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Abstract

The penta-substituted pyridine natural products harzianopyridone and atpenins are potent 

inhibitors of mitochondrial complex II. We identified the pathways of these compounds from their 

fungal producers, and uncovered the biosynthetic steps require multiple iterative enzymes. In 

particular, a methyltransferase and a flavin-dependent monooxygenase are used iteratively to 

introduce C5 and C6 methoxy groups. The pathway unexpectedly requires the installation and 

removal of a N-methoxy group, which is proposed to be a directing group that tunes the reactivity 

of the pyridone ring, possibly through the alpha effect.

Graphical Abstract

Oxidative phosphorylation (OXPHOS) is an energy generating process that takes place in 

the inner membrane of prokaryotic and mitochondria of eukaryotic organisms, and is an 

attractive target for antifungal and anticancer therapies.1 Potent natural products that 

selectively target one of the five complexes (I-V) in OXPHOS have been identified and have 
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entered clinical development.2 Among them, the fungal 2-pyridones harzianopyridone 13 

and atpenin A54 are nanomolar inhibitors of mammalian succinate ubiquinone 

oxidoreductase (mitochondrial complex II, CII) (Figure 1).5 Structures of these compounds 

closely match that of the electron carrier ubiquinone with their penta-substituted pyridine 

cores.6 The C5 and C6 methoxy groups in 1 and atpenin match to those present in 

ubiquinone, and are not found in any other 2-pyridone natural products. 7 Because of the 

exceptionally potent activities of 1 and atpenin A5, these compounds have been the subjects 

of numerous total synthesis efforts,8–11 as well as structure-activity-relationship studies.12,13 

The synthetic strategy relies on the C3-C7 coupling between a fully functionalized 

organometallic pyridine nucleophile with the corresponding acyl aldehyde, both requiring 

lengthy synthetic steps to prepare. It is therefore interesting to compare Nature’s logic in 

enzymatically generating the heavily substituted pyridone compounds. However, the 

biosynthetic strategies to produce 1 and atpenin are not known; and no biosynthetic gene 

clusters (BGCs) have been reported.

Based on the biosynthesis of other 2-pyridone natural products such as tenellin,14 (Figure 1) 

as well as isotope feeding studies of 1,15 both 1 and atpenin are proposed to derive from a 

polyketide-amino acid containing tetramic acid, which is produced by a polyketide synthase-

nonribosomal peptide synthetase (PKS-NRPS). In the pathways of tenellin16 and leporin,17 a 

ring expansion P450 (P450RE) catalyzes a radical-mediated ring expansion to afford a 4-

hydroxy-3-acyl-2-pyridone intermediate. Subsequent hydroxylations and methylations 

catalyzed by flavoenzymes and methyltransferases, respectively, can be proposed to install 

the C5- and C6-methoxy groups. Guided by this proposal, we searched for a candidate BGC 

of 1 from the genome of Trichoderma harzianum, a reported producer.3 We found one BGC, 

renamed the har BGC, to contain homologs of both PKS-NRPS (HarA) and P450RE (HarG) 

(Figure 2A and Table S1). Also encoded in the gene cluster are the enoylreductase (ER) 

(HarE) that partners with PKS-NRPS, two flavin-dependent monooxygenases (FMOs) 

(HarC and HarF), an additional P450 (HarD), and an O-methyltransferase (O-MT) (HarB). 

HarD is predicted to be a N-hydroxylase based on homology to characterized enzymes. 18 

The functional predictions of the genes in the cluster are therefore consistent with the 

structural features in 1, with the exception of the putative N-hydroxylase HarD.

We investigated the metabolites produced by har BGC using Aspergillus nidulans A1145 

ΔEM19 as a heterologous expression host (Figure 2B). When HarA-HarF were coexpressed, 

we detected biosynthesis of several new metabolites (Figure 2B, i and vii). We confirmed 

that indeed 1 is biosynthesized at 0.5 mg/L (Figures S19–S23, Table S4). Also produced are 

5-phenyl-2-pyridone 3 at 5 mg/L (Figures S29–S33, Table S6), and two minor metabolites 6 
and 7 that are N1-methoxylated 2-pyridones. Whereas 6 is not substituted at C5 and C6 (2.5 

mg/L, Figures S44–S48, Table S9), 7 contains a C5-methoxy group (3 mg/mL, Figures S49–

S53, Table S10). The presence of N-methoxy in 6 and 7 was surprising considering 1 does 

not contain this modification, although this agrees with the role of the predicted N-
hydroxylase HarD.

Different combinations of har genes were then expressed in A. nidulans to probe individual 

enzyme functions (Figures 2B and S1). When HarA and HarE were coexpressed, the 

tetramic acid 2 was produced at 7.5 mg/L (Figure 2B, ii, Figures S24–S28, Table S5), 
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consistent with the functional assignment of these two enzymes. This shows L-tyrosine is 

incorporated by the NRPS module of HarA, and a phenol cleavage step20 is required to give 

1. When HarG, the proposed P450RE was coexpressed with HarA and HarE, 3 and 4 were 

formed (Figure 2B, iii). Compound 4 was structurally verified to be the dephenylated 2-

pyridone (7.5 mg/L, Figures S34–S38, Table S7). The co-emergence of 3 and 4 suggests that 

HarG is responsible for both ring expansion and phenyl-cleavage steps. We verified that 3 
cannot undergo phenyl cleavage when supplied to A. nidulans expressing HarG, which 

indicates this compound is a shunt product. Cox and coworkers proposed a radical 

mechanism for the ring expansion of tetramic acid in tenellin biosynthesis, during which the 

6-hydroxy-dihydropyridone such as 8 is a proposed intermediate.20 Subsequent dehydration 

of 8 can produce 3. We propose that if the P450RE heme-iron can be reduced prior to 

dehydration of 8, the enzyme can further catalyze oxidation of the phenyl ring of 8, which 

can lead to loss of quinone and give 4 (mechanism in Figure S2).

We next determined which remaining enzymes install the methoxy groups in 4 to give 1. 
Only coexpression of the P450 HarD with HarAEG led to transformation of 4 to the N-
hydroxy pyridone 5 (0.5 mg/L, Figures 2B, iv and S39–S43, Table S8). Further coexpression 

of O-MT HarB led to the emergence of 6 and 7 (Figure 2B, v). While methylation of 5 to 6 
fits with the predicted function of HarB, methoxylation of C5 in 6 to give 7 is not expected. 

Based on yeast biotransformation and in vitro assays described below, we conclude 

formation of 7 here may be due to crosstalk with A. nidulans endogenous enzymes. Finally, 

when the FMO HarC was expressed together, formation of 1 was observed (Figure 2B, vi). 

The other FMO HarF is not essential in the reconstitution of 1, which is in agreement with 

the observed ancillary role of the homologs in other pyridone pathways.20 Therefore, 

HarABCDEG represents the minimal set of enzymes needed to biosynthesize 1 (Figure 2C). 

Using the har BGC as a guide, we identified homologous clusters in fungal genomes (Figure 

S18), including the apn BGC from Penicillium oxalicum, the known atpenin producer 

(Figure 2A, Table S1).4,21 The apn BGC contains additional genes possibly involved in the 

chlorination steps. Indeed, heterologous expression of the same set of enzymes 

(ApnABCDEG) in A. nidulans produced atpenin B at 0.3 mg/L (Figure S17, Table S11).

To examine whether 6 and 7 are pathway intermediates, we performed biotransformations 

using Saccharomyces cerevisiae (Table 1, Figures S3–S6). Compounds 4–7 were 

individually fed to yeast expressing combinations of HarB, HarC and HarD. All four 

compounds are bona fide biosynthetic intermediates, as each can be biotransformed into 1 
(entries 3, 7, 11 and 14). Compound 4 was oxidized to 5 by HarD (entry 1), which was 

methylated by HarB to form 6 (entries 2 and 5). N-methoxylation is required for the 

formation of 1, as 4 was not consumed by HarB and HarC without HarD (entry 4), nor was 5 
oxidized in the presence of HarC only (entry 8). The biotransformation of 5 into 1 by HarB 

and HarC demonstrates that HarB is responsible for all O-methylation reactions, while HarC 

is required for both C5 and C6 hydroxylations. The requirement of HarC in transforming 6 
to 7 and 1 suggests emergence of 7 in A. nidulans expressing ABDEG (Figure 2B, v) was 

likely due to endogenous monooxygenases. When 6 was fed to yeast expressing only HarC, 

we detected a new compound 10 with m/z (+) 286 (entry 9) (Figure S5), which was 

proposed to be a C5, C6 di-hydroxylated dihydropyridone (Figure 3). We were unable to 
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characterize 10 since it was readily degraded during purification. Lastly when 7 was fed to 

yeast expressing only HarC, no product could be identified although 7 was consumed (entry 

12), indicating formation of an intermediate that degrades in the absence of HarB.

To investigate the iterative activities of HarB and HarC, we performed in vitro assays using 

purified enzymes (Figure S7). Starting with 6, HarB and HarC together were able to produce 

1, with a small amount of 7 detected (Figure S8). The reaction requires both NADPH and 

SAM (Figure S9). The NADPH is required for regeneration of reduced flavin after the 

hydroxylation reaction. Adding HarC alone to 6 led to decrease in 6 and formation of 10. In 
vitro conversion of 7 to 1 by HarB and HarC was complete within 20 minutes (~20 

turnovers) as shown in Figure S10. 7 was nearly completely consumed by HarC, with no 

detectable product. The enzyme-catalyzed transformations of 6 and 7 to 1 are oxygen 

dependent, as reactions performed under anaerobic conditions did not lead to product 

formation (Figures S12–S13). To investigate the origin of the C5 and C6 oxygen atoms in 1, 

we performed the enzyme assays in the presence of H2
18O. We observed the C7 ketone 

oxygen can exchange with H2
18O and lead to +2 mu (Figure S14B). Therefore, after each 

reaction was completed in H2
18O, the solvent was lyophilized and the samples were re-

equilibrated in in H2
16O before MS analysis (Figure S14A). From 6 to 1, we observed a +2 

increase in MW of 1, which indicates one of the C5 and C6 oxygens in 1 is derived from 

H2O (Figure S15). The +2 increase was also observed in the conversion of 7 to 1 (Figure 

S16). These labeling results implicate that the first oxygen atom introduced into 6 to form 7 
is from molecular oxygen, while the second oxygen introduced to convert 7 to 1 is from 

water instead of O2 or a methoxy migration.

Our analysis of the biosynthesis of 1 has revealed unexpected biosynthetic logic and raises 

mechanistic questions (Figure 3). For example, installation of the N-OMe group followed by 

its removal in the last step is an interesting strategy. One could propose this is a protective 

group to prevent N-methylation by the iterative HarB. However, assays in which 4 or 1 was 

incubated with HarB did not result in N-methylation. Alternatively, we propose N-methoxy 

group serves as a directing group that increases nucleophilic character of the nitrogen 

through the alpha effect.22 The increased nucleophilicity of N1 promotes electrophilic 

aromatic substitution (EAS) of 6 at C5 to give 9, using flavin hydroperoxide as an 

electrophile. In the absence of HarB, 9 can form 10, either via direct water attack at C6 or 

through an epoxide intermediate 11. HarB could facilitate the aromatization of 9 to 12, 

followed by C5-O-methylation to give 7.

Following EAS, the N-methoxy directing group can be removed as methanol via a reaction 

analogous to the Bamberger rearrangement.23 It remains unresolved how the redox neutral 

conversion from 7 to 1 requires aerobic conditions, while the oxygenation originates from 

water. As shown in Figure 3, an active site nucleophile (Nu), which we proposed could be 

flavin peroxide (Fl-OO−) to account for the O2 requirement, can attack C5 to drive the 

ejection of methanol and yield 13. Elimination of the Nu can form the labile cation 14. HarB 

may facilitate the attack of water at C5 to form the hemiacetal 15, followed by a semi-

pinacol like rearrangement to 16. 16 can rearomatize to 17 and be subjected to C5-O-
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methylation by HarB to give 1. It may also be possible for a direct water attack at C6 of 14, 

followed by aromatization and C6-methylation to give 1.

In summary, our work revealed the enzymatic steps in the biosynthesis of 1 and related 

penta-substituted pyridines. Notably, four of the six enzymes (HarA, G, B and C) perform 

iterative catalysis, which underscores the highly programmed and unpredictable functions of 

fungal biosynthetic enzymes.24

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Structures of ubiquinone and 2-pyridone natural products.

Bat-Erdene et al. Page 7

J Am Chem Soc. Author manuscript; available in PMC 2020 November 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Putative biosynthetic pathway of harzianopyridone 1. (A) The har and apn BGCs. 

Abbreviations: KS: ketosynthase; MAT: malonyl-CoA:ACP acyltransferase; DH: 

dehydratase; MT: methyltransferase; KR: ketoreductase; ACP: acyl-carrier protein; C: 

condensation; A: adenylation; T: thiolation; and R*: Dieckmann cyclization; TF: 

transcriptional factor; MFS: major facilitator superfamily transporter; (B) HPLC analysis of 

metabolites produced by the heterologous host A. nidulans. For each trace, gene indicated in 

red represents addition from the previous construct. Other combinations are in Figure S1. 

(C) Proposed biosynthetic pathway of 1.
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Figure 3. 
Proposed functions of FMO HarC and O-MT HarB in biosynthesis of 1.
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Table 1.

Yeast biotransformation of biosynthetic intermediates
a

entry substrate HarD HarB HarC product(s)

1 4 + − − 5

2 4 + + − 6

3 4 + + + 1 (>95%), 7

4 4 − + + No conversion

5 5 − + − 6

6 5 + + − 6

7 5 − + + 1 (>95%), 7

8 5 − − + No conversion

9 6 − − + 10

10 6 − + − No conversion

11 6 − + + 1 (>90%), 7, 10

12 7 − − + No conversion
b

13 7 − + − No conversion

14 7 − + + 1

a
All substrates fed at 33 μM to S. cerevisiae expressing the indicated combination of enzymes.

b
the substrate was consumed, but no products were detectable by LCMS.
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