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Abstract

Fungal highly reducing polyketide synthases (HRPKSs) are highly programmed multidomain 

enzymes that synthesize reduced polyketide structures. Recent reports indicated salicylaldehydes 

are synthesized by HRPKS biosynthetic gene clusters, which are unexpected based on known 

enzymology of HRPKSs. Using genome mining of a Trichoderma virens HRPKS gene cluster that 

encodes a number of redox enzymes, we uncover the strategy used by HRPKS pathways in the 

biosynthesis of aromatic products such as salicylaldehyde 4, which can be oxidatively modified to 

the epoxycyclohexanol natural product trichoxide 1. We show selective β-hydroxyl groups in the 

linear HRPKS product are individually reoxidized to β-ketones by short-chain dehydrogenase/

reductase (SDR) enzymes, which enabled intramolecular aldol condensation and aromatization. 

Our work expands the chemical space of natural products accessible through HRPKS pathways.
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Fungal highly reducing polyketide synthases (HRPKSs) are a large family of multidomain 

enzymes that synthesize structurally diverse natural products.1,2 With iterative and 

permutative use of a single set of catalytic domains, fungal HRPKSs can synthesize 

polyketides of defined lengths with precise combinations of β−carbon reduction, 

dehydration and α-carbon methylation. The resulting polyketide product can then be 

subjected to tailoring modifications to yield bioactive natural products, such as the 

cholesterol lowering lovastatin3 and mycotoxin fumonisin.4 Given most ascomycetes 

sequenced to date contain many HRPKSs of unknown functions, it is important to expand 

knowledge of HRPKS functions and completely map the chemical space of their products.

Current classification of fungal PKSs is based on the degrees of reduction of the product 

carbon backbones.1 While HRPKSs synthesize highly reduced products, nonreducing PKSs 

(NRPKSs) and partially reducing PKSs (PRPKSs) synthesize aromatic products that contain 

phenol groups such as 2,4-dihydroxybenezne and salicylate, respectively.5 To date, this 

chemical classification of fungal PKSs has remained intact. Therefore, it was surprising 

when an HRPKS-containing biosynthetic gene cluster (BGC) from Neurospora crassa was 

shown to be responsible for the biosynthesis of the salicylaldehyde sordarial (Figure 1).6 

Similarly, an HRPKS from Magnaporthe oryzae was genetically verified to be required for 

the biosynthesis of the devastating rice mycotoxin pyriculol.7 A number of redox active 

enzymes in these gene clusters are proposed to morph a reduced polyketide product into the 

phenol-containing compound, although the biochemical logic for such transformation is not 

resolved.6 Salicylaldehydes have also been proposed to be precursors to a family of 

epoxycyclohexenol containing natural products, such as eupenoxide8 and phomoxide 

(Figure 1).9 The epoxycyclohexene core is proposed to be derived from oxidative 

dearomatization of the phenyl ring in salicylaldehydes, followed by additional redox 

modifications.10 To date, the biosynthesis of these compounds have remained unexplored.

Biosynthesis of salicylaldehydes by HRPKS-containing BGCs therefore represents a 

significant departure from current fungal PKS classification. In this work, we demonstrate 

how an HRPKS and associated tailoring enzymes can accomplish the above through genome 

mining and biosynthetic characterization of a new epoxycyclohexenol compound, trichoxide 

1, from the biocontrol fungus Trichoderma virens.

Using the srd gene cluster that synthesizes sordarial as a lead,6 we searched for related gene 

clusters from sequenced fungal genomes. In particular, we mined clusters that contain 

additional redox enzymes that may lead to the formation of epoxycyclohexenol products. We 

identified one such HRPKS-containing cluster well-conserved among many Trichoderma 
species (Figure S6), that encodes homologs to most of the srd enzymes (Figure 2A). The vir 
cluster from T. virens encodes the HRPKS (virA), five SDR family proteins (virB, virD, 

virG, virK and virL), two cupin-domain containing proteins (virC and virH), two flavin-

dependent oxidoreductases (virF and virI), a cytochrome P450 (virE), and a glutamyl-tRNA 

synthetase like enzyme (virJ) (Figure 2A and Table S1). When all twelve genes (virA-L) 

were introduced into an engineered Aspergillus nidulans host using three vectors,11 analysis 

of the extract showed that four new metabolites (1–4) were accumulated (Figure 2B, i). The 

major product 1 (1.2 mg/L) was shown to be an epoxycyclohexenol based on 1D and 2D 

NMR data (Figure S9–15 and Table S4) and was named trichoxide. Virensol A 2 (0.3 mg/L) 
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and virensol B 3 (0.4 mg/L) were characterized to be substituted salicylic alcohol derivatives 

(Figure S16–25 and Table S5, S6), while 4 (0.9 mg/L) was identified to be the known 

salicylaldehyde 5-deoxyaurocitrin (Figure S26–27 and Table S7).12 1 exhibited antifungal 

activities against Saccharomyces cerevisiae and Candida albicans with minimum inhibitory 

concentrations (MICs) of 11 and 18 μg/mL, respectively (Table S10). 4 has MICs 0.16 and 

0.63 μg/mL against S. cerevisiae and C. albicans, respectively, and it also has MICs 0.63 and 

1.25 μg/mL against Staphylococcus aureus and Bacillus subtilis, respectively (Table S10).

Based on the structures of 1–4, we reasoned that 1 is the most advanced product of the vir 
cluster, preceded by 2, 3 and 4. When virA was removed from the heterologous host, the 

production of metabolites 1–4 was abolished, confirming the essential role of HRPKS. To 

investigate the product of VirA, we directly expressed this enzyme in A. nidulans, which led 

to the production of a new compound virensol C 5 (molecular weight (MW) 310; 1.5 mg/L) 

(Figure 2B, ii). Structural elucidation showed 5 is (8E,10E,12E)-3,5,7-

trihydroxyoctadeca-8,10,12-trienal, which exists mostly as a pair of hemiacetals (5α and 5β, 

Figure 2D) through ring-chain tautomerism in solution (Figure S28–S33, Table S8).13 

NOESY correlation of the major 5β established the relative stereochemistry of 5. Therefore, 

VirA is a bona-fide HRPKS that synthesizes the reduced chain in 5. VirA has interesting 

programming rules: the first two ketides are fully reduced, followed by three ketides that 

undergo β-dehydration, and the last three ketides are only reduced to β-hydroxys to yield the 

trihydroxy portion. The production of aldehyde 5 by VirA alone in A. nidulans is surprising, 

since VirA does not contain a reductase (R) domain that is typically associated with 

reductive product release in HRPKS. Efforts to obtain pure VirA from a yeast expression 

host was not successful, which precluded a direct assay of its function. Interestingly, when 

VirC was coexpressed with VirA in A. nidulans, the cupin-domain enzyme elevated the 

amount of 5 (Figure S3B), which suggests this enzyme may be involved in enhancing 

product turnover.

To understand how 5 can be morphed into the aromatic 4, we expressed tailoring enzymes 

with VirA (Figure S3). Of the different binary combinations, only coexpression of VirA and 

VirB led to disappearance of 5 and emergence of a new metabolite virensol D 6 (MW 308; 

1.7 mg/L) (Figure 2B, iii). 6 also exists as hemiacetals (6α and 6β, Figure 2D) in solution 

(Figure S34–S39, Table S9). The structural difference between 5 and 6 is oxidation of C7 

alcohol in 5 to a ketone in 6, which pinpoints VirB as the SDR that performs the 

dehydrogenation. As confirmation of this function, purified VirB (Figure S4) (10 μM) 

completely converted 5 (200 μM) into 6 after 12 hours in the presence of NAD+ (1 mM) 

(Figure 2C, i).

We then extended the biosynthetic pathway through the addition of other redox enzymes. 

Coexpression of another SDR enzyme, VirD, together with VirAB led to disappearance of 6 
and the emergence of salicylaldehyde 4, with a trace amount of 3 (Figure 2B, iv). To 

investigate the mechanism of VirD, the purified enzyme was assayed with 6 (Figure S4). 

VirD (20 μM) catalyzed the conversion of 6 (1 mM) into two new products when 1 mM 

NAD+ was present (Figure 2C, iv). One product was confirmed to be 4, while the other 

product 7 (MW= 310) displayed a mass increase of 2 mu corresponding to a reduced product 
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of 6. The UV spectrum of 7 (Figure S5B) was the same as 6, suggesting the triene portion is 

not reduced. Therefore, we conclude that 7 is a triol compound in which the aldehyde of 6 
was reduced (Figure 2D). The source of reducing equivalent (i.e. NADH) is generated from 

the oxidation of 6 that is required for formation of 4. When we repeated the VirD assay with 

only NADH, near complete conversion of 6 to 7 was observed, with no trace of 4 forming 

despite NAD+ generation (Figure 2C, v). We reasoned that this may be due to the reduction 

of aldehyde by VirD is much faster than oxidation of 6. Under cellular conditions in which 

NAD+/NADH ratio is high,14 formation of 7 is likely minimized. To mimic that condition, 

we included 20 μM of the NADH oxidase NoxE15 and substoichiometric (50 μM) amount of 

NAD+ in the reaction mixture. Under this reaction condition, we observed near complete 

conversion of 6 to 4 (Figure 2C, iv).

We proposed three different reactions are involved in the oxidative aromatization of 6 to 4 
(Figure 2D): i) dehydrogenation of C3 in 6 to form the β-ketone aldehyde 8 and generate the 

nucleophilic C2 that is required for the ii) intramolecular aldol condensation between C2 and 

C7 to from 9; iii) dehydration and aromatization of 9 gives the salicylaldehyde 4. This is 

reminiscent of cyclization of C9-reduced β-ketone polyketides in bacterial aromatic 

polyketide biosynthesis.5 While the dehydrogenation of 6 is definitely catalyzed by VirD, 

the aldol condensation and dehydration may be uncatalyzed or assisted by VirD. To provide 

support for this set of proposed reactions, we performed a time-course experiment of VirD in 

the presence of NAD+ and NoxE.15 When the reaction was quenched at 10 minutes, two 

intermediates with MWs matching the proposed intermediates 8 and 9 were detected (Figure 

S5C, trace i). Phenylhydrazine was used to derivatize these intermediates,16 which lead to a 

set of phenyldrazones (Figure S5C, trace iii) with MW consistent with the derivatized 

products of 8 and 9 (Figure S5D).

Collectively, we demonstrated that only three enzymes, one HRPKS and two SDRs are 

required to synthesize salicylaldehyde 4. Three hydroxyl groups are introduced at the last 

three iterations of VirA, two of which are selectively oxidized back to β-ketone by SDRs to 

enable the aldol reaction. Using this strategy, the product 4 with both reduced and aromatic 

portions can be synthesized using a single HRPKS. This is in contrast to the well-studied 

duo PKSs system in synthesis of structurally similar compounds in fungi: an HRPKS 

synthesizes the reduced portion, and the chain is transferred to an NRPKS to synthesize the 

aromatic portion.17 Using a single HRPKS could be metabolically less demanding as the 

synthesis of a second megasynthase is energetically expensive.

We next investigated the transformation of 4 to 1. Minor reduction of 4 to 3 was observed in 

the virA-D expression strain, likely catalyzed by an endogenous alcohol dehydrogenase. A 

dedicated enzyme in the vir pathway should be required for complete reduction. When we 

expressed the SDR VirG with VirA-D, complete conversion of 4 to 3 was observed (Figure 

S7A). The function of VirG was further verified using purified enzyme (Figure S4 and S7C). 

To identify the enzyme responsible for hydroxylation of 3, we screened the remaining redox 

enzymes through coexpression analysis. Upon introducing virE which encodes the lone 

P450 in the gene cluster into the strain that produces 3, we observed formation of the 

hydroquinone 2 (Figure S7A). Functional verification was performed using microsomal 

Liu et al. Page 4

J Am Chem Soc. Author manuscript; available in PMC 2020 June 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



fractions of S. cerevisiae RC0118 expressing VirE. Hydroxylation of 3 to 2 was confirmed in 

the in vitro assay, while no hydroxylation of 4 was detected (Figure S7B).

To complete the biosynthetic pathway to 1, we introduced additional genes to the virA-G 
expression strain. Expression of the flavin-dependent enzyme VirI and the cupin-domain 

containing protein VirH led to the emergence of 10 (MW 302), which has a UV spectrum 

(Figure S8) consistent with that of the epoxycyclohexene-1,4-dione shown in Figure 2D. 

However, the quantity of this compound was too low for structure identification. We propose 

that VirI may oxidize 2 to form the quinone, while VirH performs the epoxidation, a two-

step reaction that is proposed for the same moiety in asukamycin.19 Finally, since 

coexpressing all the genes in the pathway afforded 1, we deduce that the two remaining SDR 

enzymes, VirK and VirL are responsible for reducing the ketones in 10 to the corresponding 

alcohols to furnish the epoxycyclohexanol structure in 1. Interestingly, the stereo 

configurations of 1,4-diol in 1 are different from related compounds (Figure 1), suggesting 

that the ketone reductions catalyzed by VirK and VirL have different stereochemical 

outcomes than the other SDRs.

In summary, we mined and verified the vir pathway that is responsible for biosynthesis of 

salicylaldehyde 4 and epoxycyclohexenol 1. Our work unraveled new biosynthetic logic in 

which β-hydroxyl groups in a highly reduced polyketide are selectively reoxidized to the 

corresponding β-ketones to enable intramolecular aldol condensation and form an aromatic 

product, which are typically associated with nonreducing and partially reducing PKSs. Our 

study expands the chemical space accessible by HRPKS-containing BGCs, and cautions 

against polyketide product prediction based entirely on the current PKS classifications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Fungal natural products that contain or are derived from the salicylaldehyde core. Trichoxide 

1 is discovered in this work through genome mining and heterologous reconstitution.
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Figure 2. 
Biosynthesis of trichoxide 1 by the vir gene cluster from T. virens Gv29–8. (A) Gene cluster 

comparison between vir and srd clusters shows the vir cluster contains more redox enzymes. 

Enzyme/domain abbreviations: KS: ketosynthase; MAT: malonyl-CoA:ACP transacylase; 

DH: dehydratase; ER: enoylreductase; KR: ketoreductase; ACP: acyl-carrier protein; P450: 

cytochrome P450 monooxygenase; (B) Metabolite analysis of heterologous reconstitution of 

the vir cluster in A. nidulans; (C) Enzymatic assays of SDR-like enzymes. (D) Proposed 

biosynthetic pathway of 1.
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