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Abstract

Prenylated indole alkaloids (PIAs) possess great structural diversity and biological activities. 

Despite lots of efforts in investigating the biosynthetic mechanism, the key step of transforming 

the 2,5-diazabicyclo[2.2.2]octane-containing PIAs to a distinct class of pentacyclic compounds 

remains unknown. Here, using a combination of gene deletion, heterologous expression, and 

biochemical characterization, we show that a unique fungal P450 enzyme CtdY catalyzes 

the cleavage of the amide bond in the 2,5-diazabicyclo[2.2.2]octane system, followed by a 

decarboxylation step to form the 6/5/5/6/6 pentacyclic ring in 21R-citrinadin A. We also 

demonstrate the function of a subsequent cascade of stereospecific oxygenases to further modify 

the 6/5/5/6/6 pentacyclic intermediate en route to the complete 21R-citrinadin A biosynthesis. Our 

findings reveal a key enzyme CtdY for the pathway divergence in the biosynthesis of PIAs and 

uncover the complex late-stage post-translational modifications in 21R-citrinadin A biosynthesis.

Introduction

Fungal prenylated indole alkaloids (PIAs) bearing 2,5-diazabicyclo[2.2.2]octane display 

diverse structural complexity and biological activities, making them attractive synthetic 

targets and raising broad interests in studying their biosynthesis.1,2 Fungal PIAs are 

comprised of primary two types: diketopiperazines (DKPs), such as stephacidin A (1), 

notoamide B (2), and brevianamide A (3); and monoketopiperazines (MKPs), including 

malbrancheamide (4), paraherquamide A (5), and chrysogenamide A (6) (Figure 1A).3–

11 The dipeptide precursors of these PIAs are biosynthesized by nonribosomal peptide 

synthetases (NRPSs) containing the terminal condensation or reductase domains with 

different release mechanisms (Figure S1). Followed by the reverse prenylation of the indole 

moiety in the cyclodipeptide precursor, the azadiene moiety and the dienophile isoprene 
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undergo an intramolecular [4+2] hetero-Diels-Alder (DA) reaction to construct the 2,5-

diazabicyclo[2.2.2]octane system.12 Recently, several different classes of Diels-Alderases 

(DAases) were reported to facilitate the DA reaction and strictly control the specific 

stereochemistry of bridged bicyclic adducts.13–15 In addition to the PIAs containing the 

2,5-diazabicyclo[2.2.2]octane ring structure, another distinct class of fungal PIAs including 

cyclopiamine A (7), citrinalin A (8), PF1270 A (9), and citrinadin A (10), possess unique 

6/6/5/5/6/5 hexacyclic or 6/5/5/6/6 pentacyclic spiroindolinone scaffolds (Figure 1A).16–19

Recently, we and others have elucidated the early steps of 21R-citrinadin A biosynthesis. 

Briefly, CtdK, CtdL, and CtdM sharing high homology to CndG, CndF, and CndE might 

be involved in the biosynthesis of the key building block (2S,6S)-6-methyl-L-pipecolate 

(Figure S2),20 which is incorporated into the production of the MKP precursor by the NRPS 

CtdQ.21 A subsequent reverse prenyltransferase (PT) CtdH21 and a specific α-anti-selective 

DAase CtdP produce the 2,5-diazabicyclo[2.2.2]octane-containing intermediate 12, which is 

then further prenylated by the other PT CtdU and oxidized to 14 with the 3S-spirooxindole 

moiety via semipinacol rearrangement by a flavoprotein monooxygenase (FPMO) CtdE21 

(Figure 1B). Unlike 21R-citrinadin A possessing the 6/5/5/6/6 pentacyclic structure, the 

intermediate 14 has the 2,5-diazabicyclo[2.2.2]octane bridged ring system (Figure 1A 

and 1B). Similarly, the 2,5-diazabicyclo[2.2.2]octane-containing compound citrinalin C 

was identified from P. citrinum F53, the producer of citrinalin A (8)2 in isotope feeding 

studies, suggesting that the pentacyclic structure could be derived from the [2.2.2] bridged 

ring-containing MKP progenitors (Figure S1). However, the biosynthetic steps of such a 

transformation remain unclear.

The synthesis of the pentacyclic system from the 2,5-diazabicyclo[2.2.2]octane system 

could undergo the cleavage of the amide bond, however, typical amide bonds featuring 

high resonance energy (nN→π*C=O conjugation, 15–20 kcal/mol) are pretty stable.22 

Synthetically, multiple approaches were developed to break amide bonds, including 

geometric alteration of the amide bond by twisting or pyramidalization, and electronic 

delocalization to unlock the ground-state destabilization of amides.23,24 Meanwhile, most 

reported enzymes cleave amide bonds by hydrolysis, of which proteases, peptidases, 

amidases, amidohydrolases, and acylases are the most common types.25 Moreover, 

resistance-related β-lactamases specifically hydrolyze the amide bond in β-lactam 

antibiotics, thereby inactivating the drug.26 A glycosyltransferase OGT as well as a YcaO 

enzyme MusD were recently reported to facilitate the hydrolysis of the peptide amide 

bond.27,28 Distinctively, a Mn(II)-dependent toxoflavin lyase TflA enables the oxidative 

degradation of the amide in toxoflavin (Figure S3).29 However, after detailed bioinformatic 

analysis, none of enzymes encoded by the reported biosynthetic gene cluster (BGC) of 21R-

citrinadin A belong to the families mentioned above.21 Therefore, uncovering enzymes for 

deconstructing the 2,5-diazabicyclo[2.2.2]octane might reveal a new biosynthetic strategy 

to break the amide bond. In addition to the distinct 6/5/5/6/6 pentacyclic scaffold, 21R-

citrinadin A features an N, N-dimethylvaline ester unit, an α, β-epoxy-carbonyl moiety, and 

a C-9 hydroxyl group,18,30 which indicates a variety of enzymatic modification are involved 

in the late-stage biosynthesis of 21R-citrinadin A, intriguing our further investigation.
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Herein, we studied the biosynthetic pathway of 21R-citrinadin A via a combination of 

gene inactivation, heterologous expression, precursor incorporation, and in vitro biochemical 

analysis. Our results reveal a unique cytochrome P450 oxygenase CtdY catalyzing the 

amide bond cleavage and decarboxylation to form the key 6/5/5/6/6 pentacyclic scaffold 

with an unprecedented mechanism. Moreover, we demonstrate that a set of oxidoreductases 

consisting of CtdG, CtdR, CtdV, and CtdJ perform the multistep redox reactions on the core 

structure with strict regio- and stereo-selectivity to install the complete 21R-citrinadin A 

structure.

Results and Discussion

Probing related enzymes for deconstructing 2,5-diazabicyclo[2.2.2]octane system

21R-citrinadin A (10) is one of the main metabolites discovered in P. citrinum ATCC 

9849 and its putative BGC ctd contains 21 genes based on previous studies and 

bioinformatic analysis (Figure 2A).15,21 To pinpoint genes related to the deconstruction 

of 2,5-diazabicyclo[2.2.2]octane, we individually knocked out uncharacterized genes in ctd 
gene cluster that might have a putative redox function, including four P450-encoding genes 

(ctdT, ctdF, ctdG, and ctdY), two α-ketoglutarate (α-KG)-dependent oxygenase-encoding 

genes (ctdV and ctdJ), and one NrmA-like enzyme-encoding gene (ctdR) by the split marker 

recombination approach (Figure S4).31 As revealed by LC-MS, ΔctdT and ΔctdF mutants 

still produce 10 (Figure 2A–vii, viii), indicating CtdT and CtdF are not involved in the 

biosynthesis of 10, while ΔctdV, ΔctdJ, ΔctdG, ΔctdR, and ΔctdY mutants completely 

abolished the production of 10 (Figures 2B, S5A, and S5B). The ΔctdV mutant accumulated 

a major product 15 with m/z 609 [M+H]+, along with one minor product 16 with m/z 466 

[M+H]+ (Figure 2B–ii). These compounds were isolated and characterized by 1D and 2D 

NMR spectroscopy. Both compounds 15 and 16 lacked the C-18 hydroxyl group but the N, 

N-dimethylvaline ester group at C-14 in 10 was absent in 16 (Figure 2C and Table S5–S6). 

In addition, compound 17 produced by ΔctdJ mutant was similar to 16 while it retained 

the hydroxyl group at C-18 (Figure 2B–iii and Table S7). These results implicated CtdV 

and CtdJ as C-18 and C-14 hydroxylases respectively. CtdG shares 45% sequence identity 

with CloA which transforms the hydroxyl group of elymoclavine into the carboxyl group 

to provide paspalic acid in the biosynthetic pathway of ergoline alkaloid, suggesting that 

CtdG may catalyze successive oxidation at the same site.32 Compound 18 with m/z 611 

[M+H]+ accumulated in the ΔctdG mutant was isolated and identified by NMR (Figure 

2B–iv, 2C, and Table S8). The missing δC 194.9 ppm signal and the appearance of δC 32.7 

ppm in 13C NMR spectrum indicated the methylene group rather than the carbonyl group 

in C-20 of 18. Therefore, CtdG might be responsible for the oxidation of the methylene 

in the epoxyprenyl side chain to form the α, β-epoxy-carbonyl moiety. Furthermore, the 

ΔctdR mutant generated an iminium intermediate 19 identified in previous studies (Figure 

2B–v and 2C).15 All intermediates purified from the above mutants still have the 6/5/5/6/6 

pentacyclic scaffold, indicating there is another enzyme responsible for the deconstruction of 

the 2,5-diazabicyclo[2.2.2]octane ring in citrinadins. Finally, we isolated a new intermediate 

20 from the ΔctdY mutant, which was proven to maintain the 2,5-diazabicyclo[2.2.2]octane 

moiety, as supported by the HMBC correlation from H-25 to C-30 and other 1D and 2D 
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NMR spectra (Figures 2–Bvi, 2C, and Table S9). Thus, CtdY was proposed to be the key 

enzyme for the deconstruction of the 2,5-diazabicyclo[2.2.2]octane.

Functional characterization of CtdY

To further explore the function of CtdY, we reconstituted CtdY in A. nidulans A114533, 

which contains three auxotrophic markers and is widely used as a heterologous host for 

gene expression. The feeding of 20 to CtdY-containing A. nidulans led to the production 

of a new compound 21 (Figure 3A–ii). Based on its chemical formula was determined to 

be C27H38N3O2
+ (m/z 436.2949 [M]+, calculated for C27H38N3O2

+, 436.2959) deduced by 

HR-ESI-MS data (Figure S6A) indicating the loss of one carbon and one oxygen compared 

with 20, CtdY might remove a carbonyl group to produce a putative iminium cation 

intermediate 21 (Figure 3B). However, the structure of 21 is difficult to be characterized 

by NMR data due to its instability. Alternatively, we found that 19 purified from ΔctdR 
mutant shares the same iminium cation moiety as 21 but with an additional carbonyl group 

in the isopentenyl side chain and an extra methyl at N-25, so we hypothesized that 21 might 

undergo further methylation and oxidation to synthesize 19. Additionally, the abolishment 

of the methyl group at N-25 in an off-pathway shunt compound 25 produced by the ΔctdS 
mutant suggested that CtdS catalyzed the N-methylation at N-25 (Figures S5C, S7, and 

Table S10). Meanwhile, CtdG was demonstrated to oxidize the CH2 to C=O based on 

gene knockout results, which was further verified by the biotransformation of 18 to 10 
accomplished by CtdG-expressing A. nidulans strain (Figure S8).

To further illustrate CtdY function, we then performed feeding experiments of 20 to A. 
nidulans expressing the different combination of CtdY, CtdS, and CtdG. A. nidulans strain 

with CtdY and CtdS can transform 20 to a new compound 22 with C28H40N3O2
+ (m/z 

450.3112 [M]+, calculated for C28H40N3O2
+, 450.3115) revealed by HR-ESI-MS data 

(Figures 3A–iii, 3B, and S6B). We further characterized a stable derivative 22R by the 

reduction of C=N bond of 22 with NaBH4 by HR-ESI-MS data and NMR spectra (Figure 

S6 and Table S13). Interestingly, feeding of 20 to A. nidulans expressing CtdY, CtdG, and 

CtdS led to the production of 19 verified by LC-MS analysis (Figure 3A–iv and 3B). The 

dramatically decreased biotransformation efficiency of 20 to the demethylated-19 by the A. 
nidulans strain containing CtdY and CtdG suggested that the methylation of CtdS might 

be required prior to the oxidation of CtdG (Figure S9). These results reveal that CtdG 

may catalyze successive oxidation to provide the α, β-epoxy-carbonyl moiety and CtdS is 

responsible for the methylation at N-25. The identification of 22R and the biotransformation 

of 20 to 19 strongly support the proposed chemical structure of 21 with the iminium cation 

produced by CtdY (Figure 3B).

We subsequently cloned ctdY from P. citrinum cDNA and expressed it in Saccharomyces 
cerevisiae RC01, which contains an integrated copy of cytochrome P450 reductase from 

A. terreus.34 Since P450 CtdY was predicted to contain a transmembrane domain of 27 

amino acids by the TMHMM program (Figure S10),35 we prepared microsomes containing 

CtdY and then performed the in vitro assays. Compared with the control assay, the CtdY-

containing microsomes successfully transformed 20 to 21, which further confirmed the 

function of CtdY (Figure 3A–vi, vii).

Liu et al. Page 4

J Am Chem Soc. Author manuscript; available in PMC 2024 April 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



To obtain further insight into the active-site architecture of CtdY, we constructed the enzyme 

model with heme by AlphaFold2 and I-TASSER (Figure 3C).36,37 Molecular docking with 

substrate 20 identified an amino acid residues (Figure 3D). The site-directed mutagenesis 

of these amino acids led to the generation of CtdY variants which were performed by 

microsomal in vitro assays to reveal their catalytic residue functions (Figure 3E). Notably, 

the catalytic efficiencies of the P218A and F486A mutants were increased by 50% and 

30%, respectively. Since the access channel of CtdY predicted by Caver revealed that P218 

and F486 were at the gate of the catalytic channel (Figure 3C),38 we hypothesize that the 

smaller alanine substitutions might facilitate the substrate to enter the catalytic sites.39 The 

mutation of non-polar amino acids L102, F110, F300, and I365 into alanine completely 

eliminated the catalytic activity while the activity of F119A and M308A was reduced 

by 50% and 70% respectively. These non-polar amino acids might play a critical role in 

substrate binding through hydrophobic interactions. The catalytic activity of the N106A 

mutation decreased by 50% indicating N106 might form a hydrogen bond with the amide 

bond to stabilize the intermediate. S305A also completely abolished the enzymatic activity 

of CtdY while the S305C and S305V mutations exhibited comparable catalytic activity to 

wild type indicating S305 may play a steric effect rather than a catalytic role. Furthermore, 

the catalytic activity of the H304A mutation was also completely abolished. Considering 

that the distance between H304 and the epoxy of 19 was only 2.3 Å, we proposed H304 

might form a hydrogen bond with the epoxy to fix the position of the substrate in the 

catalytic center for substrate reorganization.

Fungal P450s are structurally and functionally diverse enzymes that usually perform rate-

limiting reactions in the biosynthesis of natural products.40 They usually mediate a typical 

monooxygenation reaction via the canonical ‘oxygen rebound’ mechanism to insert a 

single oxygen atom into C-H, C=C, N-H, or S-H bonds.41 With an increasing number 

of characterized P450s, the substrate radical generated by the high active oxoiron(IV) 

species can initiate more complex oxidation such as C–C bond formation and cleavage.40,42 

Notably, the nucleophilic attack of the heme-FeIII hydroperoxide complex contribute to 

realizing some uncommon reactions, such as epoxidation catalyzed by Fma-P45043,44, 

and C–C bond cleavage mediated by Baeyer-Villiger rearrangement catalyzed by CYP 

1745, JCM 146, and SdnB47. Accordingly, we propose the CtdY catalysis may proceed 

through a mechanism that the carbonyl of the amide bond in 20 might be attacked by 

heme-FeIII hydroperoxide species resulting in the cleavage of the C-N bond. The subsequent 

decarboxylation initiated by the attack of N-11 provided the iminium intermediate 21 
(Figure 3F). Moreover, the carbon dioxide detection assay with the screening kit detected the 

production of CO2 in CtdY assays which further supports the proposed catalytic mechanism 

(Figure S11). To our best knowledge, it is distinct that a P450 can achieve the cleavage 

of the amide bond accompanied by the carbonyl elimination. In the sequence similarity 

network, the node representing CtdY only established a connection with PaxQ, a P450 

required for the hydroxylation in paxilline biosynthesis,48 indicating CtdY is distinct from 

other fungal P450s (Figure S12).
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Uncover the cascaded late-stage modification in the biosynthetic pathway

Having elucidated the key enzyme for breaking the bridged bicyclic system, we then focused 

on the remaining essential enzymes for post-modification of 10. NmrA-like proteins were 

previously regarded as the transcriptional nitrogen metabolism repressor or redox-sensing 

regulators, and usually show no catalytic function.49–51 However, CtdP belonging to this 

family has been reported to participate in the DA reaction and reduce the iminium in a redox 

cycle with NADP+. Considering the high sequence identity (42.5%) between CtdR and CtdP 

and the accumulation of the iminium-containing compound 19 in ΔctdR mutants, CtdR was 

proposed as the key enzyme catalyzing iminium reduction. To further verify the hypothesis, 

we overexpressed and purified the C-His-tagged form of the CtdR protein from Escherichia 
coli BL21(DE3) (Figure S13) and carried out the in vitro assays. As a result, 19 was 

successfully converted to the product 16 of the ΔctdV mutant when incubated with CtdR and 

NADPH/NADH (Figure 4A–i–iii). And the reduction of the C=N provided a newly formed 

R-configuration stereo center at C-16 in 16, as confirmed by the NOE correlation between 

H-16 and H-27 (Table S6). Our results reveal that CtdR can serve as an example of reduction 

activity achieved by the NmrA-like enzyme (Figure 4B).

Based on the gene deletion results, both α-KG-dependent oxygenases CtdV and CtdJ 

were proposed to introduce the hydroxyl group at C-18 and C-14, respectively. To further 

demonstrate their biochemical function in vitro, CtdV and CtdJ were purified from E. 
coli BL21(DE3) (Figure S13). We found that incubation of CtdV with FeSO4 and α-

ketoglutarate completely converted 16 to C-18 hydroxylated 17 within 1h (Figures 4A–iv, 

v, and S14), whereas CtdV was unable to hydroxylate 15 which only features an additional 

N, N-dimethylvaline ester group at C-14 (Figure S15). It indicates that CtdV exhibits a 

narrow substrate specificity and 16 is its natural substrate. Furthermore, in the appearance 

of FeSO4 and α-ketoglutarate, CtdJ could convert 17 to a new compound 23 (Figures 4A–

vi, vii, and S14), which was demonstrated to be the same intermediate when we knocked 

out ctdD encoding a single-module NRPS (Figure S5 and Table S11). Furthermore, the 

remaining methyltransferase-encoding gene ctdC was deleted to yield compound 24 without 

the dimethyl group at N-3’ suggesting that N-methylation of valine was catalyzed by CtdC 

and it might be the final step in the biosynthesis of 21R-citrinadin A (Figure S5 and Table 

S12). Collectively, these results unambiguously elucidated the late-stage modification in 

the biosynthesis of 10 that CtdR reduced the moiety to produce 16; then CtdV and CtdJ 

facilitated the continuous oxidation of 16 with strict regioselectivity and stereoselectivity to 

provide 23; the NRPS CtdD further assemble 23 with L-valine to yield 24; and finally, the 

methylation of 24 at N-3’ by CtdC lead to the production of 10 (Figure S16).

Eventually, we introduced eight genes including ctdY, ctdS, ctdG, ctdR, ctdV, ctdJ, ctdD, 
and ctdC simultaneously in A. nidulans accompanied by feeding substrate 20, resulting 

in the production of final compound 10 in the heterologous strain (Figure 4C). These 

results reveal that eight enzymes are indispensable and sufficient for the post-translational 

modification pathway from 20 to 10. In addition, we also found that most of the 

intermediates we isolated from the knockout strains constructed in this work contain an 

epoxy group in the isopentenyl side chain. Thus, we hypothesize that the deconstruction of 

the 2,5-diazabicyclo[2.2.2]octane happens after the epoxidation. This was also verified by 
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incubation of an intermediate 14 without the epoxy group with CtdY-containing microsome 

and no conversion was observed (Figure S17). Thus, the functions of all the biosynthesis-

related genes in ctd have been attributed, but we did not find any genes in ctd involved in the 

epoxidation of precursor 14 to form 20. The formation of the epoxy group may be related to 

the genes outside ctd BGC.

Conclusion

In this work, we characterized a distinct P450 CtdY by gene deletion, heterologous 

expression, and in vitro assays. We propose CtdY can specifically disrupt the amide bond 

and remove the carbonyl group in the 2,5-diazabicyclo[2.2.2]octane system to provide the 

6/5/5/6/6 pentacyclic scaffold with the iminium cation moiety. Moreover, seven enzymes 

consisting of CtdS, CtdG, CtdR, CtdV, CtdJ, CtdD, and CtdC are verified to complete the 

subsequent post-translational modification to produce the final compound 21R-citrinadin 

A. The elucidation of CtdY provides a new enzymatic machinery for cleavage of amide 

bond, expands the scope of reactions catalyzed by fungal P450s, and lays the foundation 

for genome mining of indole alkaloids with the pentacyclic structure. The deep insight 

into the redox enzymes exhibits their potential as biocatalysts and highlights the late-stage 

diversification of fungal indole alkaloid biosynthesis.
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Figure 1. 
Chemical structures of representative diketopiperazines (DKPs), monoketopiperazines 

(MKPs), and another class of PIAs (A); and proposed biosynthetic pathway of 21R-

citrinadin A (B).
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Figure 2. 
Identification of genes related to deconstruction of 2,5-diazabicyclo[2.2.2]octane system. 

(A) The putative ctd gene cluster from P. citrinum ATCC 9849. (B) LC-MS analysis 

(extracted ion chromatogram, EIC) of P. citrinum wildtype (WT) and ctd knockout mutants. 

(i) P. citrinum WT, (ii) ΔctdV, (iii) ΔctdJ, (iv) ΔctdG, (v) ΔctdR, (vi) ΔctdY, (vii) ΔctdT, 

(viii) ΔctdF. EIC (+) traces of m/z=625 (red), m/z=609 (purple), m/z=466 (pink), m/z=482 

(yellow), m/z=611 (green), and m/z=464 (blue) are in different colors. (C) Chemical 

structures of 15-20 that were confirmed by NMR data. NRPS, nonribosomal peptide 

Liu et al. Page 12

J Am Chem Soc. Author manuscript; available in PMC 2024 April 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



synthetase; MT, methyltransferase; α-KG, α-ketoglutarate-dependent enzyme; FPMO, 

flavoprotein monooxygenase.
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Figure 3. 
Functional characterization of CtdY. (A) LC-MS analysis (EIC) of metabolites from feeding 

experiments and microsomal in vitro assays of CtdY. (i) standards of compound 19 and 20; 

feeding of 20 to A. nidulans with (ii) ctdY, (iii) ctdY and ctdS, (iv) ctdY, ctdS, and ctdG, (v) 

empty vector; (vi) CtdY-containing microsome + 20; (vii) control microsome + 20. (B) The 

proposed biosynthetic pathway from 20 to 19. EIC (+) traces of m/z=464 (blue grey), m/

z=436 (red), m/z=450 (green) are in different colors. (C) The structure model of CtdY-heme 

was generated by AlphaFold2 and I-TASSER and the enzyme channel (colored in red) of 

CtdY was predicted by Caver. (D) Overlay of substrate-binding site view of CtdY-heme-20 
(20 carbons colored in green, residue carbons colored in light blue, and heme colored in rose 

red). Molecular docking was performed using AutoDock vina. (E) Analysis of the relative 

production rate ± standard deviation (SD, three biological replicates) of 20 incubated with 

microsomal CtdY mutants. (F) Proposed enzymatic mechanism of CtdY.
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Figure 4. 
Elucidation of late-stage biosynthesis of 21R-citrinadin A. (A) HPLC analysis of CtdR, 

CtdJ, and CtdV in vitro assays with UV detected at 254 nm. (i) standards of 16, 17, 19, 

and 23, (ii) CtdR + 19 + NADPH/NADH, (iii) 19 + NADPH/NADH, (iv) CtdV + 16 + 

α-ketoglutarate + Fe2+, (v) 16 + α-ketoglutarate + Fe2+, (vi) CtdJ + 17 + α-ketoglutarate 

+ Fe2+, (vii) 17 + α-ketoglutarate + Fe2+. 16, 17, 19, and 23 are colored in blue, rose red, 

yellow, and red, respectively. (B) Proposed biosynthetic pathway of 10 from 19. (C) Mass 

filter analysis of 10 (m/z=625 [M+H]+, colored in pink orange) in heterologous host. (i) 

feeding of 20 to A. nidulans expressing ctdY, ctdS, ctdG, ctdR, ctdV, ctdJ, ctdD, and ctdC. 

(ii) standard of 10, (iii) feeding of 20 to A. nidulans with empty vector. A, adenylation; T, 

thiolation; C, condensation.
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