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Systematical screening of the metabolic profile of marine fungus Aspergillus sp. EGF 15-0-3
using OSMAC-GNPS molecular networking cascade followed by target isolation of the environ-
mental-induced products resulted the identification of eight unprecedented indole
diketopiperazine-based hybrids (1-8) featuring three distinct chemical backbones. The struc-
tures of the obtained compounds were established by combination of extensive spectroscopic
analyses, X-ray crystallography, and ECD calculations. All these environmental-induced meta-
bolites were demonstrated to be unusual tyrosyl-DNA phosphodiesterase 2 inhibitors. Com-
pound 3, as the most outstanding example, showed selective synergistic antitumor effect
when combined with the chemotherapeutic drugs.

1. Introduction

Topoisomerases (TOP) inhibitors, like etoposide (ETP) and
camptothecin (CPT), are widely used in the treatment of system-
ic malignancies and solid tumors "*. However, the emergence of
drug resistance often leads to therapeutic failure, with multiple
underlying mechanisms contributing to this phenomenon. Among
these, the upregulation of DNA repair enzymes is the major >,
Tyrosyl-DNA phosphodiesterases (TDPs), comprising TDP1 and
TDP2, represent the principal enzymatic system for repairing
DNA damage. While TDP1 has been extensively characterized in
DNA repair mechanisms, as a protein identified merely in 2000,
TDP2 represents a relatively unexplored therapeutic target °. To
date, only seven distinct chemotypes have been identified as
TDP2 inhibitors and no candidate has been progressed to preclin-
ical or clinical testing °. TDP2 plays a pivotal role in tumor resist-
ance to TOP inhibitors by catalyzing the repair of topoisomerase-
mediated DNA lesions °. Beyond its enzymatic functions, TDP2
serves as a critical factor in DNA damage repair by repairing TOP-
induced DNA damage * . Given the pivotal role of TDP2 in con-
ferring tumor chemoresistance, innovative chemical scaffolds
demonstrating both high TDP2 inhibitory potency and optimal
drug-like characteristics are desired.

Marine organisms have yielded a diverse array of natural
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products with structural diversity and superior drug-like proper-
ties . Since 1969, 18 marine-derived drugs have been approved,
mainly for cancer therapy, while around 40 compounds are in
clinical trials (https://www.marinepharmacology.org) > *. This
is attributed to the unique characteristics of marine habitats **
Marine fungi, as key ecosystem components, exhibit remarkable
adaptability through gene cluster regulation, leading to altered
metabolic profiles ">, Their high metabolic potential and ease of
manipulation make them promising sources for novel drug dis-
covery 18,19

Our research group has long interest in discovering bioactive
chemical ingredients from marine fungi “**’. During our previous
investigation, we have systematically screened the eighteen dif-
ferent culture conditions of the title fungus by using combination
strategy of OSMAC-GNPS molecular networking cascade. Intrig-
uingly, although the indole diketopiperazine alkaloid monomers
were produced in ten out of eighteen tested media, metabolites
with m/z ranging from 600 to 800 Da were solely found in the
rice medium among the ten monomers identified tested media,
indicating the presence of unusual environmental-induced meta-
bolites in rice medium. The subsequent chromatographic ap-
proaches resulted in the discovery of four novel cytotoxic indole
diketopiperazine-based hybrids **. As a part of our continuous
study on the title fungus, we paid particular note to the presence
of an array of environmental-induced products with similar mo-
lecular weight but distinct MS fragments in the rest chromato-
graphic fractions (Fig. S1). Motivated by these revelations, we en-
larged the fermentation scale of this strain on the rice medium,
and subsequently targeted isolation resulting eight new indole

Copyright © 2026, China Pharmaceutical University. Published by Elsevier B.V. All rights are reserved.
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diketopiperazine-based hybrids (1-8) featuring three types of
unusual skeletons as environmental-induced products (Fig. 1).
Structurally, aspergillines E-1 (1-5) possess a highly functional-
ized 6/6/5/6/6 pentacyclic scaffold with a pyrano[3’',2":7,8]iso-
chromeno [4,3-b]pyrazino[2,1-i] indole backbone, aspergilline ]
(6) bear a spiro[piperazine-2,2'-pyrano|[3,4,5-de]chromene core,
and aspergillines K (7) and L (8) represent the first benzaldehyde-
based indole alkaloids with unprecedented backbones. Interest-
ingly, instead of showing direct growth inhibition to cancer cells,
these compounds showed significant synergistic effect when
combined with the chemotherapeutic drugs via inhibition of tyro-
syl-DNA phosphodiesterase 2 (TDP2). Herein we outline their
isolation, structure elucidation, and biological evaluation.

2. Results and discussion

Aspergilline E (1) was obtained as a rufous powder with a
molecular formula of C39H4,N304 based on its HR-ESI-MS ion at
m/z 648.3073 [M + H]" (Calcd. for C39H4,N504 648.3074), indicat-
ing 21 degrees of unsaturation. The UV spectrum displayed ab-
sorption maxima at 226, 269, and 339 nm. The IR spectrum sug-
gested the presence of amine (3354 and 2966 cm"), carbonyl
(1685, 1660, and 1654 cm™) as well as benzene ring (1608, 1473
and 1456 cm™). A detail analysis of the 'H and "*C NMR spectra of
1 suggested the presence of one paraquinone group, two amide
carbonyls, two trisubstituted double bonds, one cis-disubstituted
double bond, one monosubstituted double bond, a 2,3-disubsti-
tuted indole moiety, two quaternary carbons, five methines, two
methylenes, and six methyls (including one methoxy). Compre-
hensive analysis of 1D and 2D NMR data of 1 resulted in the full
assignment of the proton signals to their respective carbons (Ta-
ble 1).

Interpretation of the 'H-"H COSY spectrum of 1 allowed the
establishment of four spin-coupling systems (Fig. 2). In the HM-
BC spectrum, correlations from NH-1 to C-3/C-3a/C-15, from H-4
to C-3/C-7a, from H-7 to C-3a, from H-8 to C-3a/C-10, from NH-
14 to C-8/C-10/C-12, from H-17 to C-15, H3-18/H3-19 to C-2, as
well as from H-20 to C-13, suggested the existence of an indole
diketopiperazine unit (unit A, Fig. 2). In addition, the "H-'H COSY
correlations of H-7'/H-8'/H-9'/H-10'/H-11'/H-12'/H;-13'/H-20
and H-15'/H-16', in conjunction with the key HMBC correlations
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from H-4' to C-2'/C-6', H-7' to C-1'/C-5', H-14' to C-2'/C-8', H-15'
to C-2'/C-4', H-16' to C-18'/C-19’, as well as H-20' to C-14’, allow-
ing the addition signals to be presumed as an quinoid polyketide
unit (unit B, Fig. 2).

The assembly of unit A and unit B via C-20-C-12', C-12-C-9’,
and N-11-C-7' bonds were deduced from the HMBC correlations
from H-12' to C-12, H-9' to C-13, and H-7' to C-10, respectively.
Therefore, the planar structure of 1 was determined as being rep-
resentative of a novel class of indole diketopiperazine hybrids
possessing a highly functionalized 6/6/5/6/6 pentacyclic scaf-
fold with a complex isochromeno[4,3-b]pyrazino[2,1-i]indole
backbone. The relative configuration of 1 (Fig. 3) was established
by comprehensive analysis of the NOESY spectrum of 1 along
with comparison with that of aspergilline A **, which was con-
firmed by X-ray.

Aspergilline F (2) was obtained as a rufous powder. The
HR-ESI-MS ion peaks at m/z 648.3074 [M + H]" (Calcd. for
C39H4,N304 648.3074) observed of 2 showed that it has the same
molecular formula as 1. Further comprehensive analysis of the
1D (Table 1) and 2D (Figs. 2 and 3) NMR spectra of 2 revealed the
NMR data of 2 were highly resembled with those of 1, except for
the differences of the resonances assigned to C-10 [, = 158.1 (2),
161.9 (1)], C-13 [6; = 167.2 (2), 168.4 (1)], C-7' [6, = 47.8 (2),
49.5 (1)], C-8' [6; = 72.4 (2), 69.1 (1)], and C-9' [6, = 46.4 (2),
42.2 (1)]. Moreover, the distinct NOESY correlations of H-20a and
H;-13', indicated that H-20a and Hs-13’ were cofacial and situ-
ated in the a-oriention. NOESY correlations of H-20b and H-7'/H-
9’, as well as H-9' and H-8'/H3-20’, suggested H-20b, H-7', H-8', H-
9'and H3-20" were in the B-oriention. Meanwhile, the double bond
at C-8 was Z-geometry could be deduced by the NOESY correla-
tions of H-4 and NH-14 (Fig. 3), indicate compound 2 was the C-
12 epimer of 1.

The molecular formula of aspergilline G (3) was C3gH39N304
based on its HR-ESI-MS ion at m/z 634.2899 [M + H]" (Calcd. for
C3gH49N304 634.2917). Compared to 2, the loss of 14 mass units
in the HR-ESI-MS data and disappearance of the methoxy group,
as well as the appearance of the hydroxy group in the 1D NMR
spectra (Table 1) indicated that 3 was the demethylated derivat-
ive of 2, which was confirmed by the HMBC correlations (Fig. 2).
Meanwhile, similar NOESY correlations corroborated the struc-
ture of 3 (Fig. 3).

CHO

OH

Fig.1 Chemical structures of compounds 1-8.
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Table 1 'HNMR (400 MHz) and "*C NMR (100 MHz) data of 1-3 in DMSO-d; (J in
Hz)".

1 2 3
No.
6y (J,Hz) &, type 6y (J,Hz) &, type 6y (J,Hz) &, type
1 1109 (s) 11.06 (s) 11.05 (s)
2 1452,C 144.6,C 144.6,C
3 1044, C 103.4,C 103.8,C
3a 1263,C 1262,C 1262,C
4 (;";2) 1189, CH (;";2) 1189, CH [(17";_38) 1189, CH
5 (5'3_76) 1192, CH (Z';)_lg) 119.4, CH (Z%) 119.4, CH
6 (Z'Si) 1207, CH (t7,'(7).88) 1207, CH (Z'%) 1207, CH
7 (;";_‘z) 1118, CH (;";_ZB) 111.7,CH (;";2) 111.7,CH
7a 135.0,C 1347,C 1363,C
8  691(s) 1138,CH 682(s) 1130,CH 6.82(s) 112.8,CH
9 1252,C 124.1,C 1242,C
10 1619,C 158.1,C 1580,C
11
12 65.4,C 65.6,C 65.6,C
13 1684, C 167.2,C 167.2,C
14 947(s) 9.42 (s) 9.41 (s)
15 39.3,C 393,C 393,C
6.06 6.04 6.05
16  (dd,17.6, 1451,CH (dd,17.2, 1452,CH (dd,17.2, 145.2,CH
10.8) 10.4) 10.4)
17 a501(m) 1120,CH, a498(m) 111.9.CH, a5.03 (m) 111.8,CH,
b5.04 (m) b 5.02 (m) b 5.00 (m)
18 149(s) 27.7.CH; 146(s) 27.7,CH; 146(s) 27.6,CHy
19 145(s) 280,CH; 141(s) 28.0,CH; 142(s) 28.0,CHy
20 a190(m) 384.CH, al65(m) 383.CH, al64(m) 38.2 CH,
b2.30 (m) b2.17 (m) b 2.14 (m)
1 147.4,C 1477,C 1477,C
2 184.0,C 184.1,C 184.4,C
3 1382,C 137.1,C 137.0,C
4 (f)':f] 1328,CH  676(s) 1327,CH 6.75(s) 132.6,CH
5 184.6,C 1845,C 184.8,C
6 135.7,C 135.1,C 135.0,C
7 (;';1) 495, CH (;'22) 47.8,CH (;'2_28) 47.7,CH
g (3'3_86) 69.1, CH (;';2) 72.4,CH (;?8) 71.8,CH
9 Sj'rzg) 422,CH  315(m) 464,CH 3.07(m) 46.6,CH
10'  574(m)* 1219,CH 584 (m)* 1243,CH 583 (m)* 1243,CH
11 575(m)’ 1348,CH 582(m) 1352,CH 582 (m)' 1352,CH
12 227(m) 281,CH 229(m) 264,CH 228(m) 265,CH
13’ (dl"g%) 19.9, CH, (‘11,';20) 20.0, CH, (dl,.;ZO) 20.0, CHs
14 544(s) 921,CH  539(s) 929,CH (;'22&) 85.6, CH
15’ (;';f’z) 27.1, CH, ([13,';22) 27.2,CH, (013,.;?2) 27.2,CH,
16’ (5;3) 119.1, CH (5'3_12) 1188, CH (E?g) 1189, CH
17’ 135.1,C 135.1,C 135.1,C
18 165(s) 17.7.CH;  165(s) 17.7.CH;  165(s) 17.7,CHy
19 174(s) 255.CH; 173(s) 255.CH; 173(s) 255,CHy
200 340(s) 559.CH; 345(s) 562,CH,
14'-0H 7.15 (s)

* Overlapped signals are reported without designating multiplicity.
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Aspergilline H (4) was obtained as a lightly yellow powder,
with a molecular formula of C44Hs;N304 based on its HR-ESI-MS
ion at m/z 718.3846 [M + H]" (Calcd. for C44Hs,N;04 718.3856),
indicating 21 degrees of unsaturation. A detail analysis of the 1D
(Table 1) and 2D NMR data obtained for 4 with those of 1, indic-
ating the structural similarity of these two compounds. The signi-
ficant differences were the appearance of a penta-substituted
benzene ring signals [6y 6.62 (s); 6c 115.7, 119.6, 123.0, 131.1,
145.2 and 150.2] in 4, instead of the paraquinone group signals in
1, and the additional of an isoprene group signals [dy 1.65 (s),
1.67 (s), 2.30 (m), 3.18 (m), and 5.26 (m); 6; 17.8, 25.6, 28.0,
122.2, and 130.7], while an aromatic proton signal at &y 6.97 (t,
7.6, H-5) in 1 was absent in 4, as evidenced by the observed HM-
BC correlations from H-21 to C-4/C-6, H-22 to C-5/C-24/C-25, H-
4' to C-2'/C-6', H-7' to C-1'/C-5', H-14' to C-2', and H-15' to C-
2'/C-4' (Fig. 2). Further 'H-'H COSY, HMBC and NOESY (Fig. 3)
correlations allowed the complete assignment for 4. Therefore,
the gross structure of 4 was elucidated as shown in Fig. 1.

Aspergilline 1 (5) was obtained as a lightly yellow powder
with a molecular formula identical to aspergilline A (C39H4;N30¢)
based on its HR-ESI-MS ion at m/z 648.3075 [M + H]" (Calcd. for
C39H4,N304 648.3074). Extensive analysis of the 1D (Table 2) and
2D NMR data revealed 5 possesses the same planar structure as
aspergilline A **. The major spectroscopic differences between 5
and aspergilline A could be attributed to C-10 [6. = 160.7 (5),
163.9 (aspergilline A)], C-12 [8¢ = 65.9 (5), 67.0 (aspergilline A)],
C-7' [6¢ = 51.4 (5), 54.6 (aspergilline A)], C-8' [6. = 72.9 (5), 68.7
(aspergilline A)], as well as C-9' [6; = 44.5 (5), 41.9 (aspergilline
A)], which was further confirmed by the correlations in the HM-
BC spectrum (Fig. 2). In addition, the NOESY cross-peaks of H-
7'/H-9" and H-20a, as well as H-20a and H3-13’, indicating 5 was
the 12-epimer of aspergilline A (Fig. 3).

Aspergilline ] (6) was obtained as a lightly yellow powder
with the same molecular formula as that of aspergilline D **
(C3gH43N30¢) based on its HR-ESI-MS ion at m/z 638.3223 [M +
H]" (Calcd. for C3gH,4N304 638.3230). The 'H and *C NMR data
(Table 2) were found to be similar to those of aspergilline D. Fur-
ther analyses of 2D NMR data confirmed that 6 and aspergilline D
shared the identical planar structures (Fig. 2). The notably differ-
ent signals observed were attributed the C-10, C-20, and C-7’, in-
dicating these two compounds were epimers at C-12. This conclu-
sion was verified subsequently by the observation of key NOESY
correlations between NH-11 and H-20b, as well as H-20a and H-
8’ (Fig. 3).

Aspergilline K (7) was obtained as a yellow powder, with a
molecular formula of C3gH39N305 based on its HR-ESI-MS ion at
m/z 618.2964 [M + H]" (Calcd. for C3gH,oN305 618.2968). Ex-
haustive analyses of the NMR data indicated 7 also possesses the
typical indole diketopiperazine fragment (fragment A, Fig. 2). Ex-
cept for the signals for these functional groups, the combined 1D
NMR (Table 3) and HSQC spectra revealed the presence of an ad-
ditional 19 carbons, including three methyls, one methylene, two
methines, one pair of disubstituted double bond, two pairs of
trisubstituted double bonds, one penta-substituted benzene ring,
and an aldehyde group. The 'H-'H COSY correlations of H-9'/H-
10'/H-11'/H-12'/H3-13'/H-20 and H-15'/H-16/, in conjucted
with the key HMBC correlations from H-4' to C-2'/C-6', H-7' to
C-1'/C-5'/C-9’, H-14' to C-2'/C-6', H-15' to C-2'/C-4', H5-18'/
H;-19' to C-16’, as well as 2'-OH to C-1'/C-3’, allowing the addi-
tion signal to be presumed as a benzaldehyde fragment contain-
ing a furan ring (fragment B, Fig. 2). The connection of fragme-
nts A and B via C-20-C-12" and C-12-C-9’ bonds could be defined
by the HMBC correlations between H-20 and C-13 as well as H-
10’/H-12" and C-12. Therefore, the planar structure of 7 could be
established as a novel indole diketopiperazine-benzaldehyde
hybrid.

In the NOESY spectrum, NOESY correlations of NH-11/H-20a
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'H-'H COSY

Fig.2 'H-'H COSY and key HMBC correlations of 1-8.

and H-20a/H5-13' (Fig. 3) revealed these protons to be in a cofa-
cial relationship. In addition, the NOE correlation observed for H-
20b/H-9', suggesting the relative configuration of 7 was estab-
lished to be 12R’,9'S’,12'S". Moreover, a suitable crystal of 7 was
obtained and firmly confirmed the planar structure and the relat-
ive configurations of 7 (Fig. 4, CCDC 2353833).

Aspergilline L (8) was obtained as a yellow powder, with a
molecular formula of C43H47N305 based on its HR-ESI-MS ion at
m/z 686.3588 [M + H]" (Calcd. for C,3H,gN305 686.3594). De-
tailed analysis of 1D (Table 3) and 2D NMR data of 8 revealed
that 8 was the C-5 prenylated analogue of 7, the only difference
was the presence of an additional isoprene group [6y 1.60 (s),
1.62 (s), 3.32 (d, 7.0), and 5.28 (dd, 7.0, 1.6); 6; 17.6, 25.5, 34.3,
121.4, and 132.3] in 8, which was supported by the HMBC correl-
ations from H-21 to C-4/C-6, and H-22 to C-5/C-23/C-24 (Fig. 2).

Itis intriguing to note that the specific rotations of com-
pounds 1-8 were barely measurable, suggesting that they were
all obtained as racemic mixtures. To determine their absolute
configurations, chiral HPLC was employed to separate the racem-
ic compounds 1-8 into their respective optically pure enan-
tiomers, (+)-1, (-)-1, (+)-2, (-)-2, (+)-3, (-)-3, (+)-4, (-)-4, (+)-5,
(-)-5, (+)-6, (-)-6, (+)-7, (-)-7, (+)-8, and (-)-8, respectively.
Subsequently, the absolute configurations of these enantiomers
were definitively established by ECD experiments with the assist-
ance of quantum chemical calculations (Fig. 5, see the Supporting
information for details).

Previously, we identified four cytotoxic environmental-in-
duced indole diketopiperazine-based hybrids. Therefore, com-
pounds 1-8 were initially evaluated for their cytotoxicities
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against a panel of cancer cells using CCK8 assay. However, none
of these compounds exhibited any inhibitory effects.

Tyrosyl-DNA phosphodiesterase 2 (TDP2) is a critical enzy-
me involved in repairing DNA damage caused by TOP inhibitor °.
Upregulation of TDP2 is considered as a defensive feedback of tu-
mor cells in response to etoposide and other TOP inhibitors ex-
posure and is the major causality of drug-resistance ** . While
TDP2 inhibitors have shown promise for sensitizing cancer cells
to TOP inhibitors, there is a limited number of chemotypes repor-
ted as TDP2 inhibitors, and no TDP2-targeting inhibitors have
been approved for clinical use or entered the market.

Focusing on TDP2 inhibitors discovery, we evaluated the
TDP2 inhibitory activities of isolated compounds 1-8. While all
compounds except 4 demonstrated potential activity, com-
pounds 2 and 3 emerged as particularly promising candidates
(Table 4).

Since 2 and 3 possessed remarkable potency against TDP2,
we wonder whether their TDP2 inhibitory effects could be reflec-
ted in anti-tumor effects at the cellular level. To our surprise, al-
though both 2 and 3 bear an identical chemical skeleton, and 2
was demonstrated to possess better TDP2 inhibitory potency,
only 3, with a 14'-OH, instead of its 14’-OCH; of analogue 2,
showed significant synergistic effect with the chemotherapeutic
etoposide (ETP) or camptothecin (CPT) against the proliferation
of DU-145, MHCC-97, A549, MDA-MB-231, and Hgc-27 cells (Fig.
6). These results indicated that 3 could serve as a promising lead-
ing compound for the further structural optimization, and the
subsequent structure-activity relationship study may provide
gainful insights for developing new TDP2 inhibitor.



X. Wei et al.

Chinese Journal of Natural Medicines 24 (2026) 1015-1024

Fig. 3 Key NOE correlations of compounds 1-8.

3. Conclusion

In summary, the discovery of eight novel environmental-in-
duced products with three distinct structural scaffolds show-
cases the remarkable chemical diversity of marine fungi under
varying environmental conditions, and enriches the structural di-
versity of indole-diketopiperazine derivatives. Importantly, these
compounds have been demonstrated to act as TDP2 inhibitors.
Notably, compound 3, which stands out among the identified
compounds, demonstrates a selective synergistic antitumor ef-
fect when used in combination with chemotherapeutic drugs,
highlighting its potential as a novel therapeutic agent. The above
findings enrich the chemical and biological diversity of TDP2 in-
hibitors.

4. Experimental

4.1. General experimental procedures

The general experimental procedures were performed as de-
scribed previously **.

4.2. Fungal strain and fermentation

Details of the collection site and taxonomic identification of
the strains of Aspergillus sp. EGF 15-0-3 material have been re-
ported in previous work **. The fungus Aspergillus sp. EGF 15-0-3
was activated on PDB medium under a rotatory shaker at 165
r-min” at 28 °C for 5 days to obtained the seed culture. Sub-
sequently seed culture was subcultured in polished glutinousr
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rice medium (each 1 L containing 100.0 g of rice, 0.3% peptone,
and 100 mL of distilled artificial seawater) and incubating at
28 °C for 35 days under static conditions.

4.3. Extraction and isolation

After 35 days of fermentation, the rice medium (90 kg) of As-
pergillus sp. EGF 15-0-3 was soaked and extracted with EtOAc
three times (8 h per time) and evaporated under reduced pres-
sure to afford the EtOAc extracts (900 g). The residue was then
subjected to silica gel column eluted with a gradient of PE/EtOAc
(100:0-0:100) to afford 8 major fractions (Fr. A-Fr. H) by TLC
and HPLC analyses. Fr. F (33.7715 g) was applied to MCI column
chromatography (MeOH/H,0, V/V, 20:80-100:0) to give 8 sub-
fractions (Fr. F1-Fr. F8). Subfraction F8 then was eluted with
CH,Cl,/MeOH (30:70) on Sephadex LH-20 column chromato-
graphy to afford 10 subfractions (Fr. F8-1-Fr. F8-10). Subfrac-
tion F8-6 (0.7410 g) was further separated repeatedly using pre-
parative HPLC with 75% aqueous MeOH (flow rate of 3.0
mL-min™") to yield compound 2 (tz = 43.27 min, 6.0 mg) and 5
(tg = 57.32 min, 4.0 mg). Subfraction F8-7 (1.7816 g) was puri-
fied by repeated semipreparative HPLC with aqueous MeOH
(MeOH/H,0, V/V, 75:25, flow rate of 3.0 mL-min™") to yield com-
pounds 6 (t = 64.16 min, 4.0 mg), 7 (tg = 52.24 min, 10.0 mg)
and 8 (tg = 68.73 min, 6.0 mg); subfraction F8-8 (2.5546 g) was
applied to repeated semipreparative HPLC with aqueous MeOH
or MeCN (flow rate of 3.0 mL-min™") to yield 1 (tg = 42.33 min,
4.0 mg) and 4 (tg = 58.12 min, 4.0 mg) ; and subfraction F8-9
(1.9987 g) was purified by repeated semipreparative HPLC
with reverse-phase eluent (MeOH/H,0, V/V, 70:30) and the nor-
mal-phase eluent (Visopropanol * Va-hexane = 10:90) to afford 3 (tg =
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Table 2 'H NMR (400 MHz) and **C NMR (100 MHz) data of 4-6 in DMSO-d, (J in Hz)".

4 5 6
No.
6y (J, Hz) 8¢, type 6y (J, Hz) ¢, type 6y (J, Hz) ¢, type
1 11.02 (s) 11.10 (s) 11.12 (s)
2 145.5,C 145.1,C 144.8,C
3 104.3,C 104.2,C 103.9,C
3a 126.5,C 126.3,C 126.4,C
4 7.01 (s) 119.2, CH 7.18 (d, 8.0) 119.1,CH 7.45 (d, 8.0) 119.5,CH
5 132.4,C 7.01 (d, 8.0) 119.5, CH 7.04 (t, 8.0) 119.4, CH
6 6.89 (dd, 8.0, 1.6) 121.5,CH 7.09 (d, 8.0) 120.8, CH 7.13 (t, 8.0) 120.8, CH
7 7.34 (d, 8.0) 111.7,CH 7.43 (d, 8.0) 111.8, CH 7.45 (d, 8.0) 111.6, CH
7a 133.7,C 135.1,C 135.2,C
8 6.97(s) 113.7, CH 7.00 (s) 113.8,CH 7.10 (s) 114.3, CH
9 124.9,C 124.5,C 124.2,C
10 164.1,C 160.7,C 161.7,C
11 9.37 (s)
12 67.0,C 65.9,C 82.5,C
13 168.1,C 167.8,C 162.5,C
14 9.65 (s) 9.41 (s) 9.83 (s)
15 39.2,C 39.0,C 39.0,C
16 6.03 (dd, 17.2,10.4) 145.0, CH 6.03 (dd, 10.4, 17.2) 145.0, CH 6.11 (dd, 17.2, 10.4) 145.1, CH
17 a5.01(dd, 13.2,1.2) 112.0, CH, a5.00 (m) 111.9, CH, a5.06 (dd, 17.6, 1.2) 111.8, CH,
b 5.04 (dd, 8.2, 1.2) b 5.03 (m) b 5.09 (dd, 10.4, 1.2)
18 1.48 (s) 27.7,CH; 1.47 (s) 27.6,CH; 1.52 (s) 27.9, CH,
19 1.45 (s) 28.2, CH, 1.41 (s) 28.0, CH; 1.49 (s) 27.5, CH,
20 a2.07 (m) 37.8, CH, a1.79 (dd, 12.8,9.0) 38.2, CH, a2.18 26.6, CH,
b 2.26 (m)* b 2.19 (dd, 12.8, 9.0) b2.16
21 a2.30 (m)* 28.0, CH,
b 3.18 (m)a
22 5.26 (m)° 122.2, CH
23 130.7,C
24 1.65 (s) 17.8, CH,
25 1.67 (s) 25.6, CH,
1 115.7,C 116.8,C 106.0, C
2' 150.2,C 142.7,C 153.4,C
3 123.0,C 122.1,C 129.4,C
4 6.62 (s) 119.6, CH 6.60 (s) 114.3,CH 6.93 (s) 123.9, CH
5’ 145.2,C 150.5,C 141.0,C
6' 131.1,C 121.6,C 119.4,C
7' 491 (d, 2.8) 54.7,CH 4.55 (d, 2.4) 51.4, CH 3.66 (td, 11.6, 6.4) 27.4,CH
g’ 434 (dd, 4.0, 2.8) 68.4, CH 417 (d, 2.4) 72.9, CH 4.53 (t,11.6) 83.9, CH
9’ 3.21 (m) 42.0,CH 3.32 (m)* 44.5, CH a1.71 (m) 31.1, CH,
b 1.83 (m)
10 5.77 (m)* 122.4, CH 5.77 (m) 124.7, CH a 1.44 (m) 23.4,CH,
b 1.61 (m)
11’ 5.75 (m)* 133.9, CH 5.75 (m) 135.1, CH 1.34 (m) 31.0, CH,
12’ 2.30 (m)” 28.2, CH 2.30 (t,12.8) 26.5, CH 1.34 (m) 22.1,CH,
13’ 1.06 (d, 6.8) 20.5, CH, 1.13 (d, 6.4) 19.9, CH, 0.90 (t, 6.4) 14.0, CH,
14’ 5.66 (s) 94.1, CH 5.42 (s) 95.1,CH 169.1,C
15’ 3.27 (m)* 34.7, CH, 5.78 (d, 9.8) 121.6, CH 3.26 (d, 7.6) 27.1,CH,
16’ 5.26 (m)* 124.9, CH 6.36 (d, 9.8) 132.4,CH 5.25 (t, 7.6) 121.4, CH
17’ 131.9,C 75.5,C 132.9,C
18’ 1.71(s) 17.8, CHs 1.36 (s) 27.7,CHs 1.66 (s) 17.6, CHs
19’ 1.68 (s) 25.6, CH, 1.29 (s) 26.9, CH; 1.65 (s) 25.4, CH,
20’ 3.36 (s) 54.8, CH, 3.46 (s) 55.9, CH,
2'-OH 9.31(s) 10.61 (s)
5'-OH 7.89 (s) 8.95 (s)

* Overlapped signals are reported without designating multiplicity.

1020



X. Wei et al.

Table 3 'H NMR (400 MHz) and *C NMR (100 MHz) data of 7-8 in DMSO-d; (6
in ppm, J in Hz)".

7 8
No.
6y (J, Hz) ¢, type 6y (J, Hz) 8¢, type
1 11.18 (s) 10.98 (s)
2 144.4,C 144.6,C
3 103.6,C 103.4,C
3a 126.3,C 126.3,C
7.14 7.50
4 119.0, CH 118.9, CH
(dd, 8.0, 1.0) (d, 1.0)
5 7.09 (t, 8.0) 119.5,CH 132.7,C
6.93
6 7.03 (t,8.0) 120.8, CH 121.7,CH
(dd, 8.0, 1.0)
7.44
7 112.5,CH 7.33 (d, 8.0) 111.5,CH
(dd, 8.0, 1.0)
7a 132.8,C 133.6,C
8 6.90 (s) 111.0, CH 6.91 (s) 111.3, CH
9 1239,C 123.9,C
10 167.3,C 167.3,C
11 7.55 (s) 7.75 (s)
12 59.3,C 59.2,C
13 160.7,C 161.0,C
14 8.87 (s) 8.89 (s)
15 39.0,C 39.0,C
6.05 6.05
16 145.1,CH 145.1,CH
(dd, 17.2,10.4) (dd, 17.2,10.4)
17 a5.00 (m) 111.7, CH, a5.00 (m) 111.6, CH,
b 5.04 (m) b 5.04 (m)
18 145 (s) 27.6,CH, 1.44 (s) 27.6, CH,
19 1.45 (s) 27.5,CHz 1.44 (s) 27.6, CHz
al76 al75
20 37.5, CH, 37.4,CH,
(dd, 13.6,7.2) (dd, 13.4, 7.0)
b2.16 .
b 2.26 (m)°
(dd, 13.6,7.2)
21 3.32(d, 7.0) 34.3,CH,
5.28
22 121.4,CH
(dd, 7.0, 1.6)
23 132.3,C
24 1.62 (s) 25.5, CHs
25 1.60 (s) 17.6, CH3
1 112.5,C 112.5,C
2! 158.9,C 158.6,C
3 126.1,C 130.6,C
4 7.56 (s) 118.8, CH 7.03(s) 118.1, CH
5 148.7,C 148.5,C
6 126.9,C 126.7,C
7 7.21 (s) 104.7, CH 7.19 (s) 104.8, CH
8’ 156.3,C 157.0,C
4.20 4.20
9’ 42.7,CH 45.6, CH
(dt, 4.0, 2.0) (dt, 4.0, 2.0)
5.77 5.74
10 121.6, CH 121.6, CH
(ddd, 10.0, 4.0, 2.4) (ddd, 10.0, 4.0, 2.4)
5.93 5.92
11" 134.7, CH 134.7, CH
(dt, 10.0, 2.4) (dt, 10.0, 2.4)
12 2.81 (m) 28.4, CH 2.83 (m) 28.5, CH
13’ 118 (d,7.2) 21.2,CH, 117 (d,7.2) 21.1, CH,
14/ 10.44 (s) 193.9, CH 10.42 (s) 193.7,CH
15’ 3.30(d, 7.2) 27.5, CH, 3.30(d, 7.2) 27.5,CH,
5.28 5.28
16' 121.6, CH 124.5, CH
(dd, 7.2, 1.6) (dd, 7.2, 1.6)
17" 135.1,C 135.5,C
18’ 1.65 (s) 17.6, CH, 1.64 (s) 17.6, CH,
19’ 1.63 (5) 25.5, CH, 1.63 (s) 25.6, CHs
2/-0H 11.17 (s)
5'-OH

* Overlapped signals are reported without designating multiplicity.

1021

Chinese Journal of Natural Medicines 24 (2026) 1015-1024

Fig. 4

ORTEP drawing of compound 7.

28.26 min, 4.0 mg).
4.4. Structural characterizations of 1-8

(+)-Aspergilline E (1): red brown powder (MeOH), [a]f)o +0
(c 0.10, MeOH); UV (MeOH) A, (log €): 226 (1.58), 269 (0.47),
339 (0.41) nm; IR (KBr) vy, 3354, 3024, 2966, 2926, 1685,
1608, 1473, 1456, 1423, 1139, 925, 748 cm™"; HR-ESI-MS (ESI-
TOF) m/z: [M + H]" 648.3073 (Calcd. for C39H,4,N;04 648.3074);
'H NMR (400 MHz, DMSO-dy) and *C NMR (100 MHz, DMSO-d)
see Table 1.

(+)-1: [a]) +47.16 (c 0.05, MeOH); CD (MeOH) A, (A€): 208
(44.44), 277 (-17.44), 374 (1.63). (-)-1: [a]y) -47.73 (c 0.05,
MeOH); CD (MeOH) A (A€): 207 (-39.96), 278 (18.98), 374
(-1.55).

(+)-Aspergilline F (2): red brown powder (MeOH), [a]éo +0 (c
0.10, MeOH); UV (MeOH) A,y (log €): 223 (0.70), 269 (0.17), 340
(0.18) nm; IR (KBr) vy, 3365, 3309, 3024, 2962, 2918, 1685,
1606, 1473, 1456, 1423, 1139, 1051, 748 cm™"; HR-ESI-MS (ESI-
TOF) m/z: [M + H]" 648.3074 (Calcd. for C39H,,N;04 648.3074);
'H NMR (400 MHz, DMSO-dy) and *C NMR (100 MHz, DMSO-d)
see Table 1.

(+)-2: [a]) +46.17 (c 0.05, MeOH); CD (MeOH) A, (A€): 215
(-36.37), 244 (-70.09), 289 (-35.26), 353 (64.88). (-)-2: [a]X
-45.95 (c 0.05, MeOH); CD (MeOH) A,y (Ag): 215 (50.73), 242
(65.87), 289 (24.38), 354 (-59.62).

(+)-Aspergilline G (3): yellow powder (MeOH), [aﬁf 0 (c
0.10, MeOH); UV (MeOH) A, (log €): 224 (0.70), 264 (0.17), 343
(0.18) nm; IR (KBr) vy, 3346, 3255, 2966, 2908, 1670, 1456,
1423, 1139, 1083, 721 cm™"; HR-ESI-MS (ESI-TOF) m/z: [M + H]"
634.2899 (Calcd. for C3gH, N304 634.2917); "H NMR (400 MHz,
DMSO0-dy) and "*C NMR (100 MHz, DMSO-dg) see Table 1.

(+)-3: [a]) +40.02 (c 0.05, MeOH); CD (MeOH) A, (A€): 223
(-51.19), 256 (-29.64), 304 (8.31). (-)-3: [a]’y -43.21 (c 0.05,
MeOH); CD (MeOH) A,y (Ag): 224 (46.59), 253 (28.29), 289, 354
(-7.91).

(¢)-Aspergilline H (4): light yellow powder (MeOH), [a]zDo +0
(c 0.10, MeOH); UV (MeOH) A, (log €): 222 (1.07), 269 (0.34),
338 (0.18) nm; IR (KBr) vy 3354, 2962, 2929, 2872, 1687,
1660, 1471, 1425, 1184, 925, 740, 544 cm™'; HR-ESI-MS (ESI-
TOF) m/z: [M + H]" 718.3846 (Calcd. for C4,Hs,N;04 718.3856);
'H NMR (400 MHz, DMS0-d,) and **C NMR (100 MHz, DMSO-d,)
see Table 2.

(+)-4: [a]y) +52.20 (c 0.05, MeOH); CD (MeOH) A,y (Ag): 213
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— Exptl. for (+)-1
| — Exptl. for (-)-1

— Exptl. for (+)-2
_ — Exptl. for (-)-2
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Fig. 5 Experimental and calculated ECD spectra of (+)-1, (-)-1, (+)-2, (-)-2, (+)-3, (-)-3, (+)-4, (-)-4, (+)-5, (-)-5, (+)-6, (-)-6, (+)-7, (-)-7, (+)-8, and (-)-8.

Table 4 TDP2 inhibitory activities of compounds 1-8".

Compounds 1C50/(umol-L™) Compounds IC50/(umol-L™)
1 37.22+1.94 6 11.10 £ 2.40
2 9.10 £ 1.00 7 10.30 £ 1.20
3 11.80 £ 2.40 8 16.90 + 7.80
4 69.12 +3.81 YH-F83 0.46 £ 0.15
5 17.50 + 2.50

“All data were presented as means * SD of at least three independent experiments.

(25.66), 246 (14.79), 279 (-32.96), 351 (36.48). (-)-4: [a]?
-51.55 (c 0.05, MeOH); CD (MeOH) A, (Ag): 213 (-23.84), 245
(-14.61), 281 (34.57), 350 (-46.34).

(+)-Aspergilline I (5): light yellow powder (MeOH), [a] +0
(c 0.10, MeOH); UV (MeOH) A,y (log €): 224 (1.32), 264 (0.38),
346 (0.41) nm; IR (KBr) vy, 3367, 3215, 2960, 2929, 1689,
1653, 1624, 1456, 1394, 1186, 923, 742, 540 cm™'; HR-ESI-MS
(ESI-TOF) m/z: [M + H]" 648.3075 (Calcd. for C3oH4;N304
648.3074) ; "H NMR (400 MHz, DMS0-d,) and **C NMR (100 MHz,

DMS0-d;)

see Table 2.

(+)-5: [a]’y) +51.47 (c 0.05, MeOH); CD (MeOH) A,y (Ag): 255
(-56.91), 352 (57.38). (-)-5 [a]’ -51.55 (c 0.05, MeOH); CD
(MeOH) A,y (Ag): 247 (58.00), 353 (-58.69).

()-Aspergilline ] (6): light yellow powder (MeOH), [a]’ +0
(c 0.10, MeOH); UV (MeOH) A, (log €): 223 (1.29), 264 (0.42),
347 (0.38) nm; IR (KBr) vy, 3348, 3280, 2962, 2918, 1681,
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1670, 1435, 1255, 920, 740 cm™'; HR-ESI-MS (ESI-TOF) m/z: [M +
H]* 638.3223 (Calcd. for C35H4uN304 638.3230); 'H NMR (400
MHz, DMSO-d,) and **C NMR (100 MHz, DMSO-d;) see Table 2.

(+)-6: [a]) +46.47 (c 0.05, MeOH); CD (MeOH) A,y (Ag): 229
(36.44), 260 (11.15), 286 (-7.01), 360 (20.34). (-)-6: [a]Z
-46.25 (c 0.05, MeOH); CD (MeOH) A, (Ag): 229 (-36.40), 258
(-15.04), 287 (10.13), 361 (-23.63).

(+)-Aspergilline K (7): yellow powder (MeOH), mp 137-
138 °C, [a]? %0 (c 0.10, MeOH); UV (MeOH) Ay, (log &): 219
(0.69), 279 (0.32), 339 (0.29) nm; IR (KBr) V. 3558, 3192,
2958, 2926, 2854, 1697, 1670, 1653, 1456, 1219, 966, 742 cm™;
HR-ESI-MS (ESI-TOF) m/z: [M + H]" 618.2964 (Calcd. for
C3gH4oN305 618.2968); 'H NMR (400 MHz, DMSO-dg) and “C
NMR (100 MHz, DMSO-dg) see Table 3.

(+)-7: [a]%’ +115.80 (c 0.10, MeOH); CD (MeOH) Ay (A€):
205 (33.37), 228 (-70.43), 252 (21.91), 285 (10.60). (-)-7: [a]Z
-113.95 (¢ 0.10, MeOH); CD (MeOH) A, (Ag): 215 (-31.10), 228
(66.79), 252 (-20.78), 286 (-10.05).

(+)-Aspergilline L (8): yellow brown powder (MeOH), [a]éo
+0 (¢ 0.10, MeOH); UV (MeOH) A, (log &): 222 (0.71), 274
(0.30), 339 (0.28) nm; IR (KBr) vy, 3325, 3273, 2960, 2918,
2850, 1697, 1681, 1653, 1456, 1261, 972, 742 cm™"; HR-ESI-MS
(ESI-TOF) m/z: [M + H]" 686.3588 (Calcd. for Cu3H,gN30s
686.3594); 'H NMR (400 MHz, DMSO-d4) and "*C NMR (100 MHz,
DMSO0-dg) see Table 3.

(+)-8: [a]}) +106.26 (c 0.05, MeOH); CD (MeOH) Ay (A€):
223 (98.98), 259 (38.88), 317 (-163.61), 340 (92.52). (-)-8: [a]Z)
-105.85 (c 0.05, MeOH); CD (MeOH) A, (Ag): 220 (-87.28), 260
(-35.56), 314 (151.64), 340 (-92.00).
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Fig. 6 Anti-tumor effects of compound 3. (A-E) Synergistic effect of 3 with ETP in (A) DU-145, (B) MHCC-97, (C) A549, (D) MDA-MB-231, and (E) Hgc-27cell lines; (F) Syn-
ergistic effect of 3 with CPT in Hgc-27 cell lines. Data are presented as mean + SD (n = 3).

4.5. Chiral separation of compounds 1-8

Compounds 1-8 were further separated using a chiral chro-
matographic column [FLM Chiral ND (2)] to obtain the optical
pure enantiomers, respectively. More detailed information is in-
cluded in the Supporting Information.

4.6. Electronic circular dichroism (ECD) calculations

The quantum chemical ECD calculations of 1-8 were per-
formed according to modified protocols as reported previously ~’.
Briefly, the random conformers searched by the SYBYL X 2.1.1
program using MMFF94s molecular force field, and an energy
cutoff of 10 kcal-mol™ to the global minima. The selective con-
formers were subsequently optimized by using Gaussion09 soft-
ware at B3LYP/6-31 + G(d) level in methanol. No imaginary fre-
quencies were found. The overall ECD data were all weighted by
Boltzmann distribution and were subsequently compared with
the experimental ones using SpecDis 1.70.1 software, respect-
ively.

4.7. X-ray crystallographic analysis

Crystals of 7 was obtained by using the solvent vapor diffu-
sion method in pure methanol. The intensity data of 7 was recor-
ded on a Rigaku Oxford Diffraction Supernova diffractometer
with Cu Ko radiation (A = 1.541 84 A). The crystal structure was
solved and refined with the similar method reported previo-
usly ***. Crystal data of 7 in the standard CIF format were depos-
ited with the Cambridge Crystallographic Data Centre with CCDC
numbers of 2353833.

Crystal data for 7: C3gH39N3505, Mr = 617.72 g-mol ™", triclinic,
space group P-1, a = 10.0328(2) A, b = 13.2598(2) &, ¢ =
14.3090(3) A, Z = 2, T = 100.01(10) K, p(Cu Ka) = 0.680 mm™,
Deatc = 1.272 g-em™, 56732 reflections measured (6.797° < 26 <
145.758°), 6362 unique (R, = 0.0409, Rggp, = 0.0188) which
were used in all calculations. The final R; was 0.0394 [I > 20(1)]
and wR, was 0.1045 (all data).

4.8. Cytotoxicity assay

Cell viability was evaluated by the CCK-8 assays according to
the protocols as reported previously *'. In brief, 3000 cells were
seeded in 96-well plates and incubated for 24 h. Then, cells were
treated with 50 and 100 umol-L™ concentrations of the tested
compounds respectively in the growth medium for 72 h. After
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that, 10 uL of CCK-8 (Targetmol, USA) was added to every well
followed by incubation for 90 min at 37 °C. The absorbance was
subsequently measured using Synergy H4 Hybrid Microplate
Reader (BioTek, Winooski, VT, USA) at 450 nm. The absorbance
of cells treated with 0.1% DMSO was considered as 100% and the
IC5, represents the concentration that inhibits cells proliferation
by 50%. Each datum point is the mean # SD of three independent
experiments.

4.9. TDP2 inhibition assay

The TDP2 inhibition by the isolated compounds were per-
formed through an oligonucleotide-based fluorescence assay, ac-
cording to the method we had previously established '’. Briefly, a
quenched fluorescent single-stranded oligonucleotide was used
as substrate. The compounds were tested at 100 pmol-L™" concen-
tration. Compounds that with notable TDP2 inhibition (> 50%)
were further tested to investigate their TDP2 values.
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