used to optimize the titers. For 

the purpose of this review, titers are generally not discussed, and readers should refer to 

the primary literature for such information. Second, many BGCs in native hosts cannot be 

transcriptionally activated despite the myriad of tools mentioned above. Through complete 

refactoring of BGCs for heterologous expression, such cryptic regulation can be bypassed. 

Third, if the native strain is difficult to obtain due to logistical reasons, reconstitution of 

homologous BGC from accessible organisms can overcome such hurdles. For example, in 

our effort to study sambutoxin (1) biosynthesis, the producing strain Fusarium sambucinum 
was not obtainable.32 Comparison of candidate BGCs revealed the wide-spread presence of 

the candidate BGC in other species, including Fusarium oxysporum of which the genomic 

DNA can be obtained. Heterologous reconstitution of the six genes in the BGC in A. 
nidulans confirmed the cluster indeed produced sambutoxin. Similarly, the biosynthesis 

of the potent oxidative phosphorylation inhibitor ilicicolin H (2) was reconstituted in A. 
nidulans by expressing a homologous BGC from Penicillium variabile, which was not 

known to be a producer prior to the study.33 Lastly, with a modular refactoring approach, 

mix-and-matching of pathway genes between target BGC and homologous BGCs can be 

readily performed in heterologous hosts. This can overcome expression or pathway flux 

bottleneck attributed to one particular enzyme from a BGC, as well as to generate structural 

variants of natural products.34,35

Heterologous reconstitution enables the gene-by-gene, bottom-up approach to examine 

individual steps of biosynthesis and allows functional association between BGCs and 

natural products in an unambiguous way (Figure 1). While the genetic inactivation-based, 

top-down approach in native hosts can be highly informative, several examples of 

misinterpretation of enzyme function have been noted in the literature due to pleotropic 

effects of gene inactivation. We note two examples here, in which subsequent heterologous 

reconstitution studies led to revision of initial BGC assignments. In the first example, 

Chankhamjon et. al. identified AoiQ as the halogenase responsible for biosynthesis of 

8-methyldichlorodiaporthin (3) from Aspergillus oryzae RIB40,36 which is a coumarin-

containing polyketide with a gem-dichlorinated sp3 carbon α to a secondary alcohol. Based 

on genetic knockout in the native host, the authors concluded an unclustered, nonreducing 

polyketide synthase (NRPKS) AoiG is involved in biosynthesis of the unchlorinated 

substrate. This led to the speculation that AoiQ, a flavin-dependent halogenase, can 

chlorinate an unactivated sp3 carbon via an unprecedented radical mechanism. Subsequent 
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heterologous expression work, however, showed a different NRPKS DiaA, which is 

clustered with AoiQ, is involved in synthesizing the coumarin core.37 DiaA synthesizes 

a 1,3-diketone containing substrate that can be halogenated by AoiQ with canonical 

flavin-dependent halogenation mechanism via an enolate intermediate. Nonenzymatic 

deacetylation and short-chain dehydrogenase/reductase (SDR)-catalyzed ketoreduction 

afforded dichlorodiaporthin 3 (Figure 2A).

The second example of misinterpretation of gene deletion results is that of thermolide 

biosynthesis.38 Thermolides are a class of nematocidal natural products isolated from 

the thermophilic fungus Talaromyces thermophilus NRRL2155, featuring an uncommon 

macrolactone linkage between the polyketide and nonribosomal peptide portions. 

Inactivation of the polyketide synthase-nonribosomal peptide synthetase (PKS-NRPS) 

TalA in the native producing organism abolished the production of thermolides. This 

led to the putative assignment of TalA as the scaffold-generating enzyme, although the 

predicted functions of remaining enzymes in the tal BGC were not consistent with 

thermolide structural features. The Zou lab subsequently performed heterologous expression 

of all candidate BGCs in A. nidulans to functionally characterize the PKS-NRPSs. They 

demonstrated that the tal BGC was in fact responsible for biosynthesis of analogs of fusarin 

C. The bona fide thermolide BGC encodes a PKS (ThmA) and an NRPS (ThmB) as 

two separate proteins, with a terminal C domain (CT) in the NRPS enzyme catalyzing 

the macrolactonization step (Figure 2B). Coexpression of ThmA and ThmB led to the 

production of the macrolactone 4. The earlier gene inactivation of talA may have caused 

pleotropic silencing of the thermolides BGC.

2.2. Host/vector systems for heterologous expression of fungal BGCs

To date, several well-developed organisms have been used as microbial chassis 

for heterologous expression of fungal BGCs. Useful heterologous hosts share many 

advantageous features: fast growth under laboratory culturing conditions; genetical 

tractability; and not posing biosafety hazards when grown in large volumes. Additional 

considerations in choosing the model organism include i) the number of heterologous 

genes that can be expressed from episomal vectors or chromosomal integrations; ii) 

crosstalk with endogenous metabolism (both primary and secondary) or detoxification 

pathways; iii) endogenous secondary metabolite levels that can interfere with compound 

identification or purification; and iv) most importantly, abilities to correctly splice introns 

during mRNA maturation and perform essential post-translational modifications (PTMs) of 

foreign biosynthetic enzymes.

2.2.1. Saccharomyces cerevisiae—Although a number of fungal hosts have been 

designed and used successfully as heterologous hosts,39–42 three hosts have emerged to 

be the workhorse organisms. Baker’s yeast, Saccharomyces cerevisiae, is widely used as 

a model eukaryote for research in biology, as well as food fermentation and industrial 

synthetic biology applications. It has been adopted for the reconstitution of biosynthetic 

pathways because of several attractive traits, including fast growth rate, generally regarded 

as safe (GRAS) status, accessible genetic tools, and very few endogenous secondary 

metabolites produced. Metabolic engineering of yeast is also highly advanced, producing 
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nearly every major type of natural products at high titers (g/L), including polyketides, 

terpenes, and alkaloids.43–48 One of the earlier engineering efforts to make yeast a suitable 

host for fungal polyketide and nonribosomal peptide biosynthesis was the integration of 

the A. nidulans phosphopantetheinyl (pPant) transferase npgA gene into the genome of 

BJ5464 to give BJ5464-NpgA49,50. NpgA phosphopantetheinylates the active site serines 

in thiolation domains (ACP and PCP) in PKS and NPRS enzymes, which is essential for 

the thioester chemistry operated by these machineries. BJ5464-NpgA is analogous to the E. 
coli strain BAP1,51 in which the bacterial pPant transferase Sfp is expressed chromosomally 

from an engineered BL21(DE3) strain. An additional feature of BJ5464-NpgA, which is 

vital for its use in expression of large fungal biosynthetic enzymes, is the knockout of 

vacuole proteases PEP4 and PRB1. With these genetic changes, BJ5464-NpgA was shown 

to be suitable for functional expression of fungal megasynthases, including PKS (LovB, 

330 kDa),52 NRPS (TqaA, 450 kDa)53 and PKS-NRPS (AspA, 493 kDa).54 Our lab further 

modified the strain to give RC01,55 which expresses a chromosomal integrated copy of 

Aspergillus terreus cytochrome P450 reductase (AtCPR). This redox partner enzyme is 

required for fungal P450 catalytic function as it provides two electrons, one at a time, to 

the P450 heme center during the catalytic cycle.56 With this integration, fungal pathways 

involving multiple P450s have been reconstituted or mined.55,57

High-throughput and scalable genome mining of fungal BGCs using yeast as the 

heterologous host was reported using the HEx platform.58 In this study, the host JHY702 

was a heavily modified strain to combine the above features, including integration of npgA 
and atCPR, as well as modifications of genes involved in sporulation, respiratory growth, 

and protein expression, to improve strain robustness. Furthermore, the study examined 

the use of different ADH2-like promoters, which are inducible promoters activated upon 

glucose depletion and ethanol accumulation, from various yeast species. The sequentially 

divergent but functionally equivalent promoters allowed rapid pathway refactoring through 

yeast homologous recombination. Using HEx platform, 22 out of 41 tested BGCs from 

diverse fungal species produced detectable compounds, including polyketides, peptides and 

terpenes.

Despite the ease of use of yeast as a model host, several deficiencies have severely limited 

its application in genome mining. The most glaring is its inability to splice fungal introns. 

Although yeast has a spliceosome machinery,59,60 it is not able to recognize nor process 

fungal introns. This deficiency requires fungal genes with introns to be manually spliced to 

give uninterrupted open reading frame (ORFs) for yeast expression. As a result, accurate 

prediction of start codons and introns are indispensable to successful reconstitution. Often 

times, this would require isolation of mRNA from the native host, followed by RT-PCR and 

sequencing; or by first expressing the gene in a fungal heterologous host followed by mRNA 

isolation if the BGC of interest is silent. The limitation of intron splicing was attributed as 

a major reason for the failed reconstitution of several BGCs using the Hex platform.58 In 

addition, we and others have noted foreign P450 expression in yeast, especially multiple 

P450s, can be highly unpredictable and problematic.61 As a result of these limitations, the 

engineered yeast strains are limited to reconstitution of core biosynthetic enzymes or shorter 

pathways, while leaving genome mining of more complex BGCs to the filamentous fungi 

discussed below.
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2.2.2. Aspergillus oryzae—In terms of filamentous fungi, Aspergillus oryzae is one 

of the most commonly used heterologous hosts for BGC reconstitution due to many of 

the advantages previously discussed. Two modified strains, M-2–3 and NSAR1, are used 

by numerous labs for genome mining. A. oryzae M-2–3 is an auxotroph for arginine,62 

and pTAex3, which encodes the argB gene from A. nidulans, is used as the corresponding 

vector for transformation and selection. A. oryzae NSAR1 was engineered to harbor four 

auxotrophic markers (niaD−; sC−; ΔargB; adeA−),63 making it a more versatile strain for 

genetic manipulation and full pathway reconstitution. Two additional vectors, with either 

pyrithiamine (pPTRI) or glufosinate (pBAR) resistance markers, can be introduced into 

M-2–3 or NSAR1. In the case of NSAR1, a total of six vectors can be transformed at the 

same time.

Cox and coworkers reported the first successful reconstitution a complete fungal BGC, that 

of tenellin (5),64 in A. oryzae M-2–3 using argB auxotroph as well as glufosinate and 

bleomycin resistant markers. Refactoring the cluster and placing the genes under control 

of inducible amyB promoters, the titer of 5 (243 mg/L) was five times higher than that 

of the native host.64 In the same year, heterologous reconstitution using the same strain to 

study biosynthesis of fungal meroterpenoid pyripyropene A (6) was published by Abe and 

coworkers.65 Five biosynthetic genes were individually cloned into pTAex3 and pPTRI. 

Coexpression of different combinations of gene with feeding of precursors led to the 

discovery of early biosynthetic steps to pyripyropene A. In subsequent years, the Abe group 

has used A. oryzae extensively for meroterpenoid biosynthesis reconstitution.66 Stepwise 

reconstitution, followed by isolation and characterization of biosynthetic intermediates 

and shunt products enabled functional assignment of many meroterpenoid pathways. The 

Oikawa group has used A. oryzae to examine the biosynthesis of indole-diterpene natural 

products such as paxilline (7).67 One feature of the A. oryzae system is that the plasmids 

designed for protein expression cannot be autonomously replicated, therefore requiring all 

genes to be integrated into the genome for expression. As a result, colony-to-colony gene 

expression variation is an issue since the integrated sites can vary in each transformant. 

To have more control over gene integration and expression levels, Liu et al. identified 

high expression loci in A. oryzae, and developed a CRISPR-Cas9-based technique for 

targeted chromosomal integration.68 This new strategy successfully led to the reconstitution 

of erinacine Q (8) and its intermediates in higher titer (4.7 mg/L for 8).

Although Aspergillus heterologous hosts can splice most fungal introns correctly, one must 

remain cautious that incorrect splicing, which is detrimental to reconstitution, can occur. 

One published example of incorrect intron processing in A. oryzae was reported by Song 

et al. during the expression of a Magnaporthe oryzae PKS-NRPS encoded by ACE1.69 

RT-PCR of ACE1 expression revealed that one of three introns was not spliced correctly, 

resulting in no production of any metabolites from the A. oryzae transformant. Further 

heterologous expression attempts using intron-free DNA led to detection of new metabolites, 

confirming incomplete splicing was the obstacle. Intron splicing is also an issue when 

expressing Basidiomycota genes in Aspergillus strains, since genes from Basidiomycota 

can contain many introns. Thus, intron-free cDNAs are typically required for refactoring 

the corresponding pathways.70 Recently, A. oryzae was examined as a suitable host 
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for expressing Basidiomycota diterpene genes directly using genomic DNA sequences.71 

Nagamine et al. screened thirty terpene synthases from two Basidiomycota strains to show 

that A. oryzae can splice most of those genes correctly. In cases where partial splicing is 

observed, the errors were analyzed and were mostly predictable according to the authors.

2.2.3. Aspergillus nidulans—Aspergillus nidulans is another important model 

organism for filamentous fungi and it has been used as heterologous host for exploration 

of many BGCs in recent years. A. nidulans A1145 (pyrG89; pyroA4; nkuA::argB; riboB2) 

is the most widely used strain and has three auxotrophic markers, pyrG (uracil), pyroA 
(pyridoxine), and riboB (riboflavin).72 Compared to A. oryzae, the A. nidulans A1145 host 

can be used to express heterologous genes from either episomal vectors or chromosomal 

integrations. In the former case, vectors contain the plasmid replicator AMA1 can be 

maintained and replicated in the host under selection pressure. Constitutive and nutrient-

inducible promoters involved in primary metabolism, such as glaA, gpdA, and amyB, 

are used for controlling expression of foreign genes. Yeast-fungi-E. coli shuttle vectors 

have been created for construction of plasmids using homologous recombination in yeast 

and amplification by E. coli.73 As many as twelve genes have been expressed at the 

same time using the host/vector pair, enabling numerous genome mining and biosynthetic 

reconstitution studies. Recently, a platform using native promoters to express heterologous 

genes in A. nidulans was reported.74 The approach used regulatory components of the 

highly expressed asperfuranone BGC (afo) in A. nidulans. Induction of AfoA, which is a 

pathway-specific transcriptional activator, can lead to high titer production of asperfuranone 

and intermediates (~900 mg/L).75 Chiang et al. demonstrated that genes of interest can be 

placed under afo promoters, allowing for the strong and concerted transcription upon AfoA 

expression. As a proof of concept, the authors used this platform to reconstitute biosynthesis 

of citreoviridin, mutilin, and pleuromutilin in A. nidulans with improved titers (~150 mg/L 

for pleuromutilin). This concept is akin to that developed by Kakule et al. in using Fusarium 
heterosporum as a heterologous host.39 The limitation of this refactoring strategy is that the 

maximum number of genes introduced in the heterologous host cannot exceed the number of 

genes in the original cluster.

One disadvantage of A. nidulans is its robust endogenous secondary metabolism. With well 

over fifty identified BGCs, the host can produce a significant background of compounds 

under laboratory cultivating conditions. Furthermore, upon introduction of the replicative-

competent vectors, additional metabolic pathways can be activated which lead to emergence 

of new compounds that can complicate target BGC analysis. To alleviate this problem, 

multiple labs have engineered the host to abolish some of the most abundant endogenous 

metabolites. For example, our lab used CRISPR-Cas9 facilitated homologous recombination 

to delete easA and stcA, responsible for emericellamide (9) and sterigmatocystin (10) 

biosynthesis, respectively, to arrive at A. nidulans A1145ΔSTΔEM.76 These knockouts 

enabled the analysis of the zaragozic acid (11) pathway, of which the LC-MS features 

of a key intermediate were masked by the presence of sterigmatocystin prior to stcA 
deletion. The Wang lab reported a highly engineered strain LO8030 with deletion of eight 

endogenous BGCs,77 which facilitated the discovery of aspercryptin (12) as an additional 

endogenous metabolite in A. nidulans due to a cleaner metabolic profile. The Keller lab 
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developed A. nidulans RJW256, which is an auxotrophic strain of pyrG89 and pyroA4 
with the deletion of sterigmatocystin gene cluster, for applications in working with fungal 

artificial chromosomes (FACs).78,79

In addition to the three model hosts discussed above, a number of other fungal species have 

been evaluated and engineered to be a chassis for fungal BGC expression. These strains 

include Aspergillus niger,40 Penicillium rubens,42 Fusarium heterosporum,39 Fusarium 
graminearum,30 Trichoderma reesei31 etc. While each of these strains offers some unique 

advantages (titer, splicing, etc) over the Aspergillus strains for specific BGCs, they are not as 

widely adopted for natural product genome mining applications.

3. Examples of genome mining guided by biosynthetic gene cluster 

features.

Most researchers performing natural product genome mining are interested in discovering 

one or more of the following: 1) new chemical structures that have not been previously 

reported; 2) natural products with new or more potent biological activities; and 3) new 

enzymes catalyzing synthetically challenging reactions. With an estimated more than one 

million BGCs from microbial genome sequences, a key step is prioritization of the clusters 

based on individual research objectives. The approach for finding new biological activity is 

certainly different from finding novel chemical scaffolds, although one would expect new 

activities should reside in new chemical space.

With a chemocentric focus for this review, we will not elaborate on genome mining for new 

biological activities, except a brief detour on the topic of self-resistance gene guided search. 

This has been extensively reviewed by us and others recently.80,81 Briefly, the premise of 

this approach is that for a producing host to survive the (potent) activity of a natural product, 

proteins or enzymes that can confer self-resistance must be coexpressed with the pathway 

enzymes in the BGC. In the case of a self-resistance enzyme (SRE), it is a homolog of the 

housekeeping target of the natural product, but sufficiently mutated to confer resistance and 

keep the producing host alive. The colocalization of SRE with biosynthetic enzymes in a 

BGC provides a predicative window of the biological activity of the molecule encoded in the 

BGC; and can be leveraged to query database of BGCs for the desired biological activity. 

This colocalizations phenomenon is widely observed in both bacteria and fungi, and has 

been used to find BGCs of compounds with known activities, such as fumagillin (13)82, 

fellutamide (14)83 (Scheme 2A); or to assign functions to known natural product following 

identification of BGCs.84 One application of SRE-guide genome mining is the successful 

identification of a natural product inhibitor for fungal and plant dihydroxyacid dehydratase 

(DHAD) involved in branched chain amino acid biosynthesis (Figure 3).57 Using yeast 

as the heterologous host, a terpene biosynthetic pathway encoding one terpene cyclase, 

two P450s and a putative self-resistant DHAD was shown to produce the submicromolar 

inhibitor aspterric acid (15). 15 is a promising herbicide lead and represents the first 

reported natural product inhibitor of DHAD. Following reconstitution in A. nidulans and 

identification of a SRE, the previously known fungal natural product harzianic acid (16) was 

shown to be an inhibitor of acetolactate synthase (ALS),85 another enzyme in the branched 
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chain amino acid pathway. 16 binds to ALS in a different mode compared to all synthetic 

inhibitors, which can explain how it can evade the widely found resistance mutations. 

Overall, while only a small fraction of BGCs contain SREs and some putative SREs turn 

out to be biosynthetic rather than self-resistant, this approach offers the promise to rapidly 

associate biological activity to BGC-driven genome mining.

To prioritize genome mining towards new natural product structures and enzymes, we can 

consider the classification officially coined by Biermann and Helfrich,86 in which a quadrant 

system (2 × 2) relating natural product structures to BGCs is used (Figure 4). Here both the 

BGC and natural products can be classified as either known or unknown. A known BGC 

refers to one that can be predicted to make a certain compound class based on the presence 

of a canonical core biosynthetic enzyme, such as polyketide synthase (PKS), nonribosomal 

peptide synthetase (NRPS), terpene synthase/terpene cyclase (TS/TC), prenyltransferase 

(PT), etc. These core enzymes are the basis of bioinformatics algorithms that catalog BGCs 

from sequenced genomes.87 An unknown BGC refers to one that has no identifiable core 

enzyme, and the compound type cannot be readily predicted. With regard to the natural 

product, known vs unknown simply refers to whether the compound has been identified 

and structurally characterized. One can place most of the genome mining efforts into one 

of the four quadrants. Once the BGC-natural product association has been confirmed using 

native or heterologous host, that pair is placed in the known (BGC)-known (metabolite) 

category (I). If the natural product structure does not readily suggest a biosynthetic origin 

and the cluster is unknown, then that pair is placed into quadrant of unknown (BGC)-known 

(metabolite) (III). These compounds can be exciting targets to pursue new biosynthetic 

chemistry, as represented by recent discoveries of BGCs for altemicidin (17),88 fluopsin C 

(18),89 and guanitoxin (19)90 (Scheme 2B). The known (BGC)-unknown (metabolite) (II) 

is where most of the BGC-driven genome mining activities originate and are discussed in 

detail below. The last quadrant (IV), which represents the true biosynthetic dark matter, is 

the unknown (BGC)-unknown (metabolite) category, in which BGCs of unknown functions 

are predicted to produce new natural product structures. To focus on efforts in unknown-

unknowns, researchers must deemphasize or deprioritize known core enzymes. While this 

represents the most challenging and nascent area of genome mining, it is likely that truly 

novel chemical structures and biological activities will arise from BGCs currently classified 

in this quadrant.

The known-unknowns (II in Figure 4) represent most of the ongoing genome mining 

efforts in both bacteria and fungi. Using the known core enzymes as queries, a catalog 

of BGCs can be rapidly generated from each genome. In fungi that are prolific producers 

of natural products, it is typical to find more than 50 BGCs per genome using PKS, NRPS, 

TS/TC as leads. Enzymes that are frequently found in natural product BGCs, such as 

prenyltransferases (PTs) and RiPPs maturation enzymes can also populate the bioinformatics 

query. Compared to bacteria, other families of natural products such as aminoglycosides, 

phosphonates, etc. are not typically produced by fungi. To prioritize BGCs that may 

produce new chemical structures, several search criteria have been employed by many labs 

including ours. These include search for: 1) multidomain core enzymes, such as PKS and 

NRPS, that have unusual domains or domain arrangements; 2) BGCs that contain more 
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than one core enzymes, which indicate potential convergent assembly of a more elaborate 

natural product scaffold; 3) BGCs that contain a large number of “tailoring” enzymes, 

such as oxygenases (P450s, flavin-dependent, nonheme iron-dependent, etc), transferases 

(acyl, methyl glycosyl), PLP-dependent (transaminases, racemases, β- and γ-replacement 

enzymes), etc. In addition, clustering of predicted protein products that are hypothetic 

proteins (HPs) or contain domains of unknown function (DUF) are also strong indicators of 

potential new enzymology and chemical modifications; and 4) a combination of the above 

features. In this section, we will summarize a few recent examples of genome mining using 

these prioritization strategies.

3.1. Unusual core enzyme domain arrangement

3.1.1. HRPKSs that terminate with alternative domains—Structurally diverse 

polyketides constitute one of the major classes of natural products. In fungi, polyketides 

are assembled by iterative type I polyketide synthases (PKSs). Each catalytic domain in 

a multidomain fungal PKS can be repeatedly used to construct the core carbon skeleton. 

Based on domain architecture and product structures, a fungal PKS can be further classified 

into either a highly-reducing PKS (HRPKS), a non-reducing PKS (NRPKS), or a partially-

reducing PKS (PRPKS).91 Among them, the programming rules of HRPKSs are the most 

enigmatic, and the product structures are the most varied. Based on characterized HRPKSs, 

the release of a completed polyketide chain from the acyl-carrier protein (ACP) can be 

accomplished by (i) spontaneous α-pyrone formation;92,93 (ii) transferring the chain to 

a partner NRPKS as a starting unit by the starter unit-ACP transacylase (SAT) on the 

NRPKS;94 or (iii) thioesterase (TE)-catalyzed hydrolysis or cyclization.95–97 It is rare that 

a fungal HRPKS employs a NADPH-dependent reductive domain (R) at the C-terminus to 

reductively release the product, a strategy frequently observed in NRPKS and PKS-NRPS 

biosynthetic pathways. The first reported example of HRPKS with a R domain mediated 

product release is Bet1 from the betaenone A (20) biosynthetic pathway.98 Heterologous 

expression of Bet1 (HRPKS) and Bet3 (ER) in A. oryzae afforded the production of the 

decalin containing-21 (Figure 5A). Related compounds to 20 include the sphingolipid 

synthesis inhibitor australifungin (22), of which the terminal β-ketoaldehyde is likely 

derived from the same reductive release.99 In a follow-up study to synthesize a more 

advanced product derived from 20, Li et al. reconstituted the biosynthesis of stemphyloxin 

II (23) in A. nidulans.100 A downstream enzyme-catalyzed intramolecular aldol reaction was 

shown to form the tricycle[6.2.2.0]dodecane structure.

An additional HRPKS-R example was found in calbistrin A (24) biosynthesis published by 

Tao et al.101 The revised structure of 24 consists of a decalin and a polyene that are esterified 

together. Retrobiosynthetic analysis would have predicted the involvement of two PKSs 

in the pathway to synthesize the two distinctive polyketide-derived fragments, as seen in 

the lovastatin biosynthesis.102 However, comparative genome analysis focused on HRPKSs 

in three producing fungi led to a candidate cal BGC that encodes a single HRPKS.103 

Heterologous expression of a homologous cluster, cal’, was performed in A. oryzae to 

investigate the biosynthesis (Figure 5B). Unexpectedly, the coexpression of CalA’(HRPKS) 

and CalK’(ER) led to the production of decalin product 25, while the coexpression of CalA’ 

and CalH’(MT) produced the polyene fragment 26. This result demonstrates that a single 
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HRPKS is engaged in producing two distinct products with the aid of different tailoring 

enzymes. From the structure of 25, chain release was proposed to be catalyzed by R domain 

in CalA’ via consecutive two-electron reduction to generate an alcohol product. The polyene 

26 isolated from CalA’/CalH’ coexpression transformant was release as a carboxylic acid, 

indicating the R domain can only reductively release the decalin product 25. The use of 

a single HRPKS in biosynthesis of two different portions of the final polyketide product 

is reminiscent of the HRPKS in chaetoviridine biosynthesis, in which two triketides of 

different degrees of reduction are synthesized and intercepted by separate releasing enzymes 

to build the final product.104

A single-module NRPS can be fused at the C-terminal of a HRPKS to form a PKS-NRPS 

megasynthetase. The NRPS module incorporates a nitrogen-containing functional group 

such as an amino acid, into the natural product. Such fusion of PKS and NRPS can 

generate a variety of new scaffolds as will be discussed below. A few PKS-NRPS enzymes 

only contain the condensation (C) module of an NRPS, while the adenylation (A) and 

thiolation (T) domains are absent. Furthermore, in this PKS-C subgroup, the characteristic 

HHxxxDG motif of C domain active site is mutated, suggesting noncanonical functions of 

the C domain. One well-known PKS-C example is lovastatin nonaketide synthase LovB, 

in which the second histidine in the C domain active site is mutated to an arginine. Based 

on in vitro and yeast reconstitution studies, the proposed function of the C domain is to 

catalyze the endo [4+2] cycloaddition of the hexaketide trienyl intermediate to form the 

trans-decalin.52 However, the exact function is still not confirmed, despite an available 

crystal structure of the standalone C domain,105 as well as the cryo-EM structure of the 

entire LovB.106 Bioinformatics analysis of fungal LovB-like enzymes revealed a clade of 

PKS-C in which the second histidine residue in the C domain active site is mutated to a 

proline. To investigate the product of this PKS-C enzyme, Hai et al. expressed one candidate 

cluster from Talaromyces wortmanii in A. nidulans.107 The expression of TwmB (PKS-C), 

TwmE (ER), and TwmA (TE) resulted in the biosynthesis of the N-acylamide compounds 

wortmanamide A and B (27 and 28). Both compounds incorporate the rare ω-amino acid, 

5-aminopentanoic acid, that is amidated with a long chain polyketide product (Figure 5C). 

The function of C domain was further studied by expressing TwmB-ΔC, which is a truncated 

version of TwmB with only the PKS portion. While no product was detected from TwmB-

ΔC alone, coexpression with the standalone C domain restored the production of 27 and 28. 

This result implicates the C domain in TwmB is involved in the release of polyketide acyl 

chain through amide bond formation with ω-amino acid.

3.1.2. Unusual single-module NRPS-like enzymes—NRPSs with noncanonical 

domain arrangements are also indicative of new functions and new product structures. 

Canonical NRPS domains include A domains that selectively activate amino acids or other 

carboxylic acid-containing building blocks, T domains that tether the activated building 

blocks through thioester bond, and C domains that catalyze amide bond formations. 

Reductase domains (R) are frequently present at end of NRPS or PKS-NRPS assembly 

lines to release the product as an aldehyde via NADPH-dependent reduction. Single-

module NRPS-like enzymes, such as carboxylic acid reductases (CARs) that contain 

A-T-R domains, are widely found in bacterial and fungal metabolism. Natural products 

Chiang et al. Page 11

Nat Prod Rep. Author manuscript; available in PMC 2024 January 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



containing piperazines, pyridines and morpholines have been associated with such CARs.108 

Given their wide-spread occurrence, CARs are validated leads in genome mining efforts. 

Schroeder and Keller’s group discovered an unusual CAR from Aspergillus fumigatus, 

FsqF, that has an additional PLP-dependent aminotransferase domain appended at the 

C-terminus.109 Performing genome mining on the native host identified the BGC, fsq, is 

responsible for biosynthesis of isoquinolines fumisoquins A-C (29–31). Isotope feeding 

studies suggested L-serine and L-tyrosine are incorporated into the fumisoquins. However, 

[32P]-ATP-pyrophosphate exchange assay using recombinant FsqF A domain showed 

neither amino acid is a substrate for FsqF. Experimental data instead suggests that L-serine 

is first converted to dehydroalanine by the PLP domain, which is then activated by the 

A domain and thioesterified to the T domain. The carboxylate of L-tyrosine is possibly 

activated by the ATP-grasp enzyme FsqD, which can be attacked from the dehydroalanyl 

moiety to form the new C-C bond (Figure 6A). The BGC also encodes a plant-like berberine 

bridge enzyme, FsqB, that catalyze isoquinoline formation.

Another example of a CAR containing an additional domain is the ATRR enzyme widely 

conserved in fungi.110 The enzyme group is named ATRR because an additional C-terminal 

YdfG-like short chain dehydrogenase/reductase (SDR) domain is fused to a CAR, giving 

the domain architecture A-T-R1-R2. This enzyme, initially thought as a candidate to produce 

a new natural product, is involved in primary metabolism and catalyzes sequential, ATP- 

and NADPH-dependent reduction of betaine (32) to choline (33) (Figure 6B). While 

the oxidation of choline to betaine is known in fungi, the reverse reaction to reduce 

betaine to choline was not biochemically characterized. Initial inspection of ATRR domain 

arrangement pointed to a sequential two-electron reductions of a carboxylic acid to an 

alcohol, with the A domain specifying the identity of the carboxylic acid substrate. 

Bioinformatics analysis of A domain active site showed mutation of a highly conserved 

aspartate residue that electrostatically interacts with the α-amino group of amino acids, 

hence excluding amino acids as substrates. Structural-based prediction using a homology 

model based on A domain of TycA showed that the A domain in ATRR positions three 

aromatic amino acids at the end of the active site pocket into an aromatic cage that 

may interact with a quaternary ammonium group through cation-π interactions. Based 

on this observation, screening of ATRR activity towards betaine substrates was performed 

using purified enzyme. Rapid consumption of NADPH was observed in the presence of 

glycine betaine and ATP. The stepwise reduction was supported by trapping the intermediate 

glycine betaine aldehyde with phenylhydrazine. In addition, site-directed mutagenesis was 

performed to generate single R domain mutants. Mutation of R1 abolished the carboxylic 

acid reductase activity, while mutation of R2 abolished the aldehyde reductase activity. 

Fusion of the second R domain was postulated to enhance substrate channeling in the 

tandem reduction reaction and to prevent dissociation of the aldehyde that can be readily 

hydrated. While the genome mining efforts aimed at ATRR did not lead to discovery of 

a new natural product, the findings provided insights into choline metabolism and betaine 

homeostasis in fungal organisms.

3.1.3. NRPS-PKS hybrid proteins—Nature has evolved hybrid PKS and NRPKS 

megasynthetases, such as PKS-NRPS and NRPS-PKS, to generate products with combined 
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features of polyketide and amino acids. In comparison to PKS-NRPS, NRPS-PKS hybrid 

enzymes are much rarer in fungal genomes with only a limited number of reports. For 

example, SwnK, which has domain structure A-T-KS-MAT-KR-ACP-R, was suggested to 

be involved in swainsonine (34) biosynthesis.111 SwnK catalysis starts with the activation 

of pipecolic acid, followed by elongation steps via an intact PKS module. The product is 

reductively released by R domain which can undergo spontaneous cyclization to complete 

the indolizidine core (Figure 7A).

A recent example of NRPS-PKS discovered through genome mining was shown to be 

involved in formation of pyrophen (35) and campyrone A (36),112 which are amino 

acid-containing α-pyrone compounds. The BGC encoding an NRPS-PKS was mined from 

Aspergillus niger. In addition to NRPS-PKS (AnATPKS), an O-methyltransferase (AnOMT) 

is colocalized in the cluster, matching the methoxy moiety observed in pyrophen and 

campyrone A. Heterologous expression of AnATPKS and AnOMT in A. nidulans confirmed 

the cluster is responsible for the formation of 35 and 36. The NRPS domain activates 

L-phenylalanine which is used as starter unit of the PKS module. Two decarboxylative 

Claisen elongation steps followed by a cyclization release step generate the α-pyrones 

(Figure 7B). Feeding experiment with nonproteinogenic amino acid showed that AnATPKS 

A domain has relaxed substrate specificity and can accept different aromatic amino acids to 

arrive at pyrophen analogs.

Tetramate or pyrrolidine-containing natural products from fungi are biosynthesized by 

PKS-NRPS megasynthetases. After aminoacylation of the β-ketoacyl PKS intermediate, 

a Dieckmann cyclization catalyzed by an R* domain, or a reductase release by an R 

domain followed by Knoevenagel condensation, yields either a tetramate or a pyrrolidine, 

respectively. However, the discovery of tenuazonic acid (37) biosynthesis revealed a 

different strategy to form this core structure from one isoleucine and two acetate units 

(diketide).113 BGC for the eukaryotic translation inhibitor 37 was identified from Alternaria 
using comparative RNA sequencing under producing and non-producing conditions. While 

none of the PKS-NRPS encoding gene displayed change in transcriptional levels, one 

gene encoding a NRPS-PKS homolog (TAS1) was found to be upregulated under 37 
producing conditions. The involvement of TAS1 in 37 biosynthesis was confirmed by 

knockout. 37 has an N-terminal NRPS domain and a single KS domain at the C-terminus. 

In vitro assays treating TAS1 with different CoA substrates revealed that acetoacetyl-CoA 

is directly incorporated, hence no decarboxylative Claisen condensation is required. Using 

N-acetoacetyl-L-Ile-SNAC to mimic the linear substrate attached to the T domain in NRPS, 

the authors showed that the standalone KS domain can cyclize the substrate into 37 (Figure 

7C). The likely mechanism is KS-catalyzed enolization of the diketo functionality to initiate 

tetramate formation.

3.2. Multiple core enzyme combinations

To mine compounds with structural complexity, focusing on BGCs containing multiple 

core enzymes is an attractive option. Molecules derived from such pathways display 

combined structural features accessible through individual core enzymes. Several modes 

of core enzyme collaboration have been characterized: 1) one core enzyme is responsible 
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for biosynthesis of a building block for the other core enzyme. For example, in the 

biosynthesis of the immunosuppressant drug cyclosporine A (38)114, the unnatural amino 

acid (4R)-4-[(E)-2-butenyl]-4-methyl-L-threonine (Bmt) incorporated by the cyclosporine 

NRPS is biosynthesized by a HRPKS in the BGC (Scheme 3A). Release of the polyketide 

product is subjected to α-oxidation to a ketone followed by transamination to yield Bmt. 

Another example is in the biosynthesis of ergotamine alkaloids (39),115 which involves 

first the generation of lysergic acid by the actions of numerous enzymes including 4-

dimethylallyl tryptophan synthase (4-DMATS), followed by a NRPS that uses lysergic acid 

as a starter unit to arrive at the final product; 2) sequential biosynthesis of chemically 

distinct portions of a natural product by different core enzymes. This division of labor 

is most well-characterized in the collaboration between NRPKS and HRPKSs in the 

biosynthesis of resorcylic acid lactone (RAL) natural products,116 such as hypomycetin 

(40)117 and zearalenone (41).118 In these pathways, the HRPKS generates the highly 

reduced polyketide chain that is transferred to the NRPKS for elongation and cyclization 

into the 2,4-dihydroxybenzoic acid moiety; and 3) convergent synthesis of the final product 

by core enzymes, as exemplified in the biosynthesis of lovastatin (42). The lovastatin 

nonaketide synthase LovB synthesizes the decalin product dihydromonacolin L (DML), 

while the lovastatin diketide synthase (LovF) synthesizes the α-methylbutyrate side chain 

that is transferred to the oxidized DML (monacolin J).52 In this section, we will highlight 

some recent examples of genome mining prioritized by the presence of two of more core 

enzymes in the same BGC.

3.2.1. Multiple PKSs—In addition to RALs, collaborating PKSs in fungi have been 

shown to synthesize complex polyketides, including sorbicillin (43)119 and chaetoviridin A 

(44) (Scheme 3B).104 In genome mining of the biofertilizer Trichoderma afroharzianum 
t-22, Chen et al. identified an unusual dual PKS BGC (tln) that also encodes a 

didomain enzyme TlnC. TlnC is a fusion between an N-terminal ACP domain and a 

C-methyltransferase (MT) domain.120 Sequence analysis of the ACP domain revealed the 

conserved serine residue for pPant modification is mutated. As a result, the ACP domain is 

not a functional thioester carrier and was renamed as a pseudo-ACP (ψACP). Reconstitution 

of the BGC in yeast, which involved the coexpression of HRPKS (TlnA), NRPKS (TlnB), 

TE (TlnD), flavin-dependent monooxygenase (TlnE), O-MT (TlnF) and TlnC, led to the 

biosynthesis of a redox pair of tricholigan A (45) and tricholigan B (46), both of which are 

new natural products (Figure 8A). The diene portion of 45 is synthesized as a triketide by 

HRPKS, whereas the methyl-substituted 2,4-dihydroxybenzoic acid portion is synthesized 

by the NRPKS in collaboration with TlnC. TlnD is involved in the release of the product 

from NRPKS. Ortho-hydroxylation by TlnE followed by O-methylation by TlnB gives the 

ortho-hydroquinone 45, which can be oxidized to 46. The role of 45 in the rhizosphere, 

where T. afroharzianum was found, was proposed to reduce extracellular Fe3+ to Fe2+, 

which can increase plant uptake during iron-limiting conditions.

The role of the ψACP-MT (TlnC) was examined in detail using purified HPRKS, NRPKS 

and TE. It was determined that the ψACP domain of TlnC is involved in recruiting the 

MT domain to NRPKS for a single Cα-methylation step during chain elongation cycle 

of the NRPKS. Interestingly, when the active site residue in ψACP was mutated back 
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to serine, the ACP domain regained ability to be phosphopantetheinylated, but the MT 

domain lost the function to perform the programmed methylation. This was attributed to the 

gain-of-function pPant arm that can enter the cis-fused MT active site and block the in trans 
C-methylation of the polyketide intermediate attached to TlnB pPant arm. Taken together, 

this indicated ψACP is important for protein-protein interactions between the megasynthase 

and trans-acting MT domain. This finding was used to mine other BGCs encoding ψACP 

fusion proteins. One such example is a tandem HRPKS and NRPKS-encoding BGC found 

in Metarhizium anisopliae, which encodes a ψACP-TE fusion didomain protein.121 The 

ψACP active site is also mutated from the conserved amino acid sequence DSL to NQI, 

indicating loss of phosphopantetheinylation. Reconstitution of the two PKSs and the ψACP 

fusion in A. nidulans led to biosynthesis of both olivetolic acid (48) and the longer 

sphaerophorolcarboxylic acid (49) (Figure 8B). Both compounds are precursors to plant-

derived cannabinoids: 48 can be geranylated to cannabigerolic acid (CBGA) and further 

cyclized into tetrahydrocannabinolic acid in the plant pathways. The A. nidulans host, after 

minimal optimization, was able to produce > 1 g/L of 49. Mining of additional homologous 

BGCs led to pathway that can exclusively produce 48. It is speculated here that ψACP 

recruits the fused TE partner to NRPKS to hydrolytically releases the free carboxylic acid 

products.

Kaneko et al. found a new HRPKS releasing mechanism through collaboration with a type 

III PKS.122 Genome mining of Penicillium soppi revealed a simple but unique BGC, which 

consists of a HRPKS (PspA), a type III PKS (PspB), and a P450 (PspC). Type III PKSs 

are ACP-independent KS dimers that can catalyze one or more cycles of decarboxylative 

Claisen condensation with malonyl-CoA. Fungal type III PKSs are functionally less diverse 

compared to plant type III PKS.123 Heterologous expression of PspA, or PspA together 

with PspB in A. oryzae, led to the production of two new metabolites, soppiline A (50) 

and B (51), respectively (Figure 8C). The structural difference between 50 and 51 suggests 

that PspA synthesizes an unsaturated polyketide molecules, which is transferred to PspB 

as a starter unit, followed by three cycles of chain extension and cyclization to complete 

the biosynthesis of alkylresorcinol soppiline B. This is the first example of a biosynthetic 

collaboration between a HRPKS and a type III PKS.

3.2.2. PKS-NRPS with HRPKS—Fungal PKS-NRPSs produce aminoacylated 

polyketides that can be released as tetramates or pyrrolidone natural products. The A 

domains in PKS-NRPSs typically activate and incorporate proteinogenic amino acids, such 

as L-serine in equisetin (52),124 L-valine in myceliothermophin A (53),125 L-phenylalanine 

in leporin B (54)126 and L-tryptophan in cyclopiazonic acid (55)127 (Scheme 3C). Many 

NRPS assembly lines can activate unnatural amino acids, which are biosynthesized by 

dedicated enzymes encoded in the BGC. Genome mining of an atypical pox BGC in 

Penicillium oxalicum encoding both a PKS-NRPS and an HRPKS revealed the first example 

of collaborative biosynthesis between such a pair of megasynthases.128 Transcriptional 

activation of the pox BGC led to the formation of ten related oxaleimide compounds. 

The most abundant oxaleimide A (56) contains a decalin core fused to a succinimide 

fragment that is substituted with a branched alkyl unit with a terminal olefin (Figure 9). 

The most bioactive compound is oxaleimide I (57), in which the succinimide is oxidized 
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to a maleimide. Knockout of a hydrolase-encoding gene in the BGC followed by shunt 

product characterization provided the first clue that the succinimide fragment is derived from 

the unnatural amino acid (S,E)-2-aminodec-4-enoic acid (58). Isotopic labeling experiment 

using [1,2-13C2]-acetate revealed the carbon backbone of 58 is derived from a polyketide 

pathway. Heterologous expression of the HRPKS PoxF in A. nidulans led to the biosynthesis 

of (E)-dec-4-enoic acid. The programming rule of the HRPKS selectively skips one round 

of enoyl-reduction to retain the olefin. Further coexpression of a P450 enzyme PoxM 

and an aminotransferase PoxF led to generation of the amino acid 58, via Cα-oxidation 

to the ketone and reductive transamination, respectively (Figure 9B). The amino acid 

58 is then activated by the A domain in the PKS-NRPS PoxE and aminoacylated with 

the acyclic polyketide acyl intermediate. Thus, the role of HRPKS is to synthesize a 

nonproteinogenic amino acid for the NRPS module in the PKS-NRPS, which draws parallel 

to formation and incorporation of Bmt into cyclosporine.114 After reductase release of the 

acyclic aminoacylated polyketide product as an aldehyde, [4+2] cycloaddition by the Diels–

Alderase forms the decalin core and Knoevenagel condensation by the hydrolase forms 

the pyrrolidone. Oxidation of the pyrrolidone then triggers a rearrangement that leads to 

migration of the allyl group observed in the final product 57. The precise position of the 

olefin in the amino acid 58 is key to this semipinacol-like rearrangement that forms the 

succinimide structure in this family of compounds.

3.2.3. Terpene Cyclase with NRPS—Terpenoids represent the largest class of 

natural products. The carbon backbones of terpenoids are polymerized and cyclized from 

isopentenyl building blocks (IPP, DMAPP) by terpene cyclases (TCs).129 The cyclized 

hydrocarbons can then be subjected to a multitude of cation-mediated rearrangements and 

oxidations to give diverse bioactive products. Terpene-polyketide hybrid natural products, 

often named meroterpenoids, are isolated from both bacteria and fungi. The biosynthesis 

and genome mining of these compounds have been well-documented.130 In contrast, 

BGCs encoding both TCs and NRPSs have not been studied extensively. Here we are 

excluding BGCs in which prenyltransferases (PTs) are coexpressed to transfer geranyl, 

farnesyl or geranylgeranyl units to NRPS-derived core structures, but rather are referring 

to those that express TCs and NRPSs that can potentially lead to terpenoid-amino acid 

or terpenoid-alkaloid hybrid compounds. One of the first example of such a BGCs was 

reported by Lee et al., who elucidated the biosynthetic pathway for aculene A (59), 

a norsesquiterpenoid (14-carbon) that is aminoacylated with L-proline.131 Scanning the 

producing host led to identification of the ane BGC that encodes a single module NRPS, 

a TC and a set of oxidative tailoring enzymes. Heterologous expression of the BGC in A. 
oryzae confirmed the cluster is linked to aculene A and related compounds. Using a bottom-

up approach, a P450 enzyme in the BGC was found to be responsible for decarboxylation 

to yield the norsesquiterpene core, while the NRPS is involved in L-proline activation and 

aminoacylation of the oxidized terpenoid (Figure 10A).

To explore the biosynthetic diversity of TC-NRPS hybrid pathways, Yee and Kakule 

performed genome mining and showed such hybrid clusters are in fact wide-spread in 

fungi. Focusing on the flv cluster from Aspergillus flavus, a heterologous expression 

approach using A. nidulans was performed. The flv cluster is particularly interesting 
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in that it contains two predicted TCs (FlvE and FlvF) and one single-module NRPS 

(FlvI).132 In addition, numerous accessory enzymes are encoded in the BGC, including two 

P450s, an SDR (FlvB), an ornithine decarboxylase (FlvG), and a didomain enzyme (FlvA) 

with a non-heme iron-dependent (NHI) oxygenase fused to a PLP-dependent enzyme. 

Heterologous expression of the entire BGC led to biosynthesis of a new natural product 

flavunoidine A (60), a tripartite molecule (Figure 10B). The heavily oxidized terpenoid 

portion is synthesized by FlvE and oxidized by one of the P450 (FlvD). Surprisingly, a 

dimethylcadaverine substituent is connected to the terpene core via an axial C-N bond. 

Systematic reconstitution efforts showed that dimethylcadaverine is synthesized from L-

lysine by FlvG and a cryptic methyltransferase (FlvH) initially annotated as an HP. The 

second TC in the BGC, FlvF, is responsible for formation of the C-N bond, only in the 

presence of the P450 enzyme FlvD. In the absence of FlvF, the terpenoid core is instead 

connected via C-N bond to ethanolamine in both axial and equatorial configurations, 

suggesting nonenzymatic quenching of a possible cation intermediate. The proposed 

mechanism is the P450 FlvD oxidizes the terpenoid core in sequential one-electron steps 

to generate a secondary carbocation, which is intercepted by FlvF with dimethylcadaverine. 

Therefore, FlvF does not function as a bona fide TC, but may be responsible for 

stereoselective C-N bond formation that is not seen in terpenoid maturation.133 The 

third part of flavunoidine is a new-to-nature 5,5-dimethyl-L-pipecolate (61) esterified to a 

hydroxyl group introduced by the P450 FlvE in the terpenoid core. This unusual amino acid 

is synthesized from the tandem actions of FlvA and FlvB, of which a key step is proposed to 

be the γ-replacement reaction using O-acetyl-L-homoserine as the latent vinyl glycine donor 

(see section 3.3.2). Finally, the NRPS FlvI adenylates and esterifies 61 to the terpenoid to 

generate flavunoidine. The unexpected structural features of flavunoidine showcases how 

TC-NRPS hybrid pathways can afford new and complex natural products.

The pyrrolobenzoxazine terpenoid CJ-12662 (62) from Aspergillus fischeri var. 
thermomutatus ATCC 18618 is another example of such fusion between terpene and amino 

acid. A known compound with potent anthelmintic activity, CJ-12662 contains two distinct 

substructures that are esterified together, indicating NRPS involvement. The terpenoid 

portion is a heavily hydroxylated amorpha-4,11-diene, while the pyrrolobenzoxazine portion 

is clearly derived from oxidative rearrangement of L-tryptophan. Genome scanning identified 

the candidate thm BGC, which was reconstituted using A. nidulans to confirm its role in 

CJ-12662 biosynthesis (Figure 10C).134 Amorpha-4,11-diene, a famous plant terpene that 

is the precursor to artemisinin, is synthesized by the TC ThmB and triply hydroxylated 

by three P450 enzymes in the BGC. The resulting triol is esterified regioselectively at the 

C2’ alcohol with L-tryptophan by the NRPS ThmA. The indole portion is then oxidatively 

modified to pyrroloindole via the action of a flavin-dependent epoxidase, followed by 

N-methylation, chlorination, and N-oxidation to trigger a [1,2]-Meisenheimer rearrangement 

and give CJ-12662. A related pathway involved in biosynthesis of an epoxidized version 

of CJ-12662 was independently reconstituted in A. nidulans by Hu and coworkers.135 

The authors in this study suggested a possible role of the N-oxygenase in facilitating the 

Meisenheimer rearrangement.
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3.2.4. Cryptic Terpene Cyclase with NRPKS—Xenovulene A (63), a potent 

inhibitor of the GABA-benzodiazepine receptor, is an unusual meroterpenoid isolated from 

Acremonium strictum IMI 501407 (currently verified as Sarocladium schorii).136 The 

structure of 63 contains a rearranged polyketide-derived moiety fused with a humulene 

sesquiterpene. It was hypothesized that the cyclopentenone is formed from methylorsellinic 

acid via a tropolone intermediate. Formation of tropolone in fungi is known through studies 

on stipitatic acid (64): biosynthesis of orsellinic acid or aldehyde by a NRPKS (TropA) is 

followed by tandem oxidative modification catalyzed by FAD-dependent enzyme (TropB) 

and nonheme iron-dependent (NHI) dioxygenase (TropC).137 Sequencing the producing 

strain of 63 led to a candidate BGC (aspks1) that encoded these three genes required for 

tropolone biosynthesis, as well as other tailoring enzymes. Heterologous expression in A. 
oryzae confirmed the minimal set of genes responsible for the biosynthesis of 63, including 

NRPKS (aspks1), an FAD-dependent hydroxylase (asL1), a NHI dioxygenase (asL3), a 

P450 (asR2), two proteins with unknown functions (asR5 and asR6), and two putative NAD/

FAD-dependent oxidoreductases (asL4 and asL6) (Figure 11A).138 Although α-humulene 

is reported as a fungal metabolite synthesized by a class I TC,139 no homologous protein 

can be found in S. schorii. After coexpression of different combinations of genes, the 

authors confirmed that asR5 and asR6 are involved in the production of α-humulene and the 

proposed cycloaddition between α-humulene and polyketide product, respectively.

To investigate the function of AsR5 and AsR6, recombinant proteins were obtained from 

E. coli. Incubation of AsR6 with farnesyl pyrophosphate (FPP) and Mg2+ led to the 

production of α-humulene, indicating the function of AsR6 is indeed a TC. Although 

sequence alignment with type I terpene cyclase indicated AsR6 lacks well-conserved 

magnesium binding residues, the enzyme is Mg2+-dependent as confirmed through 

biochemical assays.138 The fusion between tropolone and α-humulene was proposed to 

occur through an intermolecular hetero-Diels–Alder reaction. In a follow-up study, Hu and 

coworkers functionally characterized the homolog of AsR6, EupfF, in the BGC of related 

compound eupenifeldin (67).140 Dehydration of the tropolone to form a reactive o-quinine 

methide (65) followed by hetero-Diels–Alder reaction with hydroxyl-humulene led to the 

product neosetophomone B (66) that can be further processed into eupenifeldin (Figure 

11B). Therefore, the BGCs of 63 and 67 contain two cryptic enzymes: a sesquiterpene 

cyclase and a pericyclase, that were functionally reconstituted in heterologous host. Cox 

and coworkers subsequently reported the combinatorial biosynthesis using A. oryzae as 

heterologous host.141 Coexpression of genes from three arpks1 homologous clusters led 

to the generation of unnatural tropolone sesquiterpenoids. Recently, the total synthesis of 

the related pycnodione and DFT calculations led to the conclusion that the second hetero 

Diels–Alder reaction observed in such bistropolone sesquiterpenes must also be enzyme-

catalyzed.142 The responsible enzyme and substrates have not been identified to date.

3.3. Combinations of accessory enzymes

One strategy used by the community to mine known-unknown BGCs is focusing on 

those that encode a multitude of accessory enzymes in addition to a core enzyme. 

Clustering of oxidative enzymes such as P450s, NHI oxygenases, and/or flavin-containing 

monooxygenases (FMOs), etc. is usually correlated with extensive structural modifications. 
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Examples of such modifications have been discussed in some of the previous examples, 

and additional examples will be presented in 3.3.1. Other accessory enzymes such as 

transferases, hydrolases are also scaffold modifying, and often function in series with the 

oxidative enzymes. In recent years two additional classes of enzymes have emerged to be 

strong indicators of chemical complexity. The PLP-dependent enzymes will be discussed in 

3.3.2, while the pericyclases family of enzymes will be discussed in section 4.

3.3.1. Multitude of redox enzymes—Comparison of homologous BGCs can reveal 

variations in the number of biosynthetic enzymes, including oxidative enzymes. This in turn 

can lead to mining of natural product variants with potentially more complex structures. 

One example is the discovery of the ilicicolin H analog Py-469 (68) from Penicillium 
variable through the combination of genome mining and microcrystal electron diffraction 

(MicroED).143 Ilicicolin H (2) is a 2-pyridone fungal natural product that is a potent 

inhibitor of eukaryotic respiratory chain.144,145 The biosynthesis of ilicicolin requires a 

PKS-NRPS, an enoylreductase (ER) and ring expansion P450 (P450RE) that together 

generate the tyrosine-derived 2-pyridone.33 The poly-olefinic portion of the compound is 

cyclized by a pericyclase IccD in an inverse-electron demand Diels–Alder reaction to form 

the decalin.33 The final step is an epimerization catalyzed by a flavin-dependent enzyme to 

arrive at ilicicolin H. This pathway was fully reconstituted in A. nidulans by coexpressing 

the five enzymes involved. Comparative analysis showed these five genes are well-conserved 

in several fungal species. Interestingly, the icc cluster in P. variable encodes three additional 

genes, which are a P450 (IccF), a SDR (IccH), and a flavin-dependent oxidoreductase 

(IccG). It was hypothesized that these three enzymes can catalyze further modifications 

on the ilicicolin H structure. Upon coexpressing the three genes together with the five 

that produced ilicicolin H, a new metabolite 68 was observed. NMR experiments showed 

the hydroxyphenyl ring derived from tyrosine has been modified into the 2,3-epoxy-1,4-

cyclohexanediol by the three enzymes, via a cascade of hydroxylation, epoxidation and 

ketoreduction (Figure 12A). The relative stereochemistries of the epoxy-cyclohexanediol, 

as well as the stereochemical relationship to the decalin ring system, however, cannot be 

determined by NMR analysis in part due to the rigid, flat 2-pyridone ring system. MicroED, 

however, enabled rapid determination of the relative stereochemistry of 68. This example 

shows the combination of heterologous expression and MicroED structural determination 

can greatly accelerate natural product genome mining efforts.

Another genome mining example involving a BGC with a multitude of redox enzymes is 

that of trichoxide from Trichoderma virens.146 Tabulation of the HRPKS-encoding BGCs 

from this well-studied fungal host revealed the vir cluster that is particularly interesting. 

In addition to the HRPKS VirA, the BGC encodes potentially nine redox enzymes, 

including four SDRs, one P450, two flavin-dependent oxidoreductase and two cupid-domain 

containing oxidoreductases. Heterologous expression of the entire cluster in A. nidulans 
led to the discovery of the new metabolic trichoxide (69), which is a new member of the 

epoxycyclohexenol containing natural products. Bottom-up reconstitution starting with the 

HRPKS showed the biosynthetic pathway can be divided into two parts, the formation 

of an aromatic salicylaldehyde, and dearomatization to the epoxycyclohexanol (Figure 

12B). Formation of an aromatic intermediate in a HRPKS-containing BGC was surprising, 
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considering HRPKSs generate highly reduced compounds. Analysis of shunt products 

and intermediate, however, revealed the biosynthetic strategy. VirA synthesizes a reduced 

polyketide in which the last three ketides are reduced to β-hydroxyl groups. The triol is 

released reductively to an aldehyde, which can cyclize into a cyclic hemiacetal. Stepwise 

oxidations of two of three β-alcohols yield a poly-β-ketone intermediate (70) that more 

resembles a NRPKS product. Intramolecular aldol cyclization followed by dehydration and 

aromatization give the salicylaldehyde intermediate (71). This unexpected logic of using an 

HPRKS in combination with redox enzyme to generate salicylaldehyde was also seen in the 

biosynthesis of the mycotoxin sordarial (72) from Neurospora crassa, using A. nidulans as 

a heterologous host.147 From the salicylaldehyde, the remaining redox enzymes dearomatize 

the aromatic ring through a series of hydroxylation, epoxidation and reduction steps, a 

sequence of reactions similar to that take place during biosynthesis of 68 (Figure 12A).

One additional notable example of how redox enzymes can heavily modify a core scaffold 

is in the biosynthesis of novofunigatonin (73), which is isolated and characterized from 

Aspergillus novofumigatus IBT 16806.148 Novofumigatonin is a dramatically oxygenated 

meroterpenoid containing an orthoester group, two lactone rings, and an aldehyde group. 

Orthoester is a unique functional group that contains three alkoxyl groups attached to a 

single carbon atom. The classic example of an orthoester natural product is tetrodotoxin 

(74) (Figure 12C).149 The precursor of novofumigatonin was proposed to be derived from 

asnovolin A (75), which is synthesized from the aromatic polyketide 3,5-dimethylorsellinic 

acid and the C15 isoprenoid farnesyl-diphosphate (Figure 12D). To solve the biosynthetic 

pathway of 73, Matsuda et al. employed CRISPR-Cas9 based gene deletion, heterologous 

expression in A. oryzae, and in vitro analysis. The oxidative decoration begins from the 

NvfK-catalyzed epoxidation of farnesyl-dimethylorsellinate to initiate cyclization of the 

tetracyclic asnovolin H (76). The C3-OH is then oxidized to a ketone by NvfC and expanded 

to the seven-member lactone by a Baeyer-Villiger type of oxygenase NvfH. Formation 

of the hydroxy endoperoxide in fumigatonoid A (77) is catalyzed by a nonheme, Fe(II)/α-

ketoglutarate-dependent enzyme, NvfI, consuming two molecules of oxygen: the first 

oxygen is incorporated intact as the bridging endoperoxide, while an oxygen atom from the 

second molecular oxygen is incorporated as a hydroxyl group at C3’ position via a radical 

rebound step. Formation of the lactone and reduction of C4’ ketone affords fumigatonoid 

B (78). Two additional NHI enzymes, NvfE and NvfF, complete the biosynthesis of 

novofumigatonin with the orthoester moiety. NvfE is responsible for the formation of 

orthoester moiety in fumigatonoid C (79) with no change in oxidation state, indicating that 

it functions as an isomerase instead of an oxygenase. Further in vitro analysis showed that 

NvfE is a cofactor- and cosubstrate-free enzyme with mutation of the highly conserved 

glutamate required for α-ketoglutarate binding. The last enzyme NvfF is a bona fide 
Fe(II)/αKG-dependent dioxygenase that catalyzes orthoester exchange and oxidation of the 

released alcohol to aldehyde. Overall, three out of eight oxygen atoms in novofumigatonin 

are from the orsellinic acid building block. The other five oxygen atoms are incorporated 

from four molecular oxygens by a series oxygen-handling enzymes, showcasing how nature 

generates a remarkable set of oxygen functional groups in a compact framework.
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3.3.2. PLP-dependent enzymes—PLP-dependent enzymes are synonymous with 

amino acid metabolism. The use of PLP enzymes in natural product biosynthesis is 

also well-documented.130 These enzymes are associated with substrate decarboxylation, 

racemization and formation of C-C bonds, the latter catalyzed by PLP-dependent 

threonine aldolases.150 One family of PLP-dependent enzyme with sequence homology to 

cystathionine γ-synthase has recently emerged in both bacterial and fungal BGCs to catalyze 

interesting C-C, C-O and C-N bond forming steps through a γ-replacements reaction 

involving O-acylated-L-homoserine. Van Lanen and coworkers noted the first example of 

a C-N bond forming, γ-replacement reaction catalyzed by a PLP-enzyme in nucleoside 

antibiotic biosynthesis in bacteria.151 Around the same time, three different C-C bond 

formation enzymes in biosynthesis of substituted pipecolate amino acids were found in 

fungi through genome mining efforts, including the FlvA example involved in 5,5-dimethyl-

pipecolate formation during flavunoidine biosynthesis (Figure 10B). Here the other two 

examples will be briefly discussed.

The first example of a PLP-dependent enzyme catalyzing γ-replacement, C-C bond 

forming reaction is CndF found in the citrinadin BGC from Penicillium citrinum.152 

Citrinadin A (80) and B (81) (Figure 13A) are prenylated indole alkaloids derived from a 

tryptophanyl-6-methyl-pipecolate ketopiperazine biosynthesized by a bimodular NRPS. The 

nonproteinogenic (2S, 6S)-6-methyl-pipecolate (82) is not a previously known metabolite 

and must therefore be biosynthesized from dedicated enzymes encoded in the cnd BGC. 

Comparative analysis with other BGCs of indole alkaloids that do not incorporate 82 in 

the scaffold suggested three cnd enzymes, CndE (SDR), CndF (PLP-dependent enzyme 

with 36% sequence identity to cystathionine-γ-synthase), and CndG (HMG-CoA lyase), 

may be involved. Heterologous expression of the three enzymes in A. nidulans indeed 

led to the accumulation of 82 (Figure 13B). Exclusion of CndG in the heterologous 

host did not abolish the biosynthesis of 82, albeit led to decreased levels. Since CndG 

is predicted as an HMG-CoA lyase that can cleave HMG-CoA into acetyl-CoA and 

acetoacetate, it was hypothesized that acetoacetate could be the three-carbon nucleophile 

used by CndF in the PLP-dependent γ-replacement reaction. Feeding experiment using 

[2,4-13C2] ethyl acetoacetate, which can be hydrolyzed by endogenous esterase in A. 
nidulans expressing CndE and CndF, resulted in C5 and C6-methyl doubly labeled 82. 

Based on additional biochemical evidences, CndF is proposed to catalyze C-C bond 

formation between acetoacetate and enzyme-bound ketimine form of vinyl glycine to give 

(S)-2-amino-6-oxoheptanoate (83), which upon release from the enzyme can cyclize to 

form the Schiff base (84). The SDR CndE then catalyzes stereospecific imine reduction to 

afford 82. Encouraged by the finding that β-keto carboxylates such as acetoacetate can be 

generated in cellulo by endogenous esterase from ethyl esters, A. nidulans expressing CndE 

and CndF was used as a biotransformation host to convert β-keto ethyl esters to 6-alkyl 

pipecolate derivatives. These studies showed CndF has considerable promiscuity towards 

α- and γ-substituted β-keto carboxylate compounds, including bulky and cyclic substrates. 

Thus, CndF may be further repurposed as a biocatalyst to construct 6-alkyl pipecolate 

derivatives.
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In a parallel study, a two-enzyme combination, including a PLP-dependent enzyme (Fub7) 

and an FMN-dependent oxidase (Fub9), was discovered in fusaric acid (85) biosynthetic 

pathway to construct 5-alkyl substituted picolinic acid.153 Fusaric acid is an inhibitor of 

dopamine β-hydroxylase produced by Fusarium species, and BGC was previously identified 

through genetic knockout experiments.154 A 6π electrocyclization step was proposed to 

generate the picolinic acid moiety. Interestingly, the BGC contains a HRPKS (Fub1) and 

a NRPS-like CAR (Fub8), as well as a few other enzymes including Fub7 and Fub9. 

Heterologous expression in A. nidulans was performed to clarify the biosynthetic route as 

shown in Figure 14A. Coexpression Fub1, Fub4 (α/β hydrolase), Fub6 (reductase), Fub7, 

Fub8 and Fub9 led to biosynthesis of 85, establishing the minimal set of enzymes needed. 

In vitro reconstitution showed that Fub1, 4, 6 and 8 collectively synthesizes n-hexanal, 

a rather simple aldehyde substrate that requires the collaborative functions of an HRPKS 

(carbon backbone generation) and a CAR (reductive release as aldehyde). The α-carbon of 

n-hexanal turned out to be the carbon nucleophile in the Fub7-catalyzed γ-replacement C-C 

bond formation using O-acetyl-L-homoserine as the latent electrophile. The resulting (2S)-2-

amino-5-formylnonanoic acid (86), upon release from the PLP enzyme, can cyclized into 

the Schiff base tetrahydrofusaric acid (87). Fub9 was confirmed to catalyze the four-electron 

oxidation to generate 85. Similar to CndF, Fub7 showed substantial promiscuity towards 

aldehyde substrates with different carbon length and substituents. Combining Fub7 and Fub9 

activities, a panel of 5-alkyl, 5,5-dialkyl, and 5,5,6-trialkyl-pipcolic acids were prepared. 

PLP-enzymes with sequence homology to CndF and Fub9 are widely found in fungal BGC 

and can serve as new leads to in genome mining efforts.

A bifunctional PLP-dependent enzyme was discovered to work together with an HRPKS, 

leading to the discovery of new biosynthetic logic to form the indolizidine scaffold.155 The 

indolizidine structure is commonly found in various plant alkaloids, including vinblastine 

and vincristine. An early study of indolizidine formation in fungi was that of swainsonine 

(34) biosynthesis.111 It was reported that the formation of indolizidine requires the reductive 

release of polyketide chain from a NRPS-PKS assembly line (Figure 7A). However, the 

same biosynthetic logic cannot rationalize the biosynthesis of curvulamine (88) (Figure 

14B). Dai et al., discovered a new indolizidine forming pathway through a collaboration 

between a HRPKS and a PLP-dependent enzyme. The putative BGC was identified from 

analyzing RNA expression levels and verified with gene inactivation. The BGC encodes a 

HRPKS (CuaA), a PLP-dependent aminotransferase (CuaB), a SDR (CuaC) and a FMO 

(CuaD). Heterologous expression of CuaA and CuaB in both A. oryzae and yeast led 

to accumulation of 89, which contains a 3H-pyrrol-3-one structure with hydroxylation at 

C9 position. Further coexpression of CuaD led to epoxidation of 89 to 90. Biochemical 

characterization showed that CuaB alone can catalyze formation of 89 when using a 

SNAC-tethered polyketide substrate mimic. The origin of the C9 hydroxyl group was 

confirmed to derive from molecular oxygen, leading to a proposed mechanism in which 

a resonance stabilized carbanion activates molecular oxygen to perform substrate oxidation, 

which has been noted for PLP-dependent enzymes in natural product biosynthesis.156 

CuaB is therefore a bifunctional PLP-dependent enzyme in biosynthesis of curvulamine. 

It catalyzes a Claisen condensation to release the polyketide chain from a HRPKS, followed 

by substrate-hydroxylation in a paracatalytic reaction.
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3.4. Other considerations

The above examples rely on the clustered nature of biosynthetic genes, in which a BGC 

encodes all the necessary proteins and enzymes for biosynthesis of target compound. In 

fungi, this appears to be overwhelmingly the case, which has greatly facilitated biosynthetic 

reconstitution and genome mining. However, given the intrinsic difficulty in finding 

unclustered genes, the occurrence of unclustered BGCs is surely underestimated. One 

example is that of the meroterpenoid austinol (91) discovered by the Wang group.157 

The BGC of 91 was initially searched for by using PKS and prenyltransferase as targets. 

However, no such enzyme combination was found to be colocalized in A. nidulans genome. 

An intensive gene inactivation experiment that afforded 20 different mutant strains was 

carried out to identify gene candidates involved in biosynthesis of 91, which were located in 

two different BGCs on the A. nidulans genome.

In the case where a single enzyme is unclustered with the BGC, heterologous biosynthesis 

can serve as a facile approach to screen potential candidates. Such a case study can 

be found in the identification of unclustered terpene cyclases in the biosynthesis of 

fungal indole diterpenes, such as aflavinine (92) and anominine (93) (Scheme 4).55 These 

compounds are antiinsectants and are produced in the sclerotia of several Aspergillus 
species. All biosynthetic genes for related compounds such as paxilline (5) and aflatram 

(94) are clustered, which include a geranylgeranyl diphosphate synthase (GGPPS), a 

GGPP transferase that forms geranylgeranyl indole, multiple epoxidases and an indole 

diterpene cyclase (IDTC). However, no gene encoding an IDTC was clustered with the other 

biosynthetic genes in the hosts that produce 92, 93 and tubingensin A (95). A phylogenetic 

analysis of all the IDTC homologues found in the genomes of the producing strains led 

to the identification of numerous candidates. Using yeast as a heterologous host, the IDTC 

candidates were individually coexpressed with the other biosynthetic enzymes followed by 

metabolite analysis. This led to the verification of AfB and AtS2B as unclustered IDTCs 

in the pathways of anominine and aflavinine, respectively. The evolutionary reason for 

such unclustered feature is unknown. One possible explanation is that these IDTCs are co-

regulated with sclerotia-specific genes and are not co-regulated with the upstream enzymes 

in the BGCs that synthesize the uncyclized indole diterpene. Regardless of the biological 

intentions, one should keep in mind the possibility of unclustered biosynthetic genes in 

genome mining efforts.

On the other hand, duplication of biosynthetic genes into multiple BGCs in the same 

host has also been noted and should be considered in genome mining. One such 

example is in the biosynthesis of the heptacyclic duclauxin (96) from Penicillium duclauxi 
(Figure 15).158 Duclauxin belongs to fungal aromatic polyketides that has a characteristic 

6/6/6/5/6/6/6 ring system derived from the dimerization of oxaphenalenones. Structural 

variations among duclauxin derivatives arise from different oxaphenalenone monomers and 

dimerization regiospecificities. The precursor of oxaphenalenone monomers, phenalenone 

(97) is synthesized by an NRPKS and oxidatively rearranged by a FMO.159 In the producing 

strain Talaromyces stipitatus ATCC 10500, the dux1 cluster was identified using NRPKS 

and FMO as BLAST queries. Gene deletion of NRPKS (duxI), completely abolished the 

production of 96. Remaining redox enzymes encoded in the dux1 cluster include two P450s 
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(DuxD and DuxL), oxidoreductase (DuxB), NAD(P)H-dependent reductase (DuxA, DuxG, 

and DuxJ), and a cupin family oxygenase (DuxM), which were proposed to be essential 

in transforming phenalenone to oxaphenalenone. While inactivation of some of these, such 

as ΔduxH and ΔduxM led to the complete abolishment of 96, other knockouts such as 

ΔduxA and ΔduxL had no effects. Detailed BLAST analysis revealed a separate cluster, 

dux2, encoding DuxA’, DuxB’, DuxC’, DuxD’, DuxG’, DuxH’, DuxL’, and DuxM’, all of 

which showed over 70% sequence identity to the corresponding proteins in dux1 cluster. 

RT-PCR analysis further confirmed that both clusters were expressed when the production 

of 96 was detected in T. stipitatus. Because of such gene duplication of the dux clusters, 

heterologous expression turned out to be the more informative approach to understand 

individual dux gene functions. Stepwise reconstitution in both yeast and A. nidulans solved 

the pathway of 96, highlighting DuxM is the key enzyme for diversifying the structures 

of oxaphenalenone monomers. DuxM initiates the redox reaction sequence by an oxidative 

cleavage of phenalenone through a transient hemiketal-oxaphenalenone intermediate (98). 

DuxM can further catalyze decarboxylation of 98 to give the anhydride 100, while three 

other enzymes (DuxJ, DuxD, and DuxG) in the biosynthetic pathway can morph 98 into 

99. Lastly, P450 DuxL catalyzes the oxidative heterocoupling of 99 and 100 to form 

cryptoclauxin (101), or homocoupling of 99 to duclauxin (96) (Figure 15).

4. Shunt product formation during heterologous reconstitution.

Shunt product or intermediate? That is the question asked by nearly all researchers working 

on biosynthesis of natural products. Regardless of using native hosts or heterologous hosts, 

a change in metabolite profile following either a gene knockout or gene introduction 

is an exciting result. Identifying an on-pathway intermediate is a desired outcome in 

reconstruction of the biosynthetic pathways. However, off-pathway shunt products are 

frequently formed due to chemical instability of intermediates or crosstalk between targeted 

pathway and endogenous metabolism. In most cases, formation of shunt products presents 

an obstacle in pathway reconstitution because downstream enzymes cannot recognize the 

compound to advance the pathway. Incorrect assignment of a shunt product as a biosynthetic 

intermediate can significantly derail the investigation and lead to misinterpretations of the 

chemical logic. On the other hand, careful analysis of shunt product structures can provide 

revealing chemical insights into biosynthetic pathways. One such example is from studying 

the iterative HPRKSs from fungi, typified by LovB from the lovastatin pathway. Shunt 

product characterization from the bottom-up reconstitution in heterologous hosts, as well as 

from interruption of the HRPKS domain functions, revealed highly complex programming 

rules in chain length control, permutative reductive tailoring and methylations.52,160 HRPKS 

programming will not be elaborated further here, and the readers can refer to the excellent 

review by Cox that is also in this volume.161 In this section, we will discuss recent 

representative case studies of how identification of shunt products has impacted the 

biosynthetic mining and investigation of fungal natural products.

4.1. Shunt products formed from cellular crosstalk

Shunt products can form from crosstalk of target pathway with endogenous enzymes, 

especially those involved in detoxification of reactive compounds such as aldehydes and 
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α,β-unsaturated Michael-acceptors, etc. Members of the alcohol dehydrogenases (ADHs), 

aldehyde dehydrogenases and short-chain dehydrogenase/reductases (SDRs) families from 

fungi have promiscuous substrate specificities and can rapidly reduce aldehydes into the 

corresponding primary alcohol. In fungal biosynthetic pathways, one route to generate an 

aldehyde intermediate is through the reductive release of thioesters by R domains appended 

at the end of assembly lines (see section 3). In PKS-NRPS assembly lines terminated with R 

domains, the released aldehyde is immediately cyclized via Knoevenagel condensation with 

the α-carbon of the 1,3-diketo portion of the polyketide chain to yield a pyrrolidine ring. 

Although this reaction can occur spontaneously in some pathways, a dedicated hydrolase-

like enzyme is required in most studied pathways.128,162 In the absence of the hydrolase, the 

aldehyde is readily reduced to the shunt product alcohol. This was observed in cytochalasin 

reconstitution in A. oryzae and in mining of oxaleimides in A. nidulans.69,128,163 In the 

oxaleimide example, which was discussed in detail above, structure of the alcohol shunt 

product led to clarification of the biosynthetic origin of the unusual succinimide group. One 

strategy found in fungal biosynthesis to counter the propensity of aldehydes to be reduced to 

alcohol shunt products is the presence a flavin-dependent oxidase that oxidizes the alcohol 

to the aldehyde. This strategy was uncovered in the biosynthesis of pyriculol (102) which is 

a devastating mycotoxin. Genome mining of a HRPKS-containing pathway in Neurospora 
crassa led to the biosynthesis of sordarial (72), a related salicylaldehyde.147 In analogous 

steps to the trichoxide example in Figure 11B, the salicylaldehyde is synthesized by the 

HRPKS and a cadre of redox enzymes. However, the aldehyde (103) is readily reduced 

to yield the salicylic alcohol (104) in A. nidulans (Figure 16A). Introduction of a flavin-

dependent oxidase, however, restored the formation of the salicylaldehyde that is further 

processed into sordarial. This is also the role of a homologous oxidase in the pyriculol 

pathway in Magnaporthe oryzae, as knockout of this enzyme led only to biosynthesis of the 

nonvirulent dihydroxypyriculol (105).

The reduction of α,β-unsaturated moieties by endogenous ene-reductases is another 

common occurrence that can hamper heterologous reconstitution efforts. Ene-reductases 

are flavin-dependent enzymes that can perform a 1,4-addition with a hydride to yield a 

saturated shunt product. This was most clearly demonstrated in the attempted reconstitution 

of UCS1025A (106) in A. nidulans.164 UCS1025A is a pyrrolizidinone (azabicyclo 

[3.3.0] octanone)-containing natural product and is a strong telomerase inhibitor.165 The 

pyrrolizidinone is fused with a γ-lactone to give a furopyrrolizidine that is further 

connected to a polyketide derived trans-decalin. While UCS1025A was initially isolated 

from Acremonium sp. KY4917 and a putative gene cluster was located, difficulties involved 

in growing Acremonium sp. and subsequent molecular biology experiments, led to the 

mining of a homologous cluster found in Myceliophthora thermophila. Transcriptional factor 

overexpression led to production of UCS1025A in this host and confirmed the metabolite 

of the ucs cluster. The pyrrolizidinone ring is generated by the function of a PKS-NRPS, 

which aminoacylates the polyketide with (4S, 5S)-4-methylproline. Reductive release and 

Knoevenagel condensation afford the pyrrolizidinone ring system. However, attempts to 

characterize the oxidative transformations to furopyrrolizidine using heterologous hosts such 

as yeast was not successful. This was primarily due to the facile reduction of the ene 

moiety in pyrrolizidinone to the saturated product. Although these shunt products cannot 
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be elaborated into UCS1025A, the 6S-methyl group in an early shunt product 107 can 

be oxidized by a P450 enzyme UcsK into the corresponding carboxylic acid (108), which 

confirmed the role of UcsK in the pathway. Characterization of the shunt products also led to 

an improved biosynthetic pathway proposal in which an oxa-Michael cyclization involving 

the carboxylate group forms the final product (Figure 16B).

Cellular crosstalk can also come from nonenzymatic reactions between the reactive warhead 

of the target natural product and endogenous metabolites, via a possible mechanism of 

cellular detoxification. One such example is in the heterologous biosynthesis of restricticin 

(109).166 109 is a potent antifungal natural product that inhibits lanosterol 14α-demethylase 

(CYP51), which is a validated antifungal target. A putative gene cluster for restricticin 

was found in Aspergillus nominus, a strain not known to produce the compound, using 

the SRE-guided approach. The rstn cluster encodes a HPRKS that is responsible for 

synthesizing carbon skeleton of the polyene-tetrahydropyran unit, a single-module NRPS 

that esterifies the hydroxylated tetrahydropyran with glycine, a set of accessory enzymes and 

a self-resistance version of CYP51. Heterologous expression of the cluster in A. nidulans 
in CDST media led to formation of trace amounts of restricticin, with the major product 

being the N-acetylated restricticin. N-acetylated 109 is significantly weaker as an antifungal 

since the primary amine in 109 is involved in coordinating to the heme iron in CYP51. 

The amine, however, is modified in a more surprising fashion when the heterologous strain 

was grown in the minimal CD media in which no restricticin was observed in the extract. 

Instead, an adduct (110) between restricticin and the A. nidulans metabolite aspernidine 

(111) was formed, in which the free amine is incorporated as part of the isoindolone ring. 

The adduct is proposed to form from the attack of restricticin on the quinone methide 

precursor (112) of 111, followed by cyclization (Figure 16C). In comparison, 111 is formed 

when 112 is attacked by ammonia. It is not clear if this is a cellular strategy to scavenge free 

amine-containing compounds. In this example, even though restricticin was not isolated as a 

pure compound from the heterologous host, formation of acetylated and modified versions 

of the compound confirmed the role of the BGC, which led to identification of additional 

CYP51 inhibitors such as lanomycin using genome mining approaches.166

4.2. Shunt products from pericyclic reactions in biosynthesis

4.2.1. Pericyclase in biosynthesis of 2-pyridones—Pericyclic reactions are among 

the most powerful chemical transformations to construct multiple regioselective and 

stereoselective carbon-carbon and carbon-heteroatom bonds via a single transition state.167 

However, it is challenging to control stereoselectivity, regioselectivity and periselectivity 

of pericyclic reactions without catalysts, especially when competing transition states are 

accessible. In natural product biosynthesis, these types of selectivity are strictly controlled 

by pericyclases, a family of enzymes that catalyze pericyclic reactions.168 In other 

words, without pericyclases functions, regioisomeric and stereoisomeric pericyclic shunt 

products are formed in the biosynthetic pathways. During heterologous reconstitution of 

the biosynthesis of leporin B (54) that contains a characteristic dihydropyran core derived 

from a hetero-Diels–Alder (HDA) reaction, we observed that spontaneous dehydration of 

the alcohol (113) can form both the (E)-114 and (Z)-114 quinone methide intermediates. 

Subsequent uncatalyzed pericyclic reactions led to a mixture of regio- and stereoisomeric 
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HDA reaction and intramolecular Diels–Alder (IMDA) reaction shunt products (115-117, 
119, 120) which are not isolated from the original producing strain of leporins (Figure 

17A).126 The desired product leporin C (118) formed via HDA reaction from (E)-114 was 

only a minor product when no pericyclase was present. Full structural analysis of the shunt 

products was highly informative, and suggested an enzyme must be present to i) control 

the stereochemistry of alcohol 113 dehydration to (E)-114; and 2) to promote the HDA 

reaction in a stereoselective fashion and to suppress the competing IMDA reactions. Initial 

bioinformatics analysis of the BGC revealed no obvious gene candidate to catalyze these 

reactions.

Interestingly, even though no O-methylation step is required for leporin B biosynthesis, the 

BGC contains a putative O-MT (LepI). Initial identification and gene knockout studies in the 

native producing strain showed lepI was required for leporin biosynthesis and unidentified 

shunt products were produced upon deletion.169 When LepI was coexpressed with other lep 
enzymes in an A. nidulans strain that produced the aforementioned mixture of products 115–
120, exclusive production of the desired HDA reaction product 118 was observed without 

any regioisomeric and stereoisomeric shunt products. Further biochemical characterization 

of LepI revealed that it is a multifunctional SAM-dependent pericyclase that catalyzes 

i) stereoselective anti-dehydration of 113 to (E)-114; ii) two pericyclic transformations: 

undesired IMDA and desired HDA reactions to form 119 and 118, respectively; and iii) the 

first enzymatic retro-Claisen rearrangement of 119 to 118. Co-formation of 118 and 119 was 

calculated to be thermodynamically unavoidable, since the two compounds bifurcate from 

an ambimodal endo transition state from (E)-114. LepI therefore catalyzes the additional 

retro-Claisen rearrangement to convert the shunt product to 118. This represents a kinetic 

‘by-product recycle’ process to overcome thermodynamic limitations and to arrive fully at 

the desired biosynthetic end product. Ensuing crystal structure analysis showed a modified 

O-MT-like active site, in which a histidine and an arginine were introduced to accelerate 

the reactions. The LepI-substrate and LepI-product structures also showed the presence of a 

hydrophilic wall in the active site to suppress formation of the undesired 120 from the exo 
IMDA reaction.170

This finding echoes Liu and coworkers’ discovery of a bacterial MT-like enzyme, 

SpnF, in catalyzing the [4+2] cycloaddition reaction during spinosyn biosynthesis.171 

Both studies showcased how Nature repurposes a common MT fold to afford precise 

control of regioselectivity, stereoselectivity and periselectivity of a pericyclic reaction. 

Heterologous reconstitution of leporin biosynthesis led to a genome mining effort using 

LepI as a lead to study other pericyclic reactions in 2-pyridone fungal natural products. 

Heterologous biosynthesis combined with biochemical and computational characterization 

of the enzymes were used in these studies to arrive at new pericyclases. Examples include 

the C-methyltransferase like enzyme IccD from ilicicolin H (2) biosynthetic pathway that 

catalyzes an inverse electron demand Diels–Alder reaction;33 O-MT-like enzymes PdxI from 

the pyridoxatin (121) biosynthetic pathway that catalyzes an Alder–ene reaction; and a new 

HDAse EpiI from epipyridone (122) biosynthetic pathway (Figure 17B).172
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4.2.2. Pericyclase in decalin-containing natural products—The decalin motif is 

found in many natural products produced by bacteria and fungi, and examples of these 

compounds have been shown throughout this review. The acyclic carbon backbones of 

compounds containing the decalin core are products of type I PKSs, such as bacterial 

multimodular and fungal iterative PKSs.173 The chemical logic of polyketide decalin 

formation is through the programming rules of PKSs, either vectorially or iteratively, to 

strategically recruit (or reject) ER functions in modifications of the polyketide backbones 

after each chain extension step. This can lead to generation of a diene and dienophile 

(typically in the form of an α, β-unsaturated olefin) pair interrupted by four contiguous sp3 

carbons that can undergo IMDA cyclization to form a decalin structure. Such chemical logic 

is also reflected in many biomimetic syntheses of decalin natural products through IMDA 

reactions.174,175 However, as seen in these synthetic efforts, controlling the stereoselectivity 

of the IMDA reaction is a challenging endeavor, especially for the stereochemical outcomes 

that must proceed through kinetically unfavorable transition states. Therefore, it has long 

been speculated that a dedicated pericyclase must be involved in the biosynthesis.

Although several decalin-forming Diels–Alderases have been discovered from bacterial 

pathways,171 fungal decalin-forming Diels–Alderases were only discovered recently. In 

2015, Sato et al. reported the discovery of CghA from the biosynthetic pathway of 

Sch210972 (123) isolated from Chaetomium globossum.176 The structure of 123 contains 

a trans-fused decalin ring system connected to a tetramic acid moiety derived from γ-

hydroxylmethyl-L-glutamic acid. The cgh BGC encodes a PKS-NRPS (CghG), a trans-ER 

(CghC), a lipocalin-like enzyme (CghA), an aldolase (CghB), and a transcription factor 

(CghD). The aldolase CghB was characterized to catalyze the aldol reaction of two pyruvate 

molecules to yield γ-hydroxylmethyl-L-glutamic acid.177 The only candidate enzyme 

remaining in the pathway to catalyze the IMDA reaction is CghA, which is a lipocalin-like 

protein with unknown function. CghA homologs are found in many fungal BGCs that 

are connected to products formed via IMDA reactions, including other pyrrolidine-2-one-

bearing decalin compounds and cytochalasans such as cytochalasin E (124), in which the 

isoindolone ring system was proposed to be formed by the homologous CcsF.178 The role 

of CghA was tested through heterologous expression of CghG, CghC, and CghB with or 

without CghA in A. nidulans.176 Whereas heterologous expression of CghG, CghC, CghB, 

and CghA in A. nidulans gave the trans-decalin 123 exclusively, excluding CghA from 

the heterologous pathway led to the formation of not only 123 but also the cis-decalin 

diastereomer as the shunt product (125) (Scheme 5). 123 and 125 are formed through the 

endo and exo transition states, respectively, both of which were computationally predicted 

to be kinetically accessible. The heterologous expression results therefore indicated CghA 

is a pericyclases that catalyzes the endo-selective IMDA reaction while suppressing the exo-

IMDA reaction. Recent structural and computational studies of CghA identified key residues 

in the active site that confer such stereoselectivity through steric interactions with the acyclic 

intermediate. Mutations to these residues led to inversion of stereoselectivity.179 At the 

time of CghA discovery, Osada and coworkers arrived at the same conclusion that Fsa2, a 

homolog of CghA from the equisetin (126) biosynthetic pathway, is a lipocalin-like Diels–

Alderase that catalyzes the endo-selective decalin-forming Diels–Alder reaction.180 The 

Chiang et al. Page 28

Nat Prod Rep. Author manuscript; available in PMC 2024 January 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



pioneering discoveries of CghA and Fsa2 have led to the identification of other lipocalin-like 

pericyclases including Eqx3, PvhB,181 MycB,125 UcsH,164 and AspoB.182

Depending on molecular orbitals (MO) involved in the reaction, DA reaction can be further 

classified as normal-electron demand Diels–Alder reactions (NEDDA) and inverse-electron 

demand Diels–Alder reactions (IEDDA). In the case of NEDDA, the DA reaction happens 

between an electron-rich dienophile and an electron-deficient diene, while in IEDAA, 

the reaction takes place between an electron-rich diene and an electron-poor dienophile. 

Among many known Diels–Alderases characterized so far, the biosynthesis of varicidin A 

(127) involves IEDDA to control the selectivity of IMDA reaction.181 The pvh BGC from 

Penicillium variabile was targeted for mining because the clustering of a PKS-NRPS (PvhA) 

and a lipocalin-like enzyme (PvhB). In addition to those two enzymes, the pvh cluster 

also encodes a trans-ER (PvhC) that functions collaboratively with PKS-NRPS (PvhA), 

N-methyltransferase (PvhD), and a P450 (PvhE). Coexpression of PvhA with PvhC in A. 
nidulans accumulated three metabolites 128-130 (Figure 18A). 128 is an acyclic tetramate-

containing compound that is the product of PKS-NRPS and trans-ER. The presence of the 

diene and dienophile pairs in 128 led to the initial proposal that this is the substrate of the 

Diels–Alderase. The pair of 129 and 130 were structurally characterized to be trans-decalin 

diastereomers, which are expected to derive from nonenzymatic IMDA of 128. This further 

solidified the hypothesis that PvhB may be required to control the stereochemistry to give 

either 129 or 130 as the desired biosynthetic intermediate. However, further coexpression 

of PvhB did not change the metabolic profile in A. nidulans transformant, suggesting 129 
and 130 are in fact shunt products instead of intermediates. Coexpression of the P450 

PvhE with PKS-NRPS and trans-ER led to the carboxylated compound 131, which does 

not undergo nonenzymatic IMDA reaction. Coexpression of PvhB in the above strain 

exclusively produced the cis-decalin 127, while no other diastereomer can be detected. 

Therefore, PvhB selectively catalyzes exo-cycloaddition of the carboxylated substrate in an 

IEDDA reaction to give the cis-decalin product. DFT calculations on either 128 or 131 
showed the activation barrier for reaching the IEDDA reaction transition state is higher than 

that of the NEDDA reaction. However, upon carboxylation in 131, the exo transition state 

of IEDDA reaction required to form the cis-decalin becomes more kinetically accessible 

compared to the carboxylated endo transition state. Therefore, the biosynthesis of varicidin 

unveiled an interesting strategy for Nature to access the cis-decalin structure: carboxylative 

deactivation of the nonenzymatic NEDDA reaction followed by enzymatic IEDDA reaction 

to control the diastereoselectivity.

While shunt products derived from off-pathway oxidation or reduction are undesirable 

in heterologous reconstitution, in certain cases, such modification may slow down 

nonenzymatic reactions and can be useful in biochemical assays if the enzymatic recognition 

moiety in the structure remains unchanged. This was observed in the reconstitution of 

myceliothermophin A (132) biosynthesis using A. nidulans.125 The structure of 132 contains 

a trans-fused decalin ring system connected to a 3-pyrrolin-2-one moiety derived from 

reductive release from a PKS-NRPS. A compact three-gene myc BGC from Myceliophthora 
thermophila was identified and expressed in A. nidulans. Coexpression of PKS-NRPS 

(MycA) and trans-ER (MycC) gave two new metabolites 133 and 134, both with a 3-

Chiang et al. Page 29

Nat Prod Rep. Author manuscript; available in PMC 2024 January 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



pyrrolin-2-one moiety. 133 is an acyclic polyolefin in the enol form at C18, while 134 is a 

further oxidized version of 133 with the keto form at C18 (Figure 18B). The oxidation of 133 
to 134 is nonenzymatic and involves the generation of hydrogen peroxide. Upon incubation 

with the lipocalin-like enzyme MycB, no reaction of the enol 133 can be observed, while 

complete transformation of 134 to the product myceliothermophin E (135) was seen. Based 

on this data, it is proposed that the ketone tautomer of 133, 136, is the true substrate of 

MycB and can undergo cycloaddition to the final product 132. In the absence of MycB, the 

inactive enol tautomer 133 can be formed and can undergo oxidation to 134.

4.2.3. Pericyclase in decahydrofluorene-containing natural products—A 

lipocalin-like enzyme homologous to CghA, when paired with a PKS-NRPS in a BGC, 

is a strong indicator of the natural product containing a decalin core, as described above. 

However, a different role of a CghA homolog was observed in the biosynthesis of 

pyrrocidines (137 and 138).183 Pyrrocidines are members of hirsutellone family of natural 

products which have complex structures and diverse biological activities. Compounds in 

this family have the highly strained 12- or 13-membered para-cyclophane ring D, that is 

connected through an aryl-ether linkage to a decahydrofluorene core (rings A, B, and C). 

Because of this highly complex structural feature, hirsutellones have attracted significant 

interest from synthetic chemists.184,185

Biosynthetically, pyrrocidines are derived from the 3-pyrrolin-2-one intermediate, which is 

synthesized by a PKS-NRPS in collaboration with a trans-ER as suggested by Oikawa.186 

The intermediate is proposed to cyclize into the para-cyclophane and form ring C through 

either electrophilic cyclization or a radical mechanism, connecting the tyrosine phenol 

and the acyclic polyketide chain, as shown by Nay.187 A subsequent IMDA reaction is 

proposed to yield the decahydrofluorene core. Based on the total synthesis of hirsutellone 

B (139), formation of the cis-fused A/B ring system in pyrrocidines from the proposed 

IMDA reaction is highly challenging, which implicates the involvement of an exo-specific 

pericyclase in this pathway. Such retrobiosynthetic analysis led to identification of putative 

pyd cluster which encodes a PKS-NRPS (PydA), trans-ER partner (PydC), a lipocalin-like 

enzyme (PydB), a medium-chain dehydrogenase/reductase (MDR, PydE), an α/β hydrolase 

(PydG), and three small hypothetical proteins PydX, PydY, and PydZ. Heterologous 

expression of PydA, PydC, and PydG in A. nidulans led to the formation of three shunt 

products 140–142 (Figure 19). Compound 140 was determined to be a polyolefinic shunt 

product that is converted from the enolization of the acyclic intermediate (143). The shunt 

product 141 is an air-oxidized shunt product of 140, while the shunt product 142 contains 

a cyclohexyl ring that corresponds to ring C in pyrrocidines. To advance the biosynthesis 

from the acyclic intermediate 143 to pyrrocidines, expression of additional enzymes in A. 
nidulans was performed. While coexpression with the MDR PydE and the putative Diels–

Alderase PydB did not yield any new compounds, the additional coexpression of PydX 

and PydZ in this transformant led to the formation of pyrrocidine D (144) that is the trans 
diastereomer of 138. This suggested the four proteins (PydB, PydE, PydX, and PydZ) may 

work as a complex to cyclize 143 and form rings D and C in 139. It is proposed the 

acyclic chain in 143 is configured in an inverse S-shape (145) which enables the phenol 

to position near C13, and the fully saturated portion of the chain to form a chair-like 
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conformation aided by the two equatorially substituted methyl groups at C9 and C11. Upon 

deprotonation, the phenolate attacks the C13 olefin, which drives the conjugated addition 

of C12 into the triene at C7 to form ring C. A hydride acceptor such as the NAD(P)+ 

cofactor in the MDR may be positioned near C1 to complete the reaction. In the absence of a 

downstream Diels–Alderase, the resultant product can undergo nonenzymatic cycloaddition 

through the kinetically accessible endo transition state to give the trans-fused adduct as the 

shunt product, which is further modified by a nonenzymatic hydroxylation of C2’ followed 

by the reduction catalyzed by an ene-reductase in A. nidulans to give pyrrocidine D (144).

Formation of shunt product 144, which was not isolated from the pyrrocidine-producing 

strain, suggested the lipocalin-like enzyme PydB is not the Diels–Alderase responsible for 

the exo-selective cycloaddition required to form 137. To test if the remaining hypothetical 

protein PydY is the Diels–Alderase, heterologously coexpression of this enzyme in the 

strain that produced 144 was performed. The resulting strain indeed produced a new 

compound that is structurally characterized to be the cis-fused decahydrofluorene 146. 

PydY, a small lipophilic protein but has no sequence homology to PydB, is therefore the 

responsible pericyclase in formation of the cis-decahydrofluorene. Genome mining of other 

BGCs in this family showed that homologs of PydY are absent in pathways that make 

trans-decahydrofluorene as seen in 144.

4.2.4. Nonenzymatic pericyclic reactions—BGCs of natural products formed via 

a pericyclic reaction do not always contain a pericyclase. In these cases, the lack 

of stereochemical control leads to formation of multiple diastereomers. For example, 

nonenzymatic electrocyclization was observed in the biosynthesis of shimalactones (147 
and 148).188 Shimalactones possess a characteristic [4.2.0] octadiene structure that is 

proposed to derive from an 8π-6π electrocyclization cascade. The shm cluster was 

found in the producing strain Emericella variecolor GF10 by searching for HRPKS with 

methyltransferase domain but lacking ER domain. The cluster also encodes a FMO (ShmB), 

a FAD oxidoreductase (ShmF), an integral membrane protein (ShmG), an iron-sulfur protein 

(ShmD), a transporter (ShmC), and a transcriptional factor (ShmE). Heterologous expression 

of ShmA in A. oryzae led to the production of preshimalactone (149) with a conjugated 

polyene structure. Further expression of ShmA with ShmB resulted in the formation of 147 
as the major product and its diastereomer 148 as the minor product. Expression of additional 

shm genes did not change the metabolic profile, suggesting that ShmA and ShmB are 

sufficient to complete the biosynthesis of shimalactones (Figure 20). These results strongly 

suggest that ShmB catalyzes the epoxidation of 149 to form preshimalactone epoxide 

(150), which triggers oxabicyclo ring formation and the subsequent nonenzymatic 8π-6π 
electrocyclization to form both 147 and 148. This proposed mechanism was supported by 

in vitro reaction of 149 with yeast cell-free extract containing ShmB. During the in vitro 
reaction, a new peak with same molecular weight as 147 and 148 was initially observed, 

followed by the appearance of 147 and 148 peaks in the reaction mixture. This new 

peak is most likely the epoxide 150. Based on DFT calculations, after formation of the 

oxabicyclo ring from 150, the uncatalyzed 8π-6π electrocyclic reaction takes place to give 

the kinetically favored product 147 as a major product as well as the kinetically disfavored 

diastereomer 148 as a minor product.
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One can conclude that a pericyclase is not involved in shimalactones biosynthesis since 

both 147 and 148, diastereomer of shimalactone, have been co-isolated from the same 

producing strain. 148 thus should not be considered as a shunt product in the biosynthesis 

of shimalactones. Therefore, discovering a pericyclase that catalyzes electrocyclic reactions 

remains an objective. It is worth noting that putative “electrocyclases” have been recently 

reported in bacterial biosynthetic pathways, although these electrocyclases would not be 

required to control the stereo- and regioselectivity based on the proposed products.189 We 

expect that new “electrocyclases” will be discovered from fungal or plant biosynthesis 

pathways in near future. As described before, such discovery will certainly involve 

identification of nonenzymatically formed shunt products, which are not formed in the 

presence of a dedicated “electrocyclase”.

4.3. Shunt products from enzymatic cyclization of polyethers

As seen in the previous example, epoxidation of polyene compounds is a useful strategy 

to generate complex ring structures. This strategy is most commonly seen in biosynthesis 

of polyethers derived from polyketides pathways.190 Baldwin’s rule is widely accepted 

to explain the relative preference for ring forming reactions according to ring size, 

position of bond broken, and orbital geometry.191 An example of anti-Baldwin’s rule from 

fungal biosynthesis was observed in aurovertin E (151),192 which has a unique 2,6-dioxa-

bicyclo[3.2.1]octane (DBO) ring system. It is believed this complex bicyclic ring structure 

is derived from three epoxidation steps and a cascade of regioselective epoxide opening 

reactions. The gene cluster was found by using HRPKS as a lead. The cluster, aur, encodes 

an HRPKS (AurA), an O-MT (AurB), FMO (AurC), a predicted α/β hydrolase (AurD), 

a putative cyclase (AurE), and an acyltransferase (AurG). The function of each gene was 

confirmed by gene deletion as well as heterologous reconstitution in yeast. Coexpression 

of AurABC led to the formation of 152 and other minor metabolites including 153 (Figure 

21A). Feeding experiment confirmed that 152 is the only on-pathway intermediate, while 

other metabolites are shunt products that can be formed by nonenzymatic epoxide opening 

reactions. Additional expression of AurD with AurABC resulted in the formation of 151 
together with a notable decrease in the accumulation of shunt products.

Heterologous expression of the pathway with or without AurD led to the proposed iterative 

oxidation/cyclization pathway to form 151 from the polyene precursor. First, bis-epoxidation 

on C3-C4 and C5-C6 is catalyzed by AurC, which can nonenzymatically cyclize with 

no regioselective control. In the presence of AurD, regioselective 5-exo-tet epoxide ring 

opening leads to formation of 152. This is followed by a third epoxidation at C7-C8 

catalyzed by AurC to form 154. The more favorable 5-exo-tet ring opening reaction as 

described by the Baldwin’s rule does not take place from 154. Instead, AurD presumably 

catalyzes the unfavorable 6-endo-tet ring opening to give 151. It should be noted that 

Baldwin’s rule is based on nucleophilic attack of the epoxide from an ideal angle. In the 

presence of an enzyme, the orientation of electrophile and nucleophile can be controlled in 

the active site leading to deviation of the rule. Structural insights of such deviation have 

been obtained from Lsd19, which is a polyether epoxide hydrolase that catalyzes disfavored 

6-endo-tet epoxide ring opening during lasalocid (155) biosynthesis (Figure 21B). 193
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4.4. Shunt products from dimeric radical coupling

Control of regio- and stereoselectivity during oxidative coupling reactions is essential 

in biosynthesis of natural products, especially those derived from dimerization of aryl 

monomers. In plant biosynthetic pathways, a special class of proteins known as dirigent 

proteins (from latin dirigere, to guide or align) controls the stereochemistry of radical-

based dimerization of phenylpropanoids.194 For example, the radical-based coupling of 

p-coniferyl alcohol gives a 1:1 mixture of (+) and (−)-pinoresinol in the absence of the 

dirigent protein.194 However, in pea and Arabidopsis thaliana, dedicated dirigent protein 

controls stereoselectivity of the dimerization to give predominantly (+)- and (−)-pinoresinol, 

respectively.195,196 A similar mechanism of stereochemical control is exerted by a cotton 

dirigent protein in the biosynthesis of (+)-gossypol.197 Recently, a fungal version of 

dirigent protein that controls atroposelectivity was discovered by Chooi’s group through 

heterologous reconstitution of bisnaphthopyrone viriditoxin biosynthesis198. The vdt BGC 

was identified using naphtho-α-pyrone structure as a lead. Analysis of the metabolic profile 

of producing strain revealed that (M)-viriditoxin (156) is the major enantiomer and (P)-

viriditoxin (157) is the minor product with an approximate 20:1 ratio. This observation 

suggested that the atroposelectivity of the coupling reaction is controlled by an enzyme. 

To investigate the pathway, coexpression of NRPKS (VdtA), O-methyltransferase (VdtC), 

Bayer-Villiger Monooxygease (VdtE), and SDR (VdtF) in A. nidulans led to formation 

of the monomer 158 (Figure 22). Further coexpression VdtACEF with VdtB, which is a 

multicopper oxidase; and VdtD, a proposed hydrolase, led to the formation of 156 and 

157 in 20:1 atropisomeric ratio, same as observed in the producing strain. Removing 

VdtD from the A. nidulans strain, however, the atropisomeric pair was produced at 1:2 

ratio. In vitro assays using cell-free extracts from A. nidulans expressing VdtD and VdtB 

further supported that VdtD is crucial in controlling the stereoselectivity of biaryl coupling 

catalyzed by VdtB. This is the first example of a fungal dirigent protein, although the 

mechanism remains uncharacterized.

5. Conclusion

Heterologous biosynthesis of natural products is a key tool for uncovering cryptic fungal 

BGCs and assigning functional roles to biosynthetic enzymes. S. cerevisiae, A. nidulans and 

A. oryzae are the most commonly used hosts, each offering unique advantages. However, 

it is evident that engineered Aspergillus hosts are most preferable since their abilities to 

correctly splice fungal introns. Genome mining of natural products in heterologous hosts 

can be driven by structural novelty, biological activity or both. Our review incorporated 

examples of how to prioritize gene clusters to find new-to-nature structures. Here, we 

classified these examples as known (types of BGCs) – unknowns (metabolites). However, 

it is anticipated that the true biosynthetic dark matter will come from the heterologous 

expression on unknown (no core enzyme)-unknowns (metabolites). With new advances in 

protein structural prediction (AlphaFold),199 high-throughput synthetic biology, and small 

molecular structural elucidation techniques such as MicroED,200,201 the goal of fully 

mapping the fungal secondary metabolome may be realized in the next decade.
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Abbreviation used in this manuscript:

4-DMATS 4-dimethylallyl tryptophan synthase

ACP acyl-carrier protein

ADH alcohol dehydrogenases

ALS acetolactate synthase

ATP adenosine 5′-triphosphate

BGC biosynthetic gene cluster

Bmt (4R)-4-[(E)-2-butenyl]-4-methyl-l-threonine

CAR carboxylic acid reductase

Cas9 CRISPR-associated protein 9

CBGA cannabigerolic acid

CRISPR clustered regularly interspaced short palindromic repeats

Cryo-EM cryogenic electron microscopy

CPR cytochrome P450 reductase

DBO 2,6-dioxa-bicyclo[3.2.1]octane

DFT density functional theory

DHAD dihydroxyacid dehydratase

DMAPP dimethylallyl pyrophosphate

DML dihydromonacolin L

DUF domain of unknown function

ER enoyl reductase

FAC fungal artificial chromosome

FAD flavin adenine dinucleotide

FMO flavin-containing monooxygenases

FPP farnesyl pyrophosphate

GRAS generally regarded as safe

HDA hetero-Diels–Alder

HMG-CoA 3-hydroxy-3-methylglutaryl coenzyme A

HP hypothetical protein
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HRPKS highly-reducing polyketide synthase

IDTC indole diterpene cyclase

IEDDA inverse-electron demand Diels–Alder

IMDA intramolecular Diels–Alder

IPP isopentenyl pyrophosphate

LC-MS Liquid Chromatography-Mass Spectrometry

microED microcrystal electron diffraction

MO molecular orbital

MT methyltransferase

NADH nicotinamide adenine dinucleotide

NADPH nicotinamide adenine dinucleotide phosphate

NEDDA normal-electron demand Diels–Alder

NMR Nuclear Magnetic Resonance

NRPKS nonreducing polyketide synthase

NRPS nonribosomal peptide synthetase

OMT O-methyltransferase

ORF open reading frame

P450 cytochrome P450

P450RE ring expansion cytochrome P450

PCR polymerase chain reaction

PKS polyketide synthase

PLP pyridoxal 5′-phosphate

pPant phosphopantetheinyl

PRPKS partially-reducing polyketide synthase

PT prenyltransferase

PTS post-translational modification

RAL resorcylic acid lactone

RiPP ribosomally synthesized and post-translationally modified peptide

RT-PCR real-time polymerase chain reaction
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SDR short-chain dehydrogenase/reductase

SRE self-resistance enzyme

TC terpene cyclase

TF transcription factor

TS terpene synthase

Protein domain abbreviation:

KS ketosynthase

KR ketoreductase

DH dehydratase

ER enoyl reductase

ACP acyl-carrier protein

AT acyltransferase

MAT malonyl-CoA:ACP transacylase

SAT starter-unit:ACP transacylase

TE thioesterase

A adenylation

T thiolation

PCP peptidyl-carrier protein

C condensation

CT terminal condensation

R reduction
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Figure 1. 
Top-down and Bottom-up approaches in studying biosynthesis
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Figure 2. 
Cluster reassignment using heterologous expression of BGCs. (A) Revised biosynthetic 

pathway of dichlorodiaporthins. (B) Revised biosynthetic pathway of thermolides.
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Figure 3. 
Example of Self-Resistance Enzyme (SRE)-guided genome mining. With DHAD as a target, 

the cluster of aspterric acid was identified through SRE-guided genome mining. The product 

of the cluster was revealed by heterologous expression in yeast.
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Figure 4. 
Natural product classification using a quadrant system. X-axis refers to known or unknown 

gene clusters based on core enzyme prediction. Y-axis refers to known or unknown 

metabolites. This review mainly focuses on the second quadrant.
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Figure 5. 
Unusual HRPKS domain arrangement. (A) PKS-R in betaenone biosynthesis. Terminal R 

domain catalyzes reductive product release. The enol form of aldehyde is highlighted in 

red. (B) PKS-R in calbistrin A biosynthesis. CalA’ can collaborate with different tailoring 

enzymes to generate two different polyketide scaffolds. Terminal R domain catalyzes 

consecutive two-electron reduction to release the decalin product as an alcohol, which is 

highlighted in red. (C) PKS-C in wortmanamide biosynthesis. The C domain fused with 

PKS is able to catalyze long chain N-acyl amide formation.
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Figure 6. 
Noncanonical single module NRPS-like enzyme. (A) FsqF (A-T-R-PLP) in fumisoquin 

biosynthesis. PLP domain is fused with NRPS, catalyzing dehydration of serine and 

forming a new C-C bond with FsqD-activated tyrosine. (B) ATRR (A-T-R1-R2) in choline 

biosynthesis. Two consecutive R domains catalyze sequential reduction to convert betaine to 

choline.
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Figure 7. 
NRPS-PKS hybrid enzymes. (A) Proposed swainsonine biosynthetic pathway. SwmK 

catalyzes the formation of indolizidine core. (B) Proposed pyrophen and campyrone 

biosynthetic pathway. AnATPKS is involved in the formation of amino acid-containing α-

pyrone natural products. (C) Proposed tenuazonic acid biosynthetic pathway. A KS domain 

is fused with NRPS to catalyze cyclization and product release.
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Figure 8. 
Pathways in which multiple PKSs collaborate. (A) Biosynthetic pathway of tricholigan A 

and B. The pathway requires TlnC, which is a didomain protein with a ψACP fused with 

MT. (B) A fungal biosynthetic pathway to olivetolic acid. The cluster contains a didomain 

enzyme with an ψACP fused with TE. (C) Proposed pathway of soppiline. A type III PKS 

collaborates with HRPKS in chain elongation and product cyclization.
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Figure 9. 
Proposed biosynthetic pathway of oxaleimides. The biosynthesis requires HRPKS (PoxF) 

with PoxM and PoxL to generate a nonproteinogenic amino acid 58, which is 

incorporated by PKS-NRPKS (PoxE) assembly line. Knoevenagel condensation followed 

by hydroxylation and a semipinacol-like rearrangement complete the formation of the 

substituted succinimide.
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Figure 10. 
Examples of natural products produced from BGCs that encode both terpene cyclase 

and NRPS. FPP: farnesyl diphosphate. (A) Simplified aculene biosynthesis pathway. The 

proline moiety is incorporated into terpene scaffold via a single module NRPS AneB. (B) 

Proposed flavunoidine biosynthetic pathway. Two unique amino acid building blocks are 

highlighted in the pathway. N,N-dimethylcadaverine is synthesized from L-lysine, which 

then connected to the tetracyclic core via an axial C-N bond. The other substituent, 

5,5-dimethyl-L-pipecolate is formed by PLP-dependent enzyme FlvA. The connection of 

5,5-dimethyl-L-pipecolate to the tetracyclic structure is catalyzed by a single module NRPS 

FlvI. (C) Simplified CJ12662 biosynthesis pathway. L-tryptophan is esterified with the 

terpene scaffold in an ATP-dependent step catalyzed by ThmA.
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Figure 11. 
Cryptic terpene cyclase functions with NRPKS. (A) Proposed biosynthetic pathway of 

xenovulene A. AsR6 was confirmed as a new class of terpene cyclase, catalyzing the 

formation of humulene. (B) Proposed biosynthetic pathway of eupenifeldin. EupfF was 

characterized as a hetero Diels–Alderase, catalyzing the cycloaddition between the quinone 

methide 65 and sesquiterpene.
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Figure 12. 
Post-core enzyme modifications by redox enzymes. (A) Biosynthetic pathway of Py-469 

highlights three consecutive redox enzymes in modifying benzene ring to 2,3-epoxy-1,4-

cyclohexane diol. The relative stereochemistry was determined by MicroED. (B) Multitude 

of redox enzymes in the biosynthesis of trichoxide reveals a unique strategy to synthesize 

aromatic polyketide structure using HRPKS. A similar pathway was also found in sodarial 

biosynthesis. (C) Structure of tetrotodoxin, which is an orthoester containing natural 

product. (D) Simplified biosynthetic pathway of novofumigatonin. The structure is highly 

oxygenated with a series of oxygen-handling enzymes, in particular the formation of 

orthoester functional group by two non-heme iron enzymes, NvfE and NvfF.
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Figure 13. 
(A) Structure of citrinadins. (B) Biosynthetic pathway of forming (2S,3S)-6-

methylpipecolate. The mechanism of γ-substitution catalyzed by CndF was proposed. O-

acetyl-L-homoserine was first bound to PLP as the external aldimine. After eliminating 

acetate, acetoacetate generated from HMG-CoA by HMG-CoA lyase then attacks the γ 
position to form new C-C bond.
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Figure 14. 
(A) Proposed biosynthetic pathway of fusaric acid. Fub7 is a PLP-dependent enzyme 

that catalyzes γ-replacement C-C bond formation. The mechanism is similar to CndF. (B) 

Simplified biosynthetic pathway of curvulamine, highlighting a bifunctional PLP-dependent 

enzyme, CauB, that can catalyze Claisen condensation to release PKS product as well as 

hydroxylation on the substrate.
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Figure 15. 
Proposed pathway of duclauxins. DuxM is the key enzyme to start the redox modifications, 

leading to the production of two different monomers 99 and 100. DuxL then catalyzes 

coupling reaction to give duclauxin or cryptoclauxin.
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Figure 16. 
Shunt products formed by cellular crosstalk. (A) Two examples of endogenous NADPH-

dependent reduction convert aldehydes to alcohols. The shunt products can be reoxidized 

by flavin-dependent oxidase to be further modified in the biosynthetic pathway of 

salicylaldehyde products. (B) Biosynthesis of UCS1025A as an example of ene reduction 

hampering heterologous reconstitution. (C) Proposed cellular crosstalk between restricticin 

and A. nidulans endogenous metabolite aspernidine.
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Figure 17. 
Pericyclases in 2-pyridones biosynthesis. (A) Biosynthetic pathway of leporin B. HDA 

reaction is highlighted in red, while IMDA reaction is labeled in blue. (B) two O-MT-like 

pericyclases, PdxI and EpiI, catalyze Alder-ene reaction and a different HDA reaction, 

respectively.
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Figure 18. 
Pericyclases in biosynthesis of decalin-containing natural products. (A) Biosynthetic 

pathway of varicidin. Carboxylation catalyzed by PvhE is required for the formation of cis-

decalin product via a IEDDA mechanism. (B) Biosynthetic pathway of myceliothermophin. 

The shunt product 134 isolated from heterologous host allowed in vitro reaction to verify the 

function of MycB.
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Figure 19. 
Biosynthetic pathway of pyrrocidine. Expression of the putative Diels–Alderase PydB 

led to the formation of shunt product, pyrrocidine D, through endo-cyclization. PydY, 

which is predicted as hypothetical protein, is the pericyclase that catalyzes exo-selective 

cycloaddition to form the ring structure of pyrrocidine A and B.
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Figure 20. 
Biosynthetic pathway of Shimalactones involves nonenzymatic 8π-6π electrocyclization to 

generate a diastereomeric pair of products.
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Figure 21. 
Epoxide opening reactions in polyether biosynthesis. (A) Sequential epoxide opening in 

biosynthesis of aurovertin. With the enzyme AurD, the final ring closure is via a 6-endo-tet 

reaction. (B) Sequential epoxide opening in biosynthesis of lasalocid A. The last 6-endo-tet 

reaction is classified as an anti-Baldwin’s rule ring closure.
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Figure 22. 
Biosynthetic pathway of virditoxin. Oxidative coupling reaction with the presence of VdtD 

led to high atroposelectivity for (M)-viriditoxin.
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Scheme 1. 
Metabolites discussed in section 2
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Scheme 2. 
(A) Examples of metabolites found by SRE-guided genome mining. (B) Discoveries of 

natural product can be classified into unknown-known.
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Scheme 3. 
(A) Selected example of metabolites required collaboration of multiple core enzymes. 

(B) Representative natural products synthesized by dual PKSs. (C) Selected PKS-NRPS 

metabolites using proteinogenic amino acid as building block.
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Scheme 4. 
Examples of fungal indole diterpenes.

Chiang et al. Page 70

Nat Prod Rep. Author manuscript; available in PMC 2024 January 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 5. 
Metabolites discussed in section 4.2.2

Chiang et al. Page 71

Nat Prod Rep. Author manuscript; available in PMC 2024 January 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	Overview of Heterologous Expression of Fungal Natural Products
	Why heterologous expression?
	Host/vector systems for heterologous expression of fungal BGCs
	Saccharomyces cerevisiae
	Aspergillus oryzae
	Aspergillus nidulans


	Examples of genome mining guided by biosynthetic gene cluster features.
	Unusual core enzyme domain arrangement
	HRPKSs that terminate with alternative domains
	Unusual single-module NRPS-like enzymes
	NRPS-PKS hybrid proteins

	Multiple core enzyme combinations
	Multiple PKSs
	PKS-NRPS with HRPKS
	Terpene Cyclase with NRPS
	Cryptic Terpene Cyclase with NRPKS

	Combinations of accessory enzymes
	Multitude of redox enzymes
	PLP-dependent enzymes

	Other considerations

	Shunt product formation during heterologous reconstitution.
	Shunt products formed from cellular crosstalk
	Shunt products from pericyclic reactions in biosynthesis
	Pericyclase in biosynthesis of 2-pyridones
	Pericyclase in decalin-containing natural products
	Pericyclase in decahydrofluorene-containing natural products
	Nonenzymatic pericyclic reactions

	Shunt products from enzymatic cyclization of polyethers
	Shunt products from dimeric radical coupling

	Conclusion
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.
	Figure 8.
	Figure 9.
	Figure 10.
	Figure 11.
	Figure 12.
	Figure 13.
	Figure 14.
	Figure 15.
	Figure 16.
	Figure 17.
	Figure 18.
	Figure 19.
	Figure 20.
	Figure 21.
	Figure 22.
	Scheme 1.
	Scheme 2.
	Scheme 3.
	Scheme 4.
	Scheme 5.



