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a b s t r a c t 

Aspertetranones are a unique class of marine fungal meroditerpenoids characterized by a highly oxygenated, lin- 

ear 6/6/6/6 tetracyclic core fused to an 𝛼-pyrone scaffold. Although the pathway of aspertetranone biosynthesis 

in Aspergillus ochraceopetaliformis has been partially elucidated, the full potential of these compounds remains 

untapped. The structural diversity and enzyme promiscuity of tailoring reactions offer unexplored opportunities 

for the generation of bioactive derivatives through combinatorial biosynthesis. In this study, we identified the 

atn biosynthetic gene cluster responsible for aspertetranone production in deep-sea-derived Aspergillus versicolor 

ADS-F20. Through the systematic heterologous expression of 12 key genes in Aspergillus oryzae , the full pathway 

reconstitution and targeted biosynthesis of 17 metabolites were achieved, thus expanding the known chemical 

space of meroterpenoids. Notably, bioactivity screening identified compound 6 as having potent antibacterial 

and antifungal activities against Vibrio vulnificus ATCC 27562 (MIC = 4.50 𝜇g/mL) and Phytophthora nicotianae 

(MIC = 9.01 𝜇g/mL). Compound 11 demonstrated broad-spectrum anticancer and cytotoxic effects against the K- 

562, MCF7, and PATU8988T cell lines. This study underscores the power of pathway reprogramming and catalytic 

network engineering as versatile strategies for expanding the structural and functional diversity of biosynthetic 

pathway components. 
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. Introduction 

Fungal meroterpenoids represent a structurally diverse class of hy-

rid natural products that incorporate biosynthetic units from terpenoid

nd polyketide pathways [ 1–3 ]. Their complex chemical structures and

road spectrum of bioactivities have made them important scaffolds

or drug discovery [ 4 ]. Among these natural products, aspertetranones

rom marine fungi were the first triketide-sesquiterpenoids reported,

eaturing an unprecedented linear 6/6/6/6 tetracyclic core ( Fig. 1 a).

hey were first isolated from the marine algal-associated fungus As-

ergillus sp. ZL0-1b14 [ 5 ] and later from Antarctic soil-derived As-

ergillus ochraceopetaliformis SCSIO 05702 [ 6 ], and were highlighted as

hot-spot ” structures in Natural Product Reports [ 7 ]. Biological evalua-

ions indicated that aspertetranones A and D at 40 𝜇M concentration

xhibited anti-inflammatory activity (43 ± 2% and 69 ± 2% against

nterleukin-6 and 42 ± 2% and 47 ± 4% against interleukin-1 beta, re-

pectively). Additionally, the analog ochraceopone A was found to have
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bvious antiviral activity toward the H1N1 and H3N2 influenza viruses,

ith IC50 values of more than 20.0 ± 4.10 and 12.2 ± 4.10 𝜇M, respec-

ively. 

In 2024, Yan et al. and Lin et al. independently deciphered the

iosynthetic pathways of ochraceopones and aspertetranones by iden-

ifying and characterizing their respective biosynthetic gene clusters

BGCs) och and ato [ 8 , 9 ]. The biosynthesis of aspertetranones is a com-

lex modular process wherein the characteristic linear tetracyclic scaf-

old is derived from an angular tetracyclic precursor and subsequently

laborated by a multi-enzyme cascade. However, it remains unclear

hether the combinatorial expression of diverse post-modification en-

ymes can generate more derivatives and facilitate one-step directed

ynthesis and whether biosynthetic angular tetracyclic intermediates

ith better biological activity exist. 

Recently, we identified aspertetranone derivatives from Aspergillus

ersicolor ADS-F20, a deep-sea Arctic mud-derived fungus ( Fig. S1 ).

hrough genome mining, we identified the BGC atn and heterologously
 Oceanology, Chinese Academy of Sciences, Qingdao 266000, China. 
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Fig. 1. (a) Chemical structures of the as- 

pertetranone family. (b) Putative gene cluster 

atn from Aspergillus versicolor ADS-F20. PKS: 

polyketide synthase; FMO: flavin-dependent 

monooxygenase; SDR: short-chain dehydroge- 

nase/reductase; P450: cytochrome P450. 
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econstituted the full pathway in Aspergillus oryzae , thereby establish-

ng a robust microbial platform for scalable aspertetranone production.

everaging the remarkable substrate promiscuity of tailoring oxidore-

uctases, including Atn2, Atn5, Atn7, Atn10, and Atn11, we rationally

ngineered this system to generate a structurally diverse derivative li-

rary. This combinatorial biosynthesis strategy not only demonstrated

he flexibility of the aspertetranone pathway but also yielded a rich

hemical repertoire for biological evaluation. Subsequent screening of

he isolated compounds for anti-inflammatory, antimicrobial, and anti-

ancer activities identified a few promising candidates. These findings

rovide important insights into the structure–activity relationships of

spertetranone scaffolds and a foundation for rational drug design and

herapeutic development. 

. Materials and methods 

.1. General experimental procedures 

Unless otherwise specified, all chemicals and antibiotics used in this

tudy were obtained from Aladdin (Shanghai, China), Solarbio (Beijing,

hina), and Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).

PLC-grade solvents were purchased from Merck KGaA Ltd. (Darmstadt,

ermany), and analytical organic solvents for compound isolation and

urification were procured from Fuyu Fine Chemical Co., Ltd. (Tianjin,

hina). Sephadex® LH-20 was purchased from Cytiva (Danaher Cor-

oration, Washington, DC, USA). Both analytical and semi-preparative

PLC were performed on a Thermo ScientificTM VanquishTM UHPLC

ystem (Dionex Softron GmbH, Germering, Germany). LC-HRMS analy-

is was performed using a Bruker Impact HD High-Resolution Q-TOF

ass spectrometer. NMR spectra (1 H, 13 C, 1 H-1 H COSY, HSQC, and

MBC) were obtained with a Bruker Avance III 600 HD (Cryo) MHz

pectrometer. All restriction enzymes were purchased from New Eng-

and Biolabs, Inc. (Ipswich, MA, USA) and Thermo Fisher Scientific

Pittsburgh, PA, USA). The High-Fidelity DNA Polymerase 2 × Phanta

ax Master Mix from Vazyme Biotech (Nanjing, China) was used to am-

lify DNA fragments, whereas the 2 × T5 Super PCR Mix from Tsingke
2

Beijing, China) was used for colony PCR identification. The designing

f the oligonucleotide primers and DNA sequencing were performed

y Sangon Biotech (Shanghai, China). The ClonExpress Ultra One Step

loning Kit (Vazyme Biotech) was used for plasmid construction. The

.Z.N.A.TM Plasmid Miniprep Kit (Omega Biotek, Norcross, GA, USA)

nd E.Z.N.A.TM Gel Extraction Kit (Omega Biotek) were used for plas-

id extraction and DNA fragment purification, respectively. The Ni-NTA

efinoseTM Resin (Settled Resin) for protein purification was acquired

rom Sangon Biotech. The FlexiRun premixed gel solution for SDS-PAGE

as obtained from MD Bio (Qingdao, China). All 19 test strains were

urchased from the China General Microbiological Culture Collection

enter and China Center of Industrial Culture Collection. 

.2. Strains and media 

The aspertetranone-producing marine-derived fungus A. versicolor

DS-F20 was cultivated at 30°C for 10 days on PDA medium (Becton

ickinson and Company, Franklin Lakes, NJ, USA) supplemented with

.3% sea salt. The strain was used for genomic DNA extraction and as

he source for the cloning of each gene of the atn BGC. The quadru-

le auxotrophic A. oryzae NSAR1 ( niaD- , sC- , ΔargB, adeA- ) [ 10 ] was

sed as the heterologous host for fungal gene expression. The A. oryzae

ransformants were grown in shaking cultures in CMP medium (3.5%

zapek–Dox broth, 3% maltose, and 1% peptone) for 3–5 days at 30°C

nd 200 rpm to produce the metabolites derived from the introduced

enes. Standard DNA engineering experiments (vector construction and

lasmid preparation) were performed using Escherichia coli DH5 𝛼 (Ts-

ngke Biotechnology Co., Ltd). The E. coli BL21 (DE3) strain was used to

xpress the His6 -tagged proteins Atn2 and Atn10. E. coli cells carrying

ach plasmid were cultivated in Luria-Bertani (LB) medium and selected

sing 100 mg/L ampicillin or 50 mg/L kanamycin sulfate. 

.3. Whole-genome sequencing and bioinformatic analysis 

Whole-genome sequencing of A. versicolor ADS-F20 was performed

y Biomarker Technologies Co., Ltd. (Beijing, China) using an Illumina
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iSeq system. The resulting short reads were assembled using SPAdes

ersion 3.6.2, yielding 302 scaffolds covering approximately 2.51 Mb.

ntiSMASH 7.0 [ 11 ] was used to identify, annotate, and analyze gene

lusters associated with the biosynthesis of secondary metabolites, and

CBI-BLAST ( https://blast.ncbi.nlm.nih.gov/Blast.cgi ) and FGENESH

 http://www.softberry.com ) were further used for gene prediction, with

equences manually revised if necessary. 

.4. Construction of expression plasmids for fungal transformation 

Each gene in the atn BGC was amplified from A. versicolor ADS-

20 genomic DNA using the primers listed in Table S1 . The full-length

enes ( atn2 –atn12 ) were purified and ligated into the pTAex3 vector

 12 ], whereas atn1 was ligated into the pUSA vector [ 13 ], using the

lonexpress® Ultra One Step Cloning Kit (Vazyme Biotech Co., Ltd) ac-

ording to the manufacturer’s protocol. To introduce the relevant genes

 atn2, atn5 , and atn10 ) into pAdeA [ 14 ], the targeted DNA fragment

ontaining the amyB promoter (PamyB) and amyB terminator (TamyB)

as amplified from the above-described constructed pTAex3-based plas-

ids and ligated into the sbf I-digested promoter/terminator-free vec-

or. For multigene-containing vector construction, gene-of-interest frag-

ents containing both PamyB and TamyB were also amplified from the

TAex3-based plasmids and ligated into each vector, as detailed in Ta-

le S2 . All constructed plasmids were verified by DNA sequencing. 

.5. Transformation of Aspergillus oryzae NSAR1 

Transformation of A. oryzae NSAR1 and its mutants was performed

sing a previously described protoplast-polyethylene glycol method

 15 ]. The spore suspension of A. oryzae NSAR1 or the mutants was in-

culated into 100 mL of DPY liquid medium (2% dextrin, 1% polypep-

one, 0.5% yeast extract, 0.5% KH2 PO4 , and 0.05% MgSO4 • 7H2 O) and

ncubated for 36 h at 30°C and 200 rpm. Mycelia were collected by fil-

er paper filtration and then used for the preparation of protoplasts by

oaking in an 0.8 M NaCl solution containing 10% lywallzyme, 10%

nailase, 10% cellulase, and 10% lysozyme with gentle shaking at 30°C

or 2–3 h. The resultant protoplast-containing mixture was filtered, and

he filtrate was centrifuged at 4500 rpm for 5 min and washed using

olution I (0.8 M NaCl, 10 mM CaCl2 , and 50 mM Tris-HCl, pH 7.5).

he protoplasts were resuspended in Solution I to a final concentration

f 3 × 107 cells/mL. A mixture of 120 𝜇L protoplast solution and 5–10

g transformation plasmids ( < 10 𝜇L) was incubated on ice for 2 min.

ubsequently, 1 mL of Solution II (60% (w/v) PEG 6000, 0.8 M NaCl,

0 mM CaCl2 , and 50 mM Tris-HCl, pH 7.5) was added, and the mixture

as further incubated for 20 min at 25°C. After pre-insulation, 7 mL of

DS soft agar (3.5% Czapek-Dox broth, 1 M sorbitol, and 0.7% agar) was

dded, and the entire mixture was then poured on top of CDS medium

lates (3.5% Czapek-Dox broth, 1 M sorbitol, and 1.5% agar). The plates

ere incubated at 30°C for 3–6 days until transformants appeared. All

he transformants constructed in this study are listed in Table S3 . 

.6. HPLC, UPLC, and LC-HRMS analyses of each product 

The products from each of the A. oryzae transformants were ana-

yzed using HPLC, whereas those from in vitro enzymatic reactions were

nalyzed using UPLC. All HPLC analyses were carried out on a YMC-

riart C18 column (250 mm × 4.6 mm, 5 𝜇m, UV monitored at 280

m) with a biphasic solvent system consisting of solvent B (ACN) and

olvent A (H2 O + 0.1% TFA) flowing at a rate of 1.0 mL/min. The col-

mn temperature was set at 25°C, and the program was as follows: 0–3

in, 10%; 3–23 min, 10–100%; 23–31 min, 100%; 31–32 min 100–10%;

2–35 min 10% (all B in A, v / v ). All UPLC (Acquit H-Class; Waters, Mil-

ord, MA, USA) analyses were performed using a YMC-Triart C18 column

100 × 2.1 mm, 1.9 𝜇m, UV monitored at 280 nm) with a biphasic sol-

ent system consisting of solvent B (ACN) and solvent A (H2 O + 0.1%

A) flowing at a rate of 0.4 mL/min. The column temperature was set at
3

5°C, and the program was as follows: 0–0.5 min, 10%; 0.5–5.5 min, 10–

00%; 5.5–5.6 min, 100%; 5.6–6 min, 100–10%; 6–6.5 min, 10% (all B

n A, v / v ). LC-HRMS was performed using a Bruker Impact HD Q-TOF

ass spectrometer equipped with an electrospray ionization source. All

nalyses were performed under the same chromatographic conditions as

hose used for the HPLC analysis. The spectra were scanned in positive

on mode over the m / z range of 50–1000, with the source parameters set

s follows: capillary voltage, 4500 V; end plate offset, -500 V; nebulizer

ressure, 0.4 Bar; dry gas flow, 4.0 L/min; and dry temperature, 180°C.

he HRMS data were processed using Bruker Compass Data Analysis

ersion 4.2. The HRMS and UV spectra of all the compounds are pre-

ented in Figs. S2 and S3 , respectively. 

.7. Bioconversion experiments 

The A. oryzae transformants expressing tailoring enzymes were cul-

ivated in 50 mL of CMP liquid medium at 30°C and 200 rpm for 1 day,

hen fed the corresponding precursors at a concentration of 50 mg/L,

nd subsequently incubated at 30°C and 200 rpm for an additional 3

ays. Thereafter, the culture supernatant was extracted three times with

thyl acetate, and mycelia were extracted with methanol under ultra-

onic conditions. Each extract of the organic phase was concentrated

ia vacuum distillation, redissolved, and further analyzed using HPLC

ccording to the same procedures described in Section 2.6 . 

.8. Fermentation, isolation, and purification of metabolites 1, 2, and 5–18

To acquire an adequate quantity of pure products, all A. oryzae trans-

ormants were subjected to large-scale fermentation in CMP medium,

fter which the filtered fermentation broth was extracted three times

sing an equal volume of ethyl acetate and further concentrated via

acuum distillation. Mycelia were extracted overnight with methanol at

mbient temperature, concentrated, and re-extracted with ethyl acetate.

oth extracts were then combined, separated on a Sephadex LH-20 col-

mn with methanol as the mobile phase, and further purification using

emi-preparative HPLC (YMC-Pack Pro C18, 250 × 10.0 mm, 5 𝜇m, UV

onitored at 280 nm). 

.9. Expression and purification of recombinants Atn2 and Atn10 

The fully constructed pET28b- atn2 and pET28b- atn10 plasmids were

verexpressed in E. coli BL21 (DE3). A single colony was picked and

ultured overnight at 37°C and 220 rpm in LB medium containing 50

g/mL kanamycin. Subsequently, the seed culture was inoculated at a

atio of 1:100 into 1 L of LB medium containing 50 𝜇g/mL kanamycin

nd grown at 37°C and 220 rpm for 3–6 h until the OD600 reached 0.6–

.8. Then, 0.2 mM IPTG was added to induce gene expression at 16°C

nd 150 rpm for 18–20 h. The cells were collected via centrifugation

t 8000 g for 10 min, after which 10 g of cells resuspended in 40 mL

f pre-cooled lysis buffer (50 mM NaH2 PO4 , 300 mM NaCl, 10 mM im-

dazole, and 10% glycerol, pH 8.0) was vortexed for complete mixing

nd then fragmented using a high-pressure homogenizer (NingBo Sci-

ntz Biotechnology Co., Ltd., China). The soluble fraction was collected

ia centrifugation at 10,000 g and 4°C for 1 h and incubated with 1–2

L (depending on the protein yield) of Ni-NTA resins for 1–2 h at 4°C.

he slurry was loaded onto an empty column, which was then washed

ith 300 mL of wash buffer (50 mM NaH2 PO4 , 300 mM NaCl, 20 mM

midazole, and 10% glycerol, pH 8.0) until no protein was detected in

he flow-through. The protein fraction was then eluted with 1–5 mL of

lution buffer (50 mM NaH2 PO4 , 300 mM NaCl, 250 mM imidazole, and

0% glycerol, pH 8.0) and concentrated using an Ultracel®-10/30K unit

Merck Millipore Ltd., Darmstadt, Germany) (determined by the target

rotein). After centrifugation at 4000 g and 4°C for 20 min, desalting

uffer (50 mM NaH2 PO4 , 100 mM NaCl, and 10% glycerol, pH 7.4) was

dded for buffer exchange. Finally, 100 μL aliquots of the desalted frac-

ions were flash-frozen with liquid nitrogen and store at -80°C until use.

https://blast.ncbi.nlm.nih.gov/Blast.cgi
http://www.softberry.com
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he purified Atn2 and Atn10 proteins were analyzed using SDS-PAGE,

nd the protein concentrations were determined using a NanoDropTM 

ne spectrophotometer (Thermo Fisher Scientific). 

.10. Enzymatic reaction assay of Atn2 and Atn10 

All the in vitro assays described in this section were carried out in a

otal volume of 100 𝜇L in the desalting buffer at 30°C for 2 h, and the

oiled enzymes were used as negative controls unless otherwise speci-

ed. The enzymatic reaction of Atn2 with substrate 1 contained 2 μM

f Atn2, 200 μM FeSO4 , 5 mM 𝛼-ketoglutarate, 4 mM ascorbate, and

00 𝜇M of the substrate, whereas the enzymatic reaction of Atn10 with

ubstrate 1 comprised 2 𝜇M Atn10, 5 mM NAD+ , and 100 𝜇M of the

ubstrate. When Atn2 and Atn10 were reacted together with substrate

 , the reaction system contained all the co-factors, 2 𝜇M Atn2, 2 𝜇M

tn10, and 100 𝜇M of the substrate. The reactions were then quenched

y thorough mixing with 300 𝜇L of methanol to precipitate the proteins,

nd the mixtures were centrifuged at 12,000 g for 10 min to remove de-

atured proteins. Finally, the supernatants were analyzed using UPLC

ith the gradient elution program described in Section 2.6 applied. 

.11. Anti-inflammatory activity assay 

Single-cell suspensions of RAW264.7 macrophages were prepared

n culture medium containing 10% fetal bovine serum and then inoc-

lated ( ∼1 × 106 cells/mL in 90 𝜇L) into the wells of 96-well plates

nd cultured at 37°C for 24 h under 5% CO2 . Cell viability was eval-

ated using the CCK-8 assay. The samples to be tested were first dis-

olved in DMSO and diluted with basic culture medium and then 10

L was added to each well of the 96-well plates. The following four

roups were established: negative control (cells), LPS control (1 𝜇g/mL

PS + cells), positive control (10 𝜇M indomethacin + 1 𝜇g/mL LPS), and

rug (drug + LPS). After 24 h incubation, the cell supernatant in each

ell was transferred to a centrifuge tube and centrifuged for 3 min, af-

er which the tube was sealed and stored at 4°C. Cell culture medium

ontaining 10% CCK-8 was added to the wells of the culture plate from

hich the cell supernatants had been removed. After an appropriate

ime for color development, an enzyme-labeling instrument was used to

easure the absorbance at 450 nm. The cell supernatant from the cells

ith greater than 80% viability (inhibition rate < 20%) was used for

O determination (Griess method) [ 16 , 17 ], with the absorbance at 540

m determined using the enzyme-labeling instrument. The formula for

alculating NO inhibition was as follows: NO inhibition (%) = [(NOLPS 

NODrug )/(NOLPS – NOControl )] × 100%. The experimental results are

xpressed as the mean ± standard deviation. 

.12. Cytotoxicity assay 

Eighteen human cancer cell lines (A549, MCF7, MKN-45, HepG2,

CT 116, SF126, HeLa, DU145, K-562, CAL-62, 786-O, PATU8988T, TE-

, HOS, 5637, A-375, GBC-SD, and A-673) and two human normal cell

ines (L-02 and 293T) were provided by Wuhan Pricella Biotechnology

o., Ltd. (Wuhan, China). Cytotoxicity was evaluated using a previously

stablished CCK-8 method, with cisplatin used as the positive control

 18 , 19 ]. 

.13. Antimicrobial activity assay 

The antimicrobial activities of the isolated compounds against 12

athogenic fungal strains ( Candida albicans ATCC 10231, Candida

labrata ATCC 2001, Sclerotinia sclerotiorum (Lib.) de Bary, Fusarium

raminearum Schw., Phytophthora nicotianae, Bipolaris sorokiniana, Fusar-

um oxysporum Schl., Ceratobasidium graminearum, Alternaria panax,

alsa mali Miyabe et Yamada, Phytophthora infestans , and Lecanicillium

ecanii ) and seven pathogenic bacterial strains ( Escherichia coli ATCC

5922, Staphylococcus aureus ATCC 12600, Bacillus subtilis ATCC 6051,
4

cinetobacter baumannii ATCC 19606, Enterococcus faecalis ATCC 51559,

lebsiella pneumoniae subsp. pneumoniae ATCC 13883, and Vibrio vul-

ificus ATCC 27562) were evaluated at a final concentration of 50 𝜇M

sing the broth microdilution method in 96-well sterile plates [ 20 ].

iprofloxacin (25 𝜇M), ketoconazole (50 𝜇M), and carbendazim (25 𝜇M)

ere used as positive controls. The blank control consisted of a solvent

nd a blank culture medium, whereas the negative control comprised a

olvent and a bacterial solution for co-cultivation, with DMSO serving as

he solvent. The absorbance was measured at OD600 using a microplate

eader. The results were compared with those of the blank and posi-

ive controls to assess the bacteriostatic activity of the compounds. The

IC was determined using a 12-point compound concentration gradi-

nt, which was sequentially prepared as follows: 50.00, 25.00, 12.50,

.25, 3.13, 1.56, 0.78, 0.39, 0.20, 0.10, 0.05, and 0.02 𝜇M. Three par-

llel wells were tested for each experiment and all experiments were

epeated three times. 

. Results and discussion 

.1. Discovery and bioinformatic analysis of the atn gene cluster in 

spergillus versicolor ADS-F20 

To identify the BGC of aspertetranones B ( 1 ) and D ( 2 ), we ini-

ially performed whole-genome sequencing analysis of the known pro-

ucer, A. versicolor ADS-F20. In accordance with the established strat-

gy for biosynthesizing fungal meroterpenoids, as exemplified by that

or pyripyropene A [ 21 , 22 ], setosusin [ 23 ], and chrodrimanin B [ 24 ],

he four fundamental enzymes that catalyze the formation of the in-

ricate angular tetracyclic backbone structure must first be identified.

uilding on this, we initiated a comprehensive genomic BLAST search

or the BGC using the probe gene PKS SetA. Subsequently, investi-

ation of the flanking regions of the PKS gene allowed the discov-

ry of the putative BGC of compound 1 , which was similar to that of

chraceopones ( och ) in A. ochraceopetaliformis SCSIO 05702 and was

esignated atn ( Fig. 1 b, Table S4 ). This cluster encodes four typical

iosynthetic enzymes of meroterpenoids: the non-reducing polyketide

ynthase (NR-PKS) Atn1, the UbiA-like prenyltransferase (PT) Atn3, the

AD-dependent monooxygenase (FMO) Atn6, and the membrane-bound

erpene cyclase (CYC) Atn9. These enzymes are expected to generate the

rst cyclized intermediate 6 . Furthermore, the atn cluster encodes eight

utative enzymes, including four cytochrome P450s (Atn4, Atn5, Atn7,

nd Atn11), one phytanoyl-CoA dioxygenase (Atn2), a short-chain de-

ydrogenase/reductase (SDR) (Atn10), one nmrA-like reductase (Atn8),

nd one hypothetical isomerase (Atn12), which are responsible for the

ailoring reactions and are involved in the biosynthesis of aspertetra-

ones. 

.2. Enzymatic construction of angular tetracyclic derivatives by four core 

nzymes 

To accelerate the discovery and identification of novel derivatives

elated to the aspertetranone family, 12 genes in the atn cluster were

eterologously expressed in A. oryzae NSAR1, a powerful platform for

efactoring natural product biosynthesis in fungi [ 10 ]. Initially, the PKS

ene atn1 was solely expressed in A. oryzae , and the resulting transfor-

ant Ao - atn1 was cultured in induction medium for 3 days. As expected,

ne new peak was detected compared with the HPLC profile of the wild-

ype strain without gene expression ( Fig. 2 a, lanes i and ii ). The product

as identified by HRMS ( Fig. S2 ) and NMR analyses as 5-methyl TAL

 3 ) ( Fig. S4 ), confirming that Atn1 was a 5-methyl TAL synthase. Intro-

uction of the prenyltransferase gene atn3 into A. oryzae NSAR1 did not

esult in a new product in the culture supernatant extract ( Fig. 2 a, lane

ii ), but hydrophobic metabolite 4 was detected in the mycelial extract

 Fig. S5 ), and its molecular formula was determined by HRMS analysis

o be C22 H32 O3 ( 4 , [M + H]+ : obsd. 345.2436, calcd. 345.2430) ( Fig. S2 ),

ndicating the incorporation of a farnesyl moiety. 
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Fig. 2. Heterologous reconstruction of compound 6 in A. oryzae NSAR1. (a) HPLC profiles of culture supernatant extracts from A. oryzae transformants harboring 

(i) the empty vector, (ii) atn1 , (iii) atn1 + atn3 , (iv) atn1 + atn3 + atn6 , and (v) atn1 + atn3 + atn6 + atn9 . The HPLC profiles were monitored at 280 nm. (b) Biosynthetic 

pathway of the angular tetracyclic intermediate 6 . 
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Further introduction of the FMO gene atn6 into the strain yielded

he new product 5 ( Fig. 2 a, lane iv ), a dihydroxy analog of compound 4

 Fig. S6 ) derived from the hydrolysis of the epoxide 5’ . On the basis of

hese results, we concluded that Atn3 acts as a 5-farnesyltransferase and

hat Atn6 is an FMO that forms an epoxide ring at the C-10 and C-11

ositions of compound 4 . Finally, HPLC analysis revealed that the four-

ene expression system, including the terpene cyclase gene atn9 , had

uccessfully generated the angular tetracyclic molecule 6 ( Fig. 2 a, lane

 ) with an m/z value of 361 [M + H]+ ( Fig. S2 ). The structure was further

etermined using 1D and 2D NMR analyses ( Fig. S7 ). These findings

ndicate that CYC Atn9 catalyzes the crucial cyclization of the prenyl

roup, a process initiated by protonation and the subsequent ring open-

ng of the epoxide, thereby establishing a definitive biosynthetic path-

ay leading to the core structure of compound 1 ( Fig. 2 b). 

.3. Preliminary investigation into the substrate promiscuity of tailoring 

nzymes 

Considering the expression characteristics and potential substrate

romiscuity of the eight tailoring enzymes, we first screened their cat-

lytic activities toward precursor 6 . Our initial investigations focused on

tn10 and Atn2. Given the abundance of closely related SDR homologs

bserved in fungal pathways of meroterpenoid biosynthesis, it is note-

orthy that many of these SDRs can catalyze alcohol oxidation reactions

t the C-17 position of products obtained from the cyclization process

 25 ]. Additionally, Fe(II)/alpha-ketoglutarate ( 𝛼-KG)-dependent dioxy-

enases play a crucial role in amplifying the structural diversity and

omplexity of the molecules [ 26 ]. Thus, His6 -tagged Atn10 and Atn2

ere recombinantly expressed in E. coli (DE3) and purified for in vitro

iochemical assays ( Fig. S8 ). HPLC analysis revealed that compound 6

as converted into products 7 and 8 by Atn10 and Atn2, respectively

 Fig. 3 a, lanes i–iv ). Co-incubation of compound 6 with both Atn10

nd Atn2 led to the disappearance of compound 7 and the formation of

roduct 9 , a dehydrogenation product of compound 8 ( Fig. 3 a, lanes v

nd vi ). In summary, Atn2 initiates the conversion of substrate 6 into

ompound 8 , which is further transformed into compound 9 by Atn10. 

The membrane-bound nature of fungal P450s renders their heterol-

gous expression in prokaryotic hosts such as E. coli difficult, but this

s necessary for obtaining sufficient soluble and functional proteins for

n vitro studies [ 27 ]. To investigate the catalytic order and functions of

he four P450 enzymes, we performed feeding experiments in which

ompound 9 was added to the culture media of A. oryzae transformants

xpressing distinct tailoring enzymes. The host expressing atn5 was ca-

able of converting compound 9 into product 10 ( Fig. 3 b, lanes i and

ii ), which exhibited a 16 Da increase in molecular weight, suggesting

hat Atn5 catalyzes a hydroxylation reaction ( Fig. 3 c). Intriguingly, feed-
5

ng compound 9 to the mutant Ao - atn11 resulted in the generation of

nother product, compound 11 ( Fig. 3 b, lane v ). LC-MS analysis con-

rmed that compound 11 was a hydroxylated product of compound 9

[M + H]+ : obsd. 391.2121, calcd. 391.2101) ( Fig. S2 ), and its structure

as identified using 1D and 2D NMR analyses ( Fig. S9 ). However, com-

ound 9 was not transformed by Atn4 or Atn7 ( Fig. 3 b, lanes ii and

v ). 

To further determine the substrate specificity of Atn5 and Atn11,

ompound 6 was fed to Ao - atn5 , resulting in its efficient transformation

nto product 12 ( Fig. S10, lanes i and iii ) with a molecular weight of

/z 377 [M + H]+ ( Fig. S2 ). Notably, the molecular weight of compound

2 was 16 Da greater than that of compound 6 , although the two ex-

ibited similar UV-Vis spectra ( Fig. S3 ). By contrast, the HPLC analysis

howed no new peaks for the strain harboring atn11 ( Fig. S10, lane iv ).

dditionally, when precursor 6 was supplied to the six-gene strain Ao -

tn4-5-7-8-11-12 , a metabolic profile identical to that of Ao - atn5 was

bserved ( Fig. S10, lanes ii and iii ). Interestingly, when precursor 9

as used, the metabolic profile matched that of Ao - atn11 ( Fig. S10,

anes v and vi ). These findings clearly demonstrate that Atn5 functions

efore Atn11 in the main pathway. Accordingly, Atn2, Atn5, and Atn10

ere assigned to the second module of the aspertetranone biosynthetic

athway. 

.4. Combination of Atn2, Atn5, and Atn10 for producing natural products

Next, we mined and directionally synthesized a wide range of

etabolites via cross-catalysis mediated by Atn10, Atn2, and Atn5. The

hree enzymes were individually introduced into four previously con-

tructed gene-expressing transformants ( Ao - atn1-3-6-9 ), and the result-

ng transformants generated the expected products 7, 8 , and 12 , respec-

ively ( Fig. 4 a, lanes ii–iv; and Figs. S11–S13 ). According to the HPLC

esults, the efficiency of the three enzymes in catalyzing the reaction

ith substrate 6 was as follows: Atn5 exhibited the highest efficiency,

ollowed by Atn2 and then Atn10. This suggests that compound 6 may

ct as a natural substrate of Atn5. 

Additionally, we transferred these three genes in pairwise combi-

ations into an A. oryzae strain capable of synthesizing 6 . The coex-

ression of Atn10 and Atn2 in strain Ao - atn1-3-6-9-10-2 led to the ap-

earance of three new peaks, labeled 6, 8 , and 9 ( Fig. 4 a, lane v; and

ig. S14 ), in the supernatant extract compared with the profile of con-

rol strain Ao - atn1-3-6-9 . This observation was consistent with the re-

ults of our in vitro assays ( Fig. 3 a). Furthermore, the concurrent ex-

ression of Atn5 and Atn10 resulted in the formation of a new prod-

ct, designated 11 ( Fig. 4 a, lane vi ). The underlying biochemical pro-

ess involves Atn5 hydroxylating compound 6 to form the intermedi-

te 12 , which is further modified through oxidative dehydrogenation
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Fig. 3. Catalytic order and functional characterization of tailoring enzymes. (a) UPLC profiles of the in vitro enzymatic reaction products of compound 6 catalyzed 

by Atn10 or Atn2, with boiled enzymes used as a negative control. (b) HPLC profiles of culture supernatant extracts from A. oryzae transformants incubated with 

compound 9 : transformants harboring (i) the empty vector, (ii) atn4 , (iii) atn5 , (iv) atn7 , and (v) atn11 . All the chromatograms were monitored at 280 nm. (c) 

Reactions catalyzed by Atn5 and Atn11. 

Fig. 4. Metabolites derived from the catalytic network of the combinatorial expression of Atn2, Atn5, and Atn10. (a) HPLC profiles of culture su- 

pernatant extracts from A. oryzae transformants harboring (i) the empty vector, (ii) atn1 + atn3 + atn6 + atn9 + atn10 , (iii) atn1 + atn3 + atn6 + atn9 + atn2 , (iv) 

atn1 + atn3 + atn6 + atn9 + atn5 , (v) atn1 + atn3 + atn6 + atn9 + atn10 + atn2 , (vi) atn1 + atn3 + atn6 + atn9 + atn10 + atn5 , (vii) atn1 + atn3 + atn6 + atn9 + atn2 + atn5 , and (viii) 

atn1 + atn3 + atn6 + atn9 + atn10 + atn2 + atn5 . The chromatograms were monitored at 280 nm. (b) Six different identified pathways leading to the generation of compound 

10 from substrate 6 catalyzed by Atn2, Atn5, and Atn10. The main pathway is shown in blue arrows. 
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y Atn10 to yield compound 13 ( Fig. S15 ). In another pairwise com-

ination, the coexpression of Atn2 and Atn5 led to the synthesis of a

ew compound, designated as 14 ( Fig. 4 a, lane vii; and Fig. S16 ).

n this pathway, Atn5 initially converts compound 6 into compound

2 , which is then converted into compound 14 by Atn2. Finally, Atn2,

tn5, and Atn10 were coexpressed in Ao - atn1-3-6-9 to create the trans-

ormant Ao - atn1-3-6-9-10-2-5 . HPLC analysis revealed the presence of

n additional peak (identified as product 10 ) ( Fig. 4 a, lane viii; and Fig.

17 ) compared with the HPLC profiles of the other strains. Furthermore,
6

his strain produced varying quantities of the intermediates 12, 13 ,

nd 14 . 

Accordingly, the above-described results clearly demonstrate that

nder standardized in vivo bioconversion conditions, compound 10

an be synthesized via six distinct intersecting pathways (6→7→9→10;

→7→13→10; 6→8→9→10; 6→8→14→10; 6→12→13→10; and

→12→14→10) from the key intermediate 6 ( Fig. 4 b) because of

he substrate promiscuity exhibited by Atn2, Atn5, and Atn10. More-

ver, on the basis of the evaluation of enzymatic catalytic efficiency
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Fig. 5. Heterologous biosynthesis of end-products 1 and 2 . (a) HPLC profiles of culture supernatant extracts from A. oryzae transformants harboring (i) 

atn1 + atn3 + atn6 + atn9 + atn10 + atn2 + atn5 + atn7 , (ii) atn1 + atn3 + atn6 + atn9 + atn10 + atn2 + atn5 + atn11 , and (iii) atn1 + atn3 + atn6 + atn9 + atn10 + atn2 + atn5 + atn11 + atn7 . 

(b) LC-HRMS profiles recorded over 15.45 min for (i) Ao - atn1-3-6-9-10-2-5-7 and (ii) Ao - atn1-3-6-9-10-2-5-11 . EICs of compounds 15 ( m/z = 407 [M + H]+ ) and 14 

( m/z = 393 [M + H]+ ). (c) Bioconversion analysis using A. oryzae transformants expressing selected enzymes. Profiles from feeding compound 15 to transformants ex- 

pressing (i) the empty vector, (ii) atn4 , and (iii) atn4 + atn8 + atn12 ; (iv) profile from feeding compound 10 to the transformant expressing atn7 + atn4 + atn8 + atn12 ; and 

(v) profile of the standard of compound 1 . (d) Profiles from feeding compound 18 to transformants expressing (i) the empty vector, (ii) atn4 , and (iii) atn4 + atn8 + atn12 ; 

(iv) profile from feeding compound 16 to the transformant expressing atn7 + atn4 + atn8 + atn12 ; and (v) profile of the standard of compound 2 . All chromatograms 

were monitored at 280 nm. (e) Proposed biosynthetic pathways for substrates 1 and 2 . 
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s  
nd the observed order of product generation, we speculate that

→12→14→10 (Atn5→Atn2→Atn10) is the primary pathway in the

atural biosynthetic process. Notably, the respective promiscuity of

he three enzymes collectively contributed to the diversity of the

recursors, and seven angular tetracyclic derivatives were produced

hrough various structural modifications. 

.5. Diversification of products using additional tailoring enzymes 

Subsequently, we reconstructed the complete biosynthetic process

or compounds 1 and 2 with the aim of identifying as many interme-

iate derivatives as possible. Modification of the C-12 or C-15 sites is

rucial for the conversion of compound 10 into the final product, and

he remaining P450 enzymes catalyze this step. Consequently, we ana-

yzed the bioconversion of compound 10 in single-gene transformants
7

xpressing atn7 and atn4 , respectively. The C12–C17 junction oxygen

ridge product 15 was observed from the host expressing atn7 , whereas

tn4 did not yield any new products ( Fig. S18, lanes i–iv ). The func-

ion of P450 Atn11 as a C-8 hydroxylase has been previously confirmed.

urther feeding experiments showed that Atn11 could hydroxylate com-

ound 10 to generate product 16 ( Fig. S18, lanes v and vi ), demon-

trating its broad substrate promiscuity. 

Additionally, two multi-gene transformants were successfully con-

tructed by incorporating Atn7 and Atn11 into the strain producing com-

ound 10 , respectively. HPLC analysis revealed that both strains pro-

uced the expected products 15 and 16 ( Fig. 5 a, lanes i and ii ), which

ere subsequently validated via 1D and 2D NMR analyses ( Figs. S19

nd S20 ). Notably, the retention times of products 15 and 14 coincided

 tR = 15.45 min) in the chromatogram, suggesting their potential polar

imilarity. Moreover, LC-HRMS analysis revealed distinctive differences
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n the ion fragment profiles. Specifically, an ion peak at m/z 393 for

roduct 14 was observed in the extracts from the Ao-atn1-3-6-9-10-2-5-

1 culture, whereas dual ion peaks at m/z 407 and 393, corresponding

o products 15 and 14 , respectively ( Fig. 5 b), were detected in strain Ao -

tn1-3-6-9-10-2-5-7 . Furthermore, Atn11 failed to convert product 15 ,

nd compound 18 was generated by introducing atn7 into strain Ao-

tn1-3-6-9-10-2-5-11 ( Fig. 5 a, lane iii; and Fig. S21 ), suggesting that

tn11 must function before Atn7 does in the main pathway. 

Having encountered difficulties in establishing the 12-gene expres-

ion system, likely due to the expression abandons of multiple genes,

e instead performed a bioconversion analysis using the combinatorial

xpression of Atn4, Atn8, and Atn12 in A. oryzae . The hosts coexpress-

ng atn4, atn8 , and atn12 successfully converted compound 15 into two

roducts. One of these peaks, product 17 , had a molecular mass that

as 16 Da higher than that of product 12 ([M + H]+ : obsd. 423.2014,

alcd. 423.2019) ( Fig. S2 ), suggesting that the hydroxylation reaction

as catalyzed by one of the three enzymes. Subsequent feeding experi-

ents with single-gene strains confirmed that Atn4 was responsible for

he production of compound 17 . The other product was identified as

ompound 1 ( Fig. 5 c, lanes iii and v ) with an expected m/z value of
ig. 6. Antimicrobial activities of tested compounds against (a) Phytophthora nicotia

d) Acinetobacter baumannii ATCC 19606. (e) MIC values of compound 6 . (f) Dose–re

oward K-562, MCF7, PATU8988T, and TE-1 cells. All inhibition and cytotoxicity d

BC: carbendazim; CIP: ciprofloxacin; NC: negative control. MIC values for compou

alues for these compounds are shown in Table S11 . 

8

21 [M + H]+ ( Fig. S2 ). Additionally, the product of Atn8 was not de-

ected, suggesting that it is an unstable intermediate. 

Since Atn11 failed to catalyze the transformation of compound 1

nto compound 2 ( Fig. S22 ), substrate 18 was selected as the entry

oint for the directed biosynthesis of compound 2 . However, the trans-

ormants Ao - atn4 and Ao - atn4-8-12 failed to achieve this conversion

 Fig. 5 d, lanes i–iii ). Interestingly, this trend differed from that of pre-

ursor 15 , suggesting that modifications at the C-8 position of compound

8 alter its intermolecular interactions with Atn4, thereby affecting the

atalytic activity. Finally, a four-gene-expressing host harboring atn7,

tn4, atn8 , and atn12 successfully converted compound 16 into the end-

roduct 2 ( Fig. S23 ), and intermediate 18 was observed in the extracts

 Fig. 5 d, lane iv ). Feeding experiments with substrate 10 yielded the

xpected metabolites 15, 17 , and 1 ( Fig. 5 c, lane iv ). Although the

iosyntheses of compounds 2 and 1 were mediated by the same four

nzymes, substrate recognition differed between their respective path-

ays ( Fig. 5 e). Despite that authentic intermediates were not obtained,

ur results indicated a tight connection among tailoring enzymes within

he gene cluster, suggesting a dynamic and variable substrate conversion

rocess. 
nae , (b) Valsa mali Miyabe et Yamada, (c) Vibrio vulnificus ATCC 27562, and 

sponse curves of the antiproliferative activities of compound 11 and cisplatin 

ata in this figure are the mean ± SD; n = 3 biologically independent replicates. 

nd 6 are shown in Table S9 . The dose–response curves used to generate IC50 
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.6. Evaluation of biological activities 

Finally, we evaluated the pharmacological profiles of the 16 isolated

eroterpenoids to guide future therapeutic development. Aspertetra-

ones have been reported to show anti-inflammatory activity. Thus,

he NO inhibitory activities of all metabolites were tested using LPS-

timulated RAW264.7 macrophages. However, none of the tested com-

ounds exhibited significant NO inhibitory activity at 50 𝜇M, showing

arkedly lower efficacy than that of the positive control, indomethacin

 Table S6 ). 

Additionally, all compounds were tested for antimicrobial activity to-

ard 12 pathogenic fungi and seven pathogenic bacteria. The results re-

ealed that compound 6 exhibited significant antifungal activity toward

hytophthora nicotianae , with an MIC value of 9.01 𝜇g/mL ( Fig. 6 a).

ompounds 5 –8 showed inhibitory effects against Valsa mali Miyabe et

amada, and all tested compounds were effective against Sclerotinia scle-

otiorum (Lib.) de Bary, albeit they did not completely inhibit the growth

f these fungi ( Fig. 6 b). Intriguingly, the inhibitory activity of the tetra-

yclic derivatives against V. mali demonstrated a marked structural de-

endence, with the order of efficacy being 6 > 7 > 8 > 10 > 9 > 11 . This

ndicates that the C-17 hydroxyl group in compound 6 confers the most

ignificant positive contribution to its antifungal activity. Conversely,

he sequential introduction of a ketone moiety at C-17 and hydroxyl

roups at C-11, C-13, and C-8 results in a consistent decrease in activity.

otably, the growth of Vibrio vulnificus ATCC 27562 and Acinetobacter

aumannii ATCC 19606 was effectively inhibited by compound 6 , with

IC values of 4.50 and 9.01 𝜇g/mL, respectively ( Fig. 6 c–e). Moreover,

ompounds 7 and 8 also exhibited antibacterial activity against A. bau-

annii and V. vulnificus . Our results also indicated that the remaining

ompounds showed weak or inactive antimicrobial activity toward the

ther pathogenic strains at 50 𝜇M concentration ( Tables S7–S9 ). 

The cytotoxic potential of all isolated compounds was screened

cross a panel of 20 diverse cancer cell lines (A549, MCF7, MKN-

5, HepG2, HCT 116, SF126, HeLa, DU145, K-562, CAL-62, 786-O,

ATU8988T, TE-1, HOS, 5637, A-375, GBC-SD, A-673, L-02, and 293T),

ith IC50 values determined for compounds exhibiting greater than 50%

ell growth inhibition ( Table S10 ). Despite its significant antimicrobial

ctivity, compound 6 exhibited limited toxicity toward 5637 and 293T

ells, with IC50 values of 41.55 and 44.92 𝜇M, respectively. Most strik-

ngly, compound 11 exhibited potent and selective toxicity against K-

62, MCF7, and PATU8988T cells, with IC50 values (1.29, 5.12, and

.34 𝜇M, respectively) that were substantially lower than those of the

ositive control cisplatin (48.68, 64.19, and 69.80 𝜇M, respectively).

urthermore, compound 11 also displayed significant toxicity toward

549, MKN-45, HCT 116, TE-1, and L-02 cells (IC50 = 4.10, 3.43, 3.13,

.95, and 2.15 𝜇M, respectively), with efficacy approaching that of cis-

latin ( Fig. 6 f, Table S11 ). The other tested compounds showed no cy-

otoxic effects at 50 𝜇M concentration. These findings indicate that the

-8 hydroxyl group, introduced via the P450 Atn11-catalyzed oxidation

f compound 11 , is crucial for the toxicity of the compound toward

ancer cell lines. Taken together, our screening results suggest that the

ngular tetracyclic compounds within this series of meroterpenoids ex-

ibit superior biological activities compared with their linear tetracyclic

nalogs. 

. Conclusions and future prospects 

In this study, we successfully identified and functionally character-

zed the atn BGC responsible for producing aspertetranones in deep-

ea A. versicolor ADS-F20. Through heterologous expression of the atn

enes in A. oryzae NSAR1, we not only reconstructed the native pathway

ut, more importantly, also demonstrated the power of pathway repro-

ramming to achieve the targeted biosynthesis of 17 derivatives. This

hemical diversification is a direct consequence of the intrinsic substrate

romiscuity of the key tailoring enzymes within the network. Specifi-

ally, enzymes such as the P450s (Atn5, Atn7, and Atn11), Fe(II)/ 𝛼-KG-
9

ependent dioxygenase (Atn2), and SDR (Atn10) act as flexible nodes,

eing capable of modifying multiple related intermediates. By strategi-

ally combining these enzymes, we effectively engineered the catalytic

etwork and redirected the metabolic flux to generate both expected and

ovel shunt products, thereby elucidating the precise enzymatic logic

overning their complex assembly. 

The evolutionary plasticity of the aspertetranone scaffold, as evi-

enced by its tolerance to various enzymatic modifications, provides a

echanistic foundation for our success. This plasticity suggests that na-

ure may utilize similar combinatorial strategies to generate chemical

iversity in marine fungi. The broad-spectrum antimicrobial and anti-

ancer activities revealed in our biological evaluation further validated

his approach, revealing clear structure–activity relationships and high-

ighting the untapped pharmacological potential of this chemical family.

Furthermore, the engineered catalytic network established in this

tudy not only provides a route to biosynthesizing aspertetranones but

lso establishes a versatile synthetic biology platform. The “plug-and-

lay ” nature of our system, wherein individual enzymes or modules can

e swapped or introduced, can be readily adapted for the diversification

f other fungal meroterpenoid scaffolds. The ability to rapidly generate

 focused library of structurally complex bioactive derivatives makes

his platform a powerful tool for future drug discovery. In conclusion,

y integrating pathway reprogramming and catalytic network engineer-

ng, our work not only expands the accessible chemical space of fungal

eroterpenoids but also provides a robust and generalizable strategy for

nlocking the therapeutic potential hidden within microbial genomes. 
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