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Abstract

Aspergillus nidulans, a model filamentous fungus endowed with well-established genetic tools and a
repertoire of cryptic secondary metabolite biosynthetic gene clusters (BGCs), is extensively exploited
as a microbial chassis for heterologous biosynthesis. Mining of its secondary metabolites facilitates
the discovery of novel bioactive compounds and the development and application of chassis cells. In
the course of heterologous expression of exogenous genes in A. nidulans, we unexpectedly observed
the activation of cryptic host BGCs, which resulted in substantial alterations to its secondary
metabolic profile. Four previously undescribed compounds (1-4), together with six known analogs
(5-10), were isolated from three recombinant A. nidulans strains. Notably, compounds 1-3 are the first
naturally occurring examples of diketopiperazine-isoindolinone hybrid alkaloids, while compound
4 is a previously unreported benzofuran carboxylic acid derivative. Their structures and absolute
configurations were assigned by interpretation of a combination of spectroscopic data and electronic
circular dichroism calculations. Compounds 4 and 5 exhibited potent DPPH radical scavenging
activity (ICso, 6.01 and 7.00 ug-mL-, respectively). This study uncovers a "metabolic perturbation”
effect on the host metabolic network during heterologous expression and offers a new strategy for
activating silent gene clusters and discovering novel natural products through genetic manipulation.

Keywords: Aspergillus nidulans; metabolic perturbation; silent gene activation; diketopiperazine-
isoindolinone hybrid alkaloids; asperfuranic acid; antioxidant activity

1. Introduction

Aspergillus nidulans is a classic type strain of filamentous fungi, and holds an irreplaceable
position in the advancement of modern synthetic biology and microbial natural product discovery
[1]. Its superiority is attributed to several core characteristics: first, it harbors a highly well-
characterized and sophisticated genetic manipulation system, encompassing high-efficiency
transformation protocols, a diverse array of selectable markers, and stringently controllable
promoters, which enable precise and efficient gene knockout, overexpression, and heterologous
integration. Second, A. nidulans itself has a strong and comprehensive biosynthetic capacity for
secondary metabolites; its genome contains dozens of gene clusters encoding polyketide synthases
(PKSs), non-ribosomal peptide synthetases (NRPSs), and hybrid enzymes, representing a vast
reservoir of natural products. More importantly, as a eukaryotic expression system, A. nidulans
possesses post-translational modification, folding, and secretion pathways similar to those of higher
organisms, enabling correct expression and assembly of multienzyme complexes with complex
structures, making it outperforming to prokaryotic systems [2]. Therefore, A. nidulans has been
widely engineered as an efficient “cell factory” for heterologous production of pharmaceutical
precursors (e.g., penicillin [3]), industrial enzymes (e.g., cellulase [4]), and high-value natural
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products. Systematic exploration of the secondary metabolic profile of A. nidulans not only deepens
the research dimension of this type strain to promote its development and application as a cell
factory, but also is a key approach to discovering structurally novel and biologically active natural
products [5].

Heterologous expression of silent biosynthetic gene clusters (BGCs) represents a key strategy for
the discovery of novel bioactive natural products. In this study, we observed the unexpected
activation of host silent BGCs in A. nidulans during heterologous expression [6,7]. When introducing
two exogenous BGCs via an auxotrophic plasmid into A. nidulans, the secondary metabolic profiles
of the corresponding recombinant strains were significantly altered. Then, we targeted the isolation
of the newly generated metabolites from liquid cultures of the recombinant strains. From the ethyl
acetate extract of the fermentation broth, we successfully isolated and identified ten compounds
(Figure 1), including four new compounds (1-4) and six known compounds (5-10). Compounds 1-3
are the first naturally occurring examples of diketopiperazine-isoindolinone hybrid alkaloids.
Compound 4 is a previously unreported benzofuran carboxylic acid derivative. And compounds 5-
7 were isolated from A. nidulans for the first time. Analysis of the structures and biogeneses of the
isolated compounds revealed that the biosynthesis of these compounds was not associated with
exogenous genes, but attributed to the activation of silent gene clusters in the host. In addition, the in
vitro antioxidant activities of all compounds were preliminarily evaluated, and compounds 4 and 5
showed significant DPPH radical scavenging activities.
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Figure 1. Chemical structures of compounds 1-10.

2. Materials and Methods

2.1. General Experimental Procedures

Optical rotations were measured on an AUTOPOL IV polarimeter (Rudolph Research
Analytical, USA). CD spectra were recorded on a JASCO J-815 circular dichroism spectrometer (Jasco,
Japan). 'H, C NMR, and 2D NMR spectra were recorded on Bruker AV-III-500 and Bruker AV III-
700 HD NMR spectrometers (Bruker, Germany) using tetramethylsilane (TMS) as a reference. ESI-
MS and analytical HPLC were taken on a Waters ACQUITY H-Class with QDA mass detector
(Kinetex® C18 column, 1.7 um, 100 mm x 2.1 mm). HR-ESI-MS data were performed on an Agilent
6520 Accurate-Mass Q-TOFLC/MS spectrometer (Agilent Technologies, Ltd., Santa Clara, CA, USA).
Reversed-phase medium pressure liquid chromatography (RP-MPLC) was carried out using BUCHI
Reveleris® Prep medium-pressure liquid chromatography system (Biichi, Switzerland); Semi-
preparative reversed-phase HPLC was performed on an SSI semi-preparative HPLC system with
DAD detector (Scientific Systems, USA) using a Silgreen C18 column (5 ym, 250 mm x 20 mm, Beijing
Green Herbs Science and Technology, China).
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2.2. Materials and Culture Conditions

The strains used in this study are listed in Table S1. Penicillium dangeardii and Calcarisporium
arbuscula, the source fungi of the exogenous gene clusters, were cultured on potato dextrose agar
(PDA, BD) at 28 °C for 5-7 days. Mycelia were then transferred into potato dextrose broth (PDB, BD)
for genomic DNA extraction. Escherichia coli XL1-Blue was used for DNA manipulation. The
recombinant A. nidulans strains used in this study were constructed by transforming the auxotrophic
host strain A8030 [8] with expression plasmids carrying the target biosynthetic genes, following the
general methods described by Wang et al [9]. The expression cassettes utilized four different
promoters to drive gene expression: the constitutive gpdA promoter, the inducible AmyB promoter,
the glaA promoter and the Ptub promoter. Selection markers complementing uracil (pyrG), pyridoxine
(pyroA), and riboflavin (riboB) auxotrophies were employed to isolate transformants. Saccharomyces
cerevisiae B]5464-NpgA was used for plasmid construction.

2.3. Bioinformatic Analysis

The whole-genome of P. dangeardii [10,11] and C. arbuscula [12,13] had been previously
sequenced. The gene clusters were analyzed by antiSMASH fungal version
(https://fungismash.secondarymetabolites.org) and 2ndFind (http://biosyn.nih.go.jp/2nd find),
manually checked by NCBI blast (https://www.ncbi.nlm.nih.gov/).

2.4. Gene Cloning, Plasmid Construction, and Genetic Manipulation

The plasmids and primers used in this work are listed in Tables S2 and S3, respectively. After 4
days of culturing in PDB, the genomic DNA of P. dangeardii and C. arbuscula was extracted using
genomic DNA extraction kit (Tiangen, Beijing). All nrp and tca genes and their native terminators
(500 bp downstream from the stop codon) were amplified by PCR using genomic DNA as the
template. Polymerase chain reactions for cloning were performed using KOD-plus-neo or KOD one™
PCR Master Mix (Toyobo Life Science) according to the manufacturer’s instructions. DNA restriction
enzymes were used as recommended by the manufacturer (NEB). The plasmids for A. nidulans A8030
expression were constructed by yeast homologous recombination method. Briefly, These PCR
fragments and linearized pANP/pANR/pANU were co-transformed to S. cerevisiae using PEG/LiAc
mediated method and spread on histidine-uracil-dropout semisynthetic medium. The plasmids of
single clones were rescued using Zymoprep Yeast Miniprep Kit (Zymo Research) and transformed
to E. coli XL1-Blue for sequencing. The same procedures were used for construction of all plasmids.
Constructs verified by restriction enzyme digestion and Sanger sequencing were used for A. nidulans
transformation.

2.5. Transformation of A. nidulans

Protoplasts were prepared via enzymatic digestion of germinated conidia using a combination
of lysing enzyme (Sigma-Aldrich) and Yatalase (Takara) in Osmetic Buffer. Purified plasmid DNA
(5-10 ug) was added to the protoplast suspension in STC Buffer, and the mixture was incubated on
ice for 50 min. PEG-mediated transformation was performed by the addition of PEG4000 solution,
after which the transformation mixture was plated onto selective CD-sorbitol medium.
Transformants were purified through single-colony isolation and subsequently verified by diagnostic
PCR. For multi-gene expression, either individual plasmids or co-transformation of multiple
expression cassettes was carried out. Correct integration of the expression constructs was confirmed
by PCR amplification using primers specific to the flanking genomic regions [14]. At last, three
recombinant strains AN-nrpACDEFGHI, AN-nrpEFGHI and AN-tcaABCDEFGHI were constructed.
Transformants were verified by PCR, transferred to fresh plates and cultured for 2-3 days, then
spores were harvested and stored at -80 °C.
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2.6. Fungal Fermentation

Spores of the three A. nidulans recombinant strains stored at -80 °C, were evenly plated onto CD
sporulation medium and activated via incubation at 37 °C for 48 h. The activated spores were
subsequently inoculated into 1 L of CD-ST liquid fermentation medium in Erlenmeyer flasks, with a
total fermentation volume of 6 L for each of the three A. nidulans recombinant strains, followed by
incubation at 25 °C with orbital shaking at 220 rpm for 7 days.

2.7. Extraction and Isolation

Following completion of the fermentation, the culture broth was mixed with an equal volume of
ethyl acetate and subjected to thorough liquid-liquid extraction via vigorous shaking; this extraction
procedure was repeated three times. The combined ethyl acetate fractions were concentrated under
reduced pressure at 40 °C, yielding dark brown crude extract 1 (1.2 g, from AN-nrpACDEFGHI), dark
brown crude extract 2 (1.3 g, from AN-tcaABCDEFGHI), and dark brown crude extract 3 (1.5 g, from
AN-nrpEFGHI), respectively.

The extract 1 was mixed with 2.5 g of diatomaceous earth and subjected to ODS medium-
pressure liquid chromatography with a gradient of methanol-water (30%-99%, v/v) to obtain
fractions 1-6 (R1-R6). Fractions containing target compounds were R5 (32.90 mg). R5 was separated
by semi-preparative HPLC (methanol-water, 28:72, v/v, 0.1% formic acid, Silgreen column, 250 mm
x 20 mm) at 3.0 mL/min to yield compound 1 (3.50 mg, tr = 18.7 min), compound 2 (3.00 mg, tr =16.1
min), and compound 3 (2.50 mg, tr = 13.5 min).

The extract 2 was mixed with 3 g of diatomaceous earth and subjected to ODS medium-pressure
liquid chromatography with a gradient of acetonitrile-water (40%-99%, v/v) to obtain fractions 1-9
(C1-C9). Fractions containing target compounds were C3 (20.10 mg), C4 (8.50 mg) and C7 (116.30
mg). C3 and C4 were analyzed by LC-MS (acetonitrile-water, 5%-99%, v/v) and found to be pure
(>95%), thus they were not further purified and were identified as compound 4 (8.50 mg, tr = 5.10
min) and compound 5 (20.10 mg, tr = 4.65 min), respectively. C7 was separated by semi-preparative
HPLC (acetonitrile-water, 50:50, v/v, 0.1% formic acid, Silgreen column, 250 mm x 20 mm) at 3.0
mL/min to yield compound 6 (2.64 mg, tr = 28.5 min), compound 7 (13.14 mg, ¢tz = 31.6 min), and
compound 8 (4.43 mg, tr = 35.9 min).

The extract 3 was mixed with 4 g of diatomaceous earth and subjected to ODS medium-pressure
liquid chromatography with a gradient of methanol-water (30%-99%, v/v) to obtain fractions 1-6
(U1-U6). Fractions containing target compounds were U2 (58.00 mg). U2 was separated by semi-
preparative HPLC (methanol-water, 28:72, v/v, 0.1% formic acid, Silgreen column, 250 mm x 20 mm)
at 3.0 mL/min to yield compound 9 (1.00 mg, tr =12.5 min) and compound 10 (1.50 mg, tr = 14.5 min).

Cicpiperazinone A (1): Pale yellow powder; sparingly soluble in methanol; [O(] ]230 -35.7 (c 0.042,
MeOH); 'H and *C NMR data, see Table 1 and Figures S1-S5; HR-ESI-MS showed a quasi-molecular
ion peak at m/z 609.2929 [M+H]* (calcd for Cs2Ha1iN4Os, 609.2919), indicating a molecular formula of
C32H40N4Os with 15 degrees of unsaturation.

Cicpiperazinone B (2): Pale yellow powder; slightly soluble in methanol; [O(] 2D0 -26.1 (c 0.092,
MeOH); 'H and *C NMR data, see Table 1 and Figures S6-510; HR-ESI-MS showed a quasi-molecular
ion peak at m/z 452.2187 [M+H]* (calcd for C2sH3oN3Os, 452.2180), indicating a molecular formula of
C25H20N305 with 13 degrees of unsaturation.

Cicpiperazinone C (3): Pale yellow powder; slightly soluble in methanol; [O(] ZDO -31.5 (c 0.108,
MeOH); 'H and BC NMR data, see Table 1 and Figures S11-S15; HR-ESI-MS showed a quasi-
molecular ion peak at m/z 418.2340 [M+H]* (calcd for C22H3NsOs, 418.2336), indicating a molecular
formula of C22Hz1N30s with 9 degrees of unsaturation.

Asperfuranic acid (4): Brown-red amorphous powder; readily soluble in methanol; [«(] 2D0 -12.62
(c 0.103, MeOH); 'H and *C NMR data, see Table 2 and Figures S16-520; HR-ESI-MS showed a quasi-
molecular ion peak at m/z 263.0923 [M+H]* (calcd for Ci1aHi50s, 263.0914), indicating a molecular
formula of C14H14Os with 8 degrees of unsaturation.
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Table 1. NMR spectroscopic data of compounds 1-3 (700 MHz for 'H NMR and 175 MHz for 3C NMR in DMSO-ds).

1 2 3
No.
oc, Type OH, Multi. (J in Hz) oc, Type OH, Multi. (J in Hz) oc, Type OH, Multi. (J in Hz)
1 8.12, s, 1-NH 8.05,d (2.4), 1-NH 8.11, s, 1-NH
2 167.9, C 167.0, C 167.0, C
3 53.9,CH 3.78,td (7.1, 3.8) 55.3, CH 4.17, ddt (4.8, 3.6, 2.0) 58.8, CH 3.72,dt (3.6,1.8)
4 8.12, s, 4-NH 8.12,d (2.4), 4-NH 7.97, s, 4-NH
5 1679, C 166.2, C 167.9, C
6 53.9, CH 3.78,td (7.1, 3.8) 53.7, CH 3.58,ddd (6.8, 3.7, 2.1) 53.7, CH 3.82, m
7 32.8, CH2 1.69, m 33.0, CH2 LA m 33.0, CH2 1.67, ddt (13.3, 10.1, 6.0)
0.71, m
8 21.8, CH2 1.30, m 21.0, CH2 0.71, m 21.9, CH: 131, m
9 27.6, CH2 1.58, p (7.5) 27.4, CH2 1.30, m 27.6, CH2 1.59, ddd (12.5, 8.9, 6.4)
10 41.5, CH2 345, td (7.0, 2.0) 41.5, CH2 3.27,td (7.1,3.4) 41.6, CH2 3.45,t(7.2)
11 167.1, C 167.0, C 167.0, C
13 47.9, CH2 452,s 48.0, CH2 4.46,s 48.0, CH: 451, s
14 153.3, C 1534, C 1534, C
15 1189, C 1189, C 1189, C
16 156.5, C 156.5, C 156.5, C
17 123;?’ 6.82, s 123;' 6.83, s 103.4, CH 6.82, s
18 120.7,C 120.7, C 120.7,C
19 1319, C 1320, C 132.0,C
20 58.8, CHs 3.87,s 58.9, CHs 3.87,s 58.9, CHs 3.87,s
21 9.4, CHs 2.05,s 9.4, CHs 2.06, s 9.4, CHs 2.06, s
22 382, CH: 313, dd (135,39 38.0,CH  1.83,ddp (16.7,7.1,3.5)
2.84, dd (13.5, 5.0)
23 1362, C 243, CH: 1.39, dqd (14.0, 7.0, 6.5,
3.8)
24 12(;;1' 7.14, m 15.1, CHs 0.89,d (7.1)
25 1?;?’ 7.22, m 11.9, CHs 0.83,t (7.4)
26 1é61—17, 7.22, m
(1); 9.77, s 9.78, s 9.77, s
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Table 2. NMR spectroscopic data of compound 4 (500 MHz for 'H NMR and 125 MHz for *C NMR in CD:OD).

4
No.
oc, Type on, Multi. (J in Hz)
1 80.7, CH 5.01, ddd (10.5, 6.7, 3.7)
3.18,dd (16.7, 3.8)
2 28.5, CH2
2.78, dd (16.8, 10.5)
3 125.6, C
4 100.2, C
5 159.1, C
6 101.9, CH 6.27,s
7 155.7, C
8 135.9, C
9 128.0, CH 5.71, dd (15.3, 6.8)
10 135.1, CH 6.38, dd (15.3,10.4)
11 131.7, CH 6.11, ddd (15.0, 10.4, 1.8)
12 132.9, CH 5.82, dq (14.0, 6.7)
13 18.3, CHs 1.77,dd (6.7, 1.6)
14 1718, C

2.8. ECD Calculations of 1 and 2

Conformational analyses of compounds 1 and 2 were performed in Yinfo Cloud Platform
(https://cloud.yinfotek.com) using Confab [15] with the Stochastic algorithm at an MMFF94 force field
with an RMSD threshold of 0.5 A and an energy window of 7 kcal'mol-'. All theoretical calculations
were carried out using Gaussian 09 (Revision D.01). Conformers were consecutively optimized at the
PM6 semi-empirical level and HF/6-31G(d) theoretical level, and room-temperature equilibrium
populations were calculated based on the Boltzmann distribution law, with dominant conformers
showing populations greater than 1% retained for further optimization. The selected conformers
were finally fully optimized at the B3LYP/6-31G(d) level in the gas phase, and vibrational frequency
analysis was performed to confirm no imaginary frequencies for all stable structures. ECD
calculations were conducted in methanol with the IEFPCM solvation model via time-dependent
density functional theory (TD-DFT) at the B3LYP/6-311G(d,p) level, with rotatory strengths for 30
excited states calculated for each conformer. The final ECD spectra were simulated by overlapping
Gaussian functions for each transition using the ECD/UV analysis tool in the Yinfo Cloud Platform,
and were compared with the experimental CD spectra.

2.9. Bioactivity Assay

The in vitro antioxidant activities of compounds 1-10 were evaluated using the 1,1-diphenyl-2-
picrylhydrazyl (DPPH) radical scavenging method [16], with the half-maximal inhibitory
concentration (ICs0) as the evaluation index and ascorbic acid (Vc) as the positive control.
Experimental procedure: Compounds 1-10 and Vc were dissolved in anhydrous methanol to prepare
10.0 mM stock solutions, which were serially diluted to 250, 125, 62.5, 31.25, and 15.63 uM test
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solutions. DPPH was dissolved in anhydrous ethanol to prepare a working solution at 200 uM. In 1.5
mL Eppendorf tubes, experimental groups (Ai: 150 uL sample solution + 150 uL DPPH working
solution), control groups (A« 150 uL sample solution + 150 uL anhydrous methanol), and blank
groups (Aj 150 pL anhydrous methanol + 150 uL. DPPH working solution) were set up, each
concentration in triplicate. After mixing, the tubes were incubated at room temperature in the dark
for 30 min. After reaction, 200 uL of each reaction mixture was transferred to a 96-well plate, and the
absorbance was measured at 517 nm using a microplate reader. The DPPH radical scavenging rate K
(%) was calculated as: K (%) =[1- (Ai— Ac) / Aj] x 100%, where Ai, Ac, and Aj are the absorbance values
of the corresponding groups. Data were analyzed using Microsoft Excel; the half-logarithmic curve
of scavenging rate versus concentration was plotted, and the ICsowas calculated by a cubic regression
equation to compare and evaluate the antioxidant activities of the compounds.

3. Results

3.1. Heterologous Expression Products Analysis

To discover structurally novel natural products, we mined two putative BGCs (Figure 2),
including a non-reducing polyketide synthase (NR-PKS) BGC (nrp) and a sesquiterpene BGC (tca)
from two previously analyzed endophytic fungi P. dangeardii [10,11] and C. arbuscula [12,13],
respectively, for heterologous expression. We used A. nidulans A8030 as the heterologous host and
created three recombinant strains AN-nrpACDEFGHI, AN-nrpEFGHI and AN-tca ABCDEFGHI.
Comparative chromatographic analysis of the crude extracts from the recombinant strains and the
control strain showed that their secondary metabolic profiles displayed significant differences (Figure
3). All of the three recombinant strains generated a series of new product peaks that were not
observed in the control strain, suggesting that cryptic BGCs in the three recombinant strains had been
activated. To characterize the newly produced metabolites in the recombinant strains, we conducted
large-scale fermentation and performed metabolite isolation from the fermentation extract of the
recombinant strains. As a result, three novel diketopiperazine-isoindolinone hybrid alkaloids
cicpiperazinones A-C (1-3), two known polyketides nidulol (9) and cichorine (10) were isolated from
the recombinant strains AN-nrpACDEFGHI and AN-nrpEFGHI of a NR-PKS BGC nrp, respectively.
Four polyketides including a new asperfuranic acid (4), asperfuran (5), dichotomone (6), and
microperfuranone (8), as well as one PKS-NRPS hybrid a-cyclopiazonic acid (7) were isolated from
the recombinant strain AN-tcaABCDEFGHI of a sesquiterpene BGC fca.

FAD-dependent oxidoreductase Transcription factor P450 FMO

Reductase SDR B ~r-pks Dehydrogenase [l O-MT

Btca;ﬂ C w1 == E +G— H*

. GlcNAc-1-P transferase . Hydrolase P450 O-glycosyltransferase Terpene cyclase

. Methyltransferase Isocitrate dehydrogenase Transcription factor . Glycosidase

Figure 2. (A) The NR-PKS BGC nrp from P. dangeardii. The core gene of this gene cluster is NR-PKS nrpG. Its
domain analysis revealed a modular architecture consisting of starter unit acyltransferase (SAT), acyltransferase
(AT), ketosynthase (KS), product template (PT), acyl carrier protein (ACP), and thioesterase (TE) domains.

Flanking nrpG are genes encoding auxiliary enzymes and regulatory elements, including a FAD-dependent
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oxidoreductase (NrpA), a transcription factor (NrpB), a cytochrome P450 enzyme (NrpC), a flavin-containing
monooxygenase (NrpD), a reductase (NrpE), a short-chain dehydrogenase (NrpF), a dehydrogenase (NrpH),
and an O-methyltransferase (Nrpl). (B) The sesquiterpene BGC tca from C. arbuscula. The core gene of this gene
cluster is the terpene cyclase tcaE. Other enzymes include a GIcNAc-1-P transferase (TcaA), a hydrolase (TcaB),
a cytochrome P450 enzyme (TcaC), an O-glycosyltransferase (TcaD), a methyltransferase (TcaF), an isocitrate
dehydrogenase (TcaG), a transcription factor (TcaH), and a glycosidase (Tcal).
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Figure 3. HPLC analyses of the crude extracts from the recombinant strains of (A) the NR-PKS BGC nrp and (B)
the sesquiterpene BGC fca.

Further analyzing the correlation between the newly produced compounds and the exogenous
gene clusters, we obtained unexpected results. The BGC cic of compounds 9-10, differing from the
exogenous BGC nrp, had been previously founded in A. nidulans [17]. Compounds 1-3 are
diketopiperazine derivatives incorporating a fragment of compound 10. Thus, the biosynthesis of
these compounds don’t originated from the exogenous NR-PKS BGC nrp, but are more possibly
related to the activation of silent BGCs in host A. nidulans. Meanwhile, compounds 4-8 belong to
polyketides or PKS-NRPS hybrid, obviously indicating that the biosynthesis of them are not related
to the sesquiterpene BGC tca. Collectively, structure and biosynthesis correlation analysis suggested
that the biosynthesis of 1-10 was not derived from the heterologously expressed BGCs. Instead, all
isolated compounds were related to the activation of cryptic BGCs endogenous to the host A. nidulans.

3.2. Structure Elucidation

Compound 1: pale yellow powder, sparingly soluble in methanol, [a]2” -35.7 (c 0.042, MeOH).
HR-ESI-MS showed a quasi-molecular ion peak at m/z 609.2929 [M+H]* (calcd for Cs2HsiNiOs,
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609.2919), indicating a molecular formula of Cs2H4«0N4Os with 15 degrees of unsaturation. The 'H
NMR (700 MHz, DMSO-ds) and 3C NMR (175 MHz, DMSO-ds) spectra (Table 1), in conjunction with
the molecular formula, suggested that 1 is a symmetric dimer, with half of the molecule accounting
for 16 carbons. The C NMR spectrum displayed signals for 8 sp? carbons (including two carbonyls)
and 8 sp? carbons per half. Detailed analysis of the 1D NMR data with the aid of an HSQC spectrum
revealed the presence of two exchangeable protons [ou 8.12 (s, 1-NH) and 9.77 (s, 16-OH)], two
methines [6c 103.0 (C-17), oc 53.9 (C-6)], five methylenes [6c 47.9 (C-13), 41.5 (C-10), 32.8 (C-7), 27.6
(C-9), 21.8 (C-8)], and two methyl groups [0c 58.8 (C-20), 9.4 (C-21)].

The 'H-'H COSY spectrum (Figure 4) revealed a continuous aliphatic chain along with an N-
atom spin system for 1-NH/H-6/H:-7/H»-8/H>-9/H2-10, establishing the N1-C10 chain. HMBC
correlations (Figure 4) were pivotal in assembling the structure. Correlations from H-6 to C-5/C-1 (6c
167.9), C-7, and C-8, and from 4-NH to C-5 and C-6, established the presence of a 2,5-diketopiperazine
(DKP) ring. The remaining fragment was identified as a highly substituted isoindolinone moiety.
HMBC correlations from H-10 to C-8, C-9, C-11 (6c 167.1), and C-13 (6c 47.9), from H-13 to C-11, C-
14 (6¢ 153.3), C-18 (6¢ 120.7), and C-19 (6c 131.9), and from H-17 (0n 6.82) to C-11, C-15 (6c 118.9), C-
16 (6c 156.5), and C-19, combined with the chemical shifts of C-10 and C-13, confirming a 2,3-dihydro-
isoindolin-1-one core with the N-atom connected to C-10. The placements of the methoxy, methyl,
and hydroxyl groups on this core were deduced from HMBC correlations: Hs-20 (61 3.87) with C-14,
Hs-21 (01 2.05) with C-14, C-15, and C-16, and the exchangeable proton 16-OH with C-15. Thus, the
planar structure of 1 was elucidated as a symmetric diketopiperazine dimer consisting of a DKP core
with two identical 4-(isoindolinone)butyl side chains.

Figure 4. "H-'H COSY and key HMBC correlations of compounds 1-4.

Compound 1 possesses two chiral centers. Its optical rotation is [a]4’ -35.7 (c 0.042, MeOH). If the
relative configuration was (R*, 5¥), the compound would be a mesomer and optically inactive. Therefore,
the absolute configuration of 1 must be either (3S, 6S) or (3R, 6R). Comparison of the experimental CD
spectrum of compound 1 in comparison with calculated ECD spectra (Figure 5A) showed that the
experimental CD spectrum of 1 was good agreement with that of the (3R, 6R) enantiomer. Literature
reports [18] ndicated that diketopiperazines with the (35, 6S) configuration exhibit positive optical
rotation, opposite to that of compound 1, further supporting the (3R, 6R) assignment. Consequently, the
absolute configuration of 1 was assigned as (3R, 6R), and it was named cicpiperazinone A.
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Figure 5. Experimental and calculated ECD spectra of compounds (A) 1 and (B) 2.

Compound 2: pale yellow powder, slightly soluble in methanol, [a]3’ -26.1 (c 0.092, MeOH).
HR-ESI-MS showed a quasi-molecular ion peak at m/z 452.2187 [M+H]* (calcd for C2sH3oN3Os,
452.2180), indicating a molecular formula of CsH2N30s with 13 degrees of unsaturation. Comparison
of the NMR data of 2 (Table 1) with those of 1 revealed a high degree of similarity for signals
corresponding to the isoindolinone moiety (C-11 to C-21) and part of the aliphatic chain (C-6 to C-
10), suggesting that 2 shares the same 4-(isoindolinone)butyl side chain as 1. However, significant
differences were observed in the DKP ring region. Instead of the symmetric DKP signals, the NMR
spectra of 2 displayed resonances for an extra monosubstituted benzene ring [6c 136.2 (C-23), 130.4
(C-24), 128.0 (C-25), 126.7 (C-26); 061 7.14-7.22] and an additional methylene (6c 38.2, C-22), along with
the asymmetric DKP ring [0c 55.3 (C-3), 53.7 (C-6), 167.0 (C-2), 166.2 (C-5); 6u 8.05 (s, 1-NH), 8.12 (s,
4-NH)]. This indicated the presence of a phenylalanine, which was comfirmed by HMBC (Figure 4)
correlations from H-3 to C-22 and C-23, and from H2-22 to C-2, C-3, and the aromatic carbons C-23
and C-24. Therefore, the planar structure of 2 was established as a DKP with a benzyl substituent at
C-3 and the same 4-(isoindolinone)butyl side chain at C-6 as in 1.

The relative configuration of compound 2 was established by analysis of the NOESY spectrum.
The key NOE correlation (Figure 6) between H3-20 and H-26 indicated that the benzyl and the 4-
(isoindolinone)butyl side chain are situated on the same face of the DKP ring. Consequently, the
absolute configuration of compound 2 is restricted to either (3R, 6R) or (35, 65). The experimental CD
spectrum of 2 matched well with the calculated ECD spectrum for the (3R, 6R) enantiomer (Figure
5B), which was consistent with the negative optical rotation ([a]3’ -26.1) and the biosynthetic
relationship with 1. Thus, the absolute configuration of 2 was also assigned as (3R, 6R), and
compound 2 was named cicpiperazinone B.
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NOESY

Figure 6. Key NOESY correlation of compound 2.

Compound 3: pale yellow powder, slightly soluble in methanol, [a]3’ -31.5 (c 0.108, MeOH).
HR-ESI-MS showed a quasi-molecular ion peak at m/z 418.2340 [M+H]* (caled for C22H3NsOs,
418.2336), indicating a molecular formula of C22Hx1N3Os with 9 degrees of unsaturation. The NMR
data of 3 (Table 1) were very similar to those of 2, particularly for the signals corresponding to the
isoindolinone moiety (C-11 to C-21) and the aliphatic chain (C-6 to C-10). The key difference was the
replacement of the benzyl group signals in 2 with signals for an isobutyl group [6c 38.0 (C-22), 24.3
(C-23),15.1 (C-24), 11.9 (C-25); 61 1.83 (H-22), 1.39 (H2-23), 0.89 (Hs-24), 0.83 (Hs-25)].

The 'H-'H COSY spectrum showed correlations for Hs-25/H-22/H»-23/Hs-24, confirming the
presence of the isobutyl fragment. HMBC correlations from H-3 to C-2, C-22, and C-25, and from H-
22 to C-2, C-24, and C-25 positioned the isobutyl group at C-3 of the DKP ring (Figure 4). Thus, the
planar structure of 3 was established as a DKP with an isobutyl substituent at C-3 and the same 4-
(isoindolinone)butyl side chain at C-6.

Based on the same biogenetic considerations as 1 and 2 and the negative optical rotation value
([a]3® -31.5), which was consistent with 1 and 2, the absolute configuration at C-3 and C-6 was
proposed to be 3R,6R. The configuration at C-22 was assigned as S, in accordance with that of L-
isoleucine, a biosynthetic precursor of 3. Thus, the absolute configuration of 3 was putatively assigned
as 3R,6R,22S, and compound 3 was named cicpiperazinone C.

Compound 4: brown-red amorphous powder, readily soluble in methanol, [a]3 -12.6 (c 0.103,
MeOH). HR-ESI-MS showed a quasi-molecular ion peak at m/z 263.0923 [M+H]* (calcd for C1aH1sOs,
263.0914), indicating a molecular formula of C1sH14Os with 8 degrees of unsaturation. !H NMR (500
MHz, CDs0OD) and *C NMR (125 MHz, CDsOD) data are shown in Table 2. The *C NMR spectrum
displayed 11 sp? signals (including one carbonyl) and three sp? signals. Analysis of the HSQC
spectrum identified one methyl (6c 18.3, C-13), one methylene (6c 28.5, C-2), six methines (five olefinic
and one oxygenated), and six quaternary carbons (five aromatic and one carboxylic 6c 171.8, C-14).

The '"H-"H COSY spectrum (Figure 4) revealed a heptadiene spin system (H2-2/H-1/H-9/H-10/H-
11/H-12/Hs-13). The large coupling constants (Jo10=15.3 Hz and Ji1,12 = 14.5 Hz) established the trans
geometry for both the A ¢ and A ' double bonds. HMBC correlations (Figure 4) from H-6 to C-8 (6c
135.9), C-7 (6c 155.7) and C-4 (6c 100.2), from H2-2 to C-3 (6c 125.6), C-4, and C-8, and from H-1 to C-
2, and C-3, combined the downfield chemical shifts of C-1 (0c 80.65) and C-8, established the 2,3-
dihydrobenzofuran ring connected with the conjugated diene side chain at C-1. The highly
downfield-shifted quaternary carbons C-5 (0c 159.1) and C-7 (6c 155.7) indicated they were
oxygenated, and the chemical shift of C-6 (6c 101.9) was characteristic of a carbon in benzene ring
flanked by two oxygenated substituents, confirming the presence of two hydroxyl groups at C-5 and
C-7. The carboxylic acid group C-14 (6c 171.8) was placed at C-4 based on HMBC correlation from H-
6 to C-4 and C-14. Furthermore, the Infrared (IR) spectrum of compound 4 displayed characteristic
absorptions of a carboxylic acid functionality, including a broad O-H stretching band (3300-2500 cm-
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) and a carbonyl absorption (1673 cm™) of a conjugated carboxyl group, thus corroborating the
presence of a free carboxyl moiety (Figure S22).

Since the planar structure of compound 4 is highly similar to known compound asperfuran, just
possesses an additional carboxyl group at C-4, and the optical rotation of compound 4 ([«]3’ -12.6)
has the same sign as that of (R)-asperfuran [19]([a]3’ -20.9), the absolute configuration of C-1 in 4
was assigned as R. Then, compound 4 was named asperfuranic acid.

In addition to the above new compounds (1-4), six known compounds were identified as asperfuran
(5) [19], dichotomone (6) [20,21], a-cyclopiazonic acid (7) [22,23], microperfuranone (8) [24,25], nidulol (9)
[17], cichorine (10)[17,[26], respectively, by comparing spectroscopic and specific rotation data with those
reported in the literature. This represents the first report of compounds 5-7 from A. nidulans.

3.3. Bioactivity Assay

The in vitro antioxidant activities of compounds 1-10 were preliminarily evaluated using the DPPH
radical scavenging method. The results demonstrated that compounds 4 and 5 exerted potent free radical
scavenging activity, whereas compounds 6-8 displayed moderate antioxidant efficacy (Table 3).

Table 3. The DPPH free radical scavenging activities of compounds 1-10 (ug-mL™").

Compounds ICso
1 >500
2 >500
3 >500
4 6.01
5 7.00
6 34.99
7 4494
8 35.14
9 >500

10 >500
Ve 3.10

4. Discussion

In this study, during heterologous expression in A. nidulans, we unexpectedly observed the
activation of silent secondary metabolite gene clusters from the host strain, leading to the isolation of
ten newly produced metabolites, including three novel diketopiperazine-isoindolinone hybrids (1-3)
and one new benzofuran carboxylic acid derivative (4). This phenomenon suggests that introduction
of exogenous genes is not a simple “addition” process but may trigger extensive remodeling of
metabolic and regulatory networks within the host cell. From a mechanistic perspective, heterologous
expression might perturb the host and activate silent gene clusters through the following pathways:
(i) Perturbation of intracellular metabolite homeostasis [27]: The expression of heterologous enzymes
may lead to the consumption or accumulation of specific biosynthetic precursors, thereby altering
the distribution of metabolic flux and further impacting the regulatory networks of secondary
metabolism; (ii) Competition for regulatory proteins [6]: the heterologous expression vectors may
occupy transcriptional or translational resources, indirectly affecting the expression and function of
endogenous regulators, leading to derepression of some silent gene clusters; (iii) Stress response
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activation [28]: introduction of foreign DNA or expression of heterologous proteins may trigger
cellular stress responses in fungi, activating various defense mechanisms including secondary
metabolism; (iv) Epigenetic regulation perturbation [29]: studies have shown that expression of
secondary metabolite gene clusters in fungi is often regulated by epigenetic mechanisms such as
histone modifications; heterologous expression may interfere with the function or expression balance
of related epigenetic modifying enzymes.

Compounds 1-3 possess the novel rare diketopiperazine-isoindolinone hybrid skeleton and are
discovered in nature for the first time, adding new structural types to fungal diketopiperazine natural
products. New compound 4 is structurally similar to the known compound 5, representing a
carboxylated derivative. Notably, bioactivity screening revealed that 4 and 5 both exhibited strong
antioxidant activity (ICs 6.01 and 7.00 pug-mL, respectively), significantly better than the other
compounds. This suggests that introduction of a carboxyl group may enhance radical scavenging
ability, providing a reference for structure-based antioxidant design. Although compounds 5-7 are
known structures, their isolation from A. nidulans is reported here for the first time, indicating
untapped metabolic potential in this strain.

From a methodological perspective, the use of heterologous expression as a trigger of "metabolic
perturbation” to activate cryptic BGCs provides a novel strategy for microbial natural product
discovery. However, this strategy currently faces notable challenges, including the unpredictability
of activation efficiency and the lack of a clear mechanistic understanding. Further investigations
should integrate multi-omics analyses (transcriptomics, metabolomics, and epigenomics) to
systematically dissect the global alterations in regulatory networks induced by heterologous
expression, while rationally designing expression constructs or co-expressing key regulatory factors
to enhance the efficiency and specificity of cryptic BGCs activation.

In summary, this study not only reports several structurally novel and biologically active natural
products but also reveals a new phenomenon of activating silent gene clusters through heterologous
expression perturbation of the host metabolic network, providing new insights and experimental
basis for fungal natural product discovery and development of synthetic biology chassis cells.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org, Table S1: Strains used in the study; Table S2: Plasmids used in the study; Table
S3: Primers used in the study; Media and Buffers; Figure S1-S5: NMR spectra of compound 1; Figure S6-S11:
NMR spectra of compound 2; Figure S12-516: NMR spectra of compound 3; Figure S17-522: NMR and IR spectra
of compound 4.
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